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Cell wall-derived mechanical signals control cell growth
and division during root development

Noemi Svolacchia', Marco Marconi?, Julian Elijah Politsch?, Federico Vinciarelli',
Michela De Nittis', Elena Salvi, Mariana Sotelo-Silveira?, Alessio Terenzi®, Gaia Bertolotti',
Claudia Testi’, Giancarlo Ruocco®®, Raffaele Dello loio', Riccardo Di Mambro?, Paolo Costantino’,

Krzysztof Wabnik®7*, Sabrina Sabatini'*

Organogenesis emerges from the interplay between genetic and physical interactions within a growing cellular
system. While numerous studies have explored how genetic and molecular networks regulate cell activity, the
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impact of physical interactions and the resulting mechanical constraints on organ development remains poorly
understood. In this study, we combine extensive genetic analysis, live imaging, and mechanical measurements
with spatiotemporal computational modeling to show that, in the Arabidopsis root, changes in the mechanical
properties of elongating cell walls influence growth and division rate of neighboring meristematic cells, thereby
shaping root development. We propose that the cell wall serves as a crucial source of both autonomous and non-
autonomous mechanical signals, providing a compelling example of how mechanical forces contribute to organ

growth and development.

INTRODUCTION

Plant and animal morphogenesis differ in that plant cells do not mi-
grate to reach their final functional position. Instead, because of the
presence of a semirigid cell wall, plant cells are positioned through
specific sequences of cell division events where the spatial disposi-
tion of daughter cells is fixed. The final shape of tissues and organs is
determined by the combined patterns of cell division, cell expan-
sion, and cell differentiation. These fundamental biological process-
es are not only genetically regulated but are also influenced by
mechanical interactions between cells. While the genetic compo-
nents involved in these processes are increasingly well character-
ized, relatively little is known about how the physical interactions
between cells and the resulting mechanical constraints contribute to
organ development in space and time.

The root of Arabidopsis thaliana serves as an ideal system for in-
tegrating genetic and biophysical studies, due to its relatively simple
and clearly organized structure. In this system, within a tissue, cell
division, cell elongation, and cell differentiation are coordinated in
time and space, allowing every differentiated cell to be traced back
to a single stem cell (I).

The Arabidopsis root is radially organized in concentric tissue
layers, with the lateral root cap and the epidermis as the outermost
tissues and the vascular bundle at the center. Along the longitudinal
axis, the mature root consists of distinct domains of cellular activity:
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the stem cell niche, from which all root tissues originate; the divi-
sion zone (meristem), where the stem progeny cells actively divide;
the elongation zone (EZ), where cells cease division and begin to
expand and differentiate; and the differentiation zone, where cells
complete their elongation and acquire their final size and special-
ized characteristics, based on their respective tissue types (Fig. 1A).
In each tissue layer, the boundary separating meristematic cells
from elongating cells is referred to as the transition boundary (TB).
Since the TB position varies across tissues, the area encompassing
all these boundaries is collectively known as the transition zone
(TZ) (Fig. 1A) (2, 3).

A dynamic equilibrium between cell division in the stem cell
niche and in the meristem, as well as cell differentiation in the elon-
gation/differentiation zone, ensures a stable population of meriste-
matic cells. This balance maintains the position of the TZ and
supports indeterminate root growth (2-4).

In previous works, we combined molecular genetics with com-
putational modeling to identify minimal molecular networks that
dynamically regulate the position of the TZ, root meristem expan-
sion, and the overall rate of root growth (5). These networks hinge
on the mutual inhibition of key plant hormones such as auxin and
cytokinin and the activity of transcription factors like PLETHORAs
and ARABIDOPSIS RESPONSE REGULATORSs. This interplay is
essential for defining and maintaining the boundaries between cell
division and differentiation activities (5-8). In addition to hormones
and transcription factors, changes in the cell wall composition and
its mechanical properties also play an essential role during root
morphogenesis (9-15). Despite growing evidence that mechanical
forces shape plant development, how they mechanistically regulate
root morphogenesis is still poorly understood.

To address this gap, we used the pectin methyltransferase gene
QUASIMODO?2 (QUA2) as a genetic and biophysical tool to modify
cell wall composition and mechanical properties in a zone-specific
manner. By integrating developmental genetics, biomechanics, and
computer simulations of root growth, we provide evidence that mod-
ulating the cell wall mechanical properties of elongating cells impos-
es growth constraints on meristem cells, influencing their division
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Fig. 1. QUA2-dependent changes in cell wall composition affect cell division. (A) Schematic representation of A. thaliana mature root zones. SCN, stem cell niche; DZ,
division zone; DiffZ, differentiation zone. (B) Confocal images of root meristems highlighting the expression of the TZ marker line, RCH2-3xYFP in WT and in qua2-1 mutant
roots. (C) Confocal images of root meristems highlighting the expression of the meristem marker line, RCH1-GFP in WT and in qua2-1 mutant roots. (D) Confocal images
of root meristem highlighting the expression of the CYCB1,2:GFP marking actively dividing cells in WT and in qua2-1 mutant roots. (E) Cell division rate of WT and qua2-1
plants. **P < 0.01, unpaired Student’s t test. n = 14 and 12, N = 3. (F) Number of cortex cells from the TZ to the first root hair of WT and of qua2-1 mutant roots. not sig-
nificant (ns), unpaired t test. n = 16 and 20, N = 3. (G) Number of cortex cells from the TZ to the first tracheid of WT and in qua2-17 mutant roots. not significant (ns), unpaired
ttest. n =19 and 18, N = 3. (H) Confocal image of root meristem highlighting the expression of the QUA2:mGFP translational fusion construct. In all pictures, yellow ar-
rowheads and white arrowheads indicate the TZ and the quiescent center (QC), respectively. Scale bars, 100 pm.

activity. This mechano-biochemical regulation determines the posi-
tion of the TZ and the size of the meristem and governs the overall
rate of root organ growth and development.

RESULTS

QUA2-dependent changes in cell wall composition affect

cell division

The primary cell wall is a complex structure composed of a network
of cellulose microfibrils, hemicellulose, and a highly cross-linked ma-
trix of pectin polysaccharides (16). Few studies have suggested that
changes in cell wall composition can influence primary root develop-
ment (9-12, 15). We decided to further corroborate these findings by
analyzing the root meristem phenotypes of various mutants with
known alterations in the primary cell wall structure. Specifically, we
examined the cellulose synthase CESA3 mutant [isoxaben resistant1-
2 (ixr1-2)], which has been shown to exhibit reduced cellulose micro-
fibril crystallinity (17); the murus4-2 (mur4-2) allele, which disrupts
MURUS4 (MUR4), a UDP-p-xylose 4-epimerase required for L-
arabinose synthesis leading to a reduction in cell wall arabinose
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content; two GALACTURONOSYLTRANSFERASEI0 (GAUTI10) mu-
tant alleles [galacturonosyltransferasel0-2 (gaut10-2) and gaut10-3],
implicated in pectin biosynthesis and associated with decreased levels
of galacturonic acid and xylose (12, 15, 18); and the quasimodo2-1
(qua2-1) mutant, which affects the QUA2gene, a pectin methyltrans-
ferase known to cause reductions in both pectin content and crystal-
line cellulose resulting in cell adhesion defects (19, 20). In these
mutants, the positioning of the TZ, and thus meristem size, was al-
tered corroborating the notion that changes in the cell wall composi-
tion modulate root development (fig. S1, A to F) (11, 12, 15, 18).

A possible explanation of how these changes in cell wall compo-
sition impinge on root development is that these modifications alter
cell wall mechanical properties, and this affects cell behavior and
ultimately root development. To verify this hypothesis and to pro-
vide a proof of concept, we focused on the QUA2 gene as the qua2-1
mutant exhibits a clear root phenotype characterized by a long mer-
istem but a shorter root with a reduced growth rate than wild-type
(WT) plants (Fig. 1, B and C, and fig. S1, E to I). This phenotype was
confirmed by an additional mutant allele, qua2-5, that we generated
by CRISPR-Cas9 technology (fig. S1, ] to M). To determine whether
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the changes in meristem size observed in the qua2-1 mutant involve
alterations in cell division and/or cell differentiation activities, we
used several division and differentiation markers.

Analysis of the ROOT CLAVATA HOMOLOG2-3xYFP (RCH2-
3xYFP) marker line, which identifies the position of the TZ (4), re-
vealed that in qua2-1 loss-of-function mutants, the TZ is shifted
upward (Fig. 1B). In addition, the expression domains of the RCHI-
GFP marker line, which highlight the division zone (4), was broader
in qua2-1 mutants compared to WT plants (Fig. 1C). These observa-
tions align with the enlarged meristem phenotype of the qua2-1 mu-
tants. To further investigate the cell division activity in qua2-1, we
measured the cell division rate index in the proximal meristem us-
ing the CYCLIN BI1;2:GFP (CYCBI;2:GFP) reporter (Fig. 1, D and E)
(21). Results showed a higher division rate in the qua2-1 mutants,
indicating that QUA2 acts as a suppressor of cell division (Fig. 1, D
and E). This conclusion was further supported by the analysis of the
CYCBI;1:GUS marker line (6), which highlight actively dividing
cells throughout the meristem, and by quantitative reverse tran-
scription polymerase chain reaction (RT-qPCR) analysis, which
showed elevated expression levels of positive cell cycle regulators
such as CYCBI;1 and CYCD3;1 in the qua2-1 mutant (fig. S1, N and
0). Conversely, the expression of CYCLIN-DEPENDENT KINASE
INHIBITOR2 (KRP2), a negative regulator of cell cycle progression,
was reduced (fig. S10).

Last, we analyzed the position (number of cells from the TZ) of
cell differentiation markers, such as the vascular xylem elements
and root hairs. All these analyses revealed that the position of root
hairs and xylem elements did not change in the qua2-I mutants,
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suggesting that QUA2 does not interfere with cell differentiation
(Fig. 1, Fand G).

On the basis of these findings, we concluded that QUA2-
dependent changes in cell wall composition modulate cell cycle pro-
gression, thus controlling TZ position and therefore root meristem
size and root growth. QUA2, to control meristem size, acts through
a mechanism independent of the known cytokinin pathway (4-7, 9),
as the mutant remains sensitive to treatments with this hormone
(fig. S1P).

We then explored the expression and localization pattern of the
QUA2 protein. We generated plants carrying a translational fusion of
the QUA2 protein to GFP, under the control of the QUA2 promoter
(pQUA2-mGFP-gQUA2, QUA2:mGEFP plants). The QUA?2 protein is
expressed throughout the root but with higher levels in the epidermis
at the TZ (Fig. 1H and fig. S1, Q and R).

Cell wall softening controls meristem size
We next investigated whether QUA2-dependent effects on cell wall
composition (reductions in both pectin content and crystalline cel-
lulose) (19, 20) might bear on the mechanical properties of the cell
wall, using atomic force microscopy (AFM). We focused on epider-
mal cells at the TZ, where the QUA2 protein is primarily expressed.
As shown in Fig. 2A, the Young’s modulus indicates that epidermal
qua2-1 cell walls at the TZ are stiffer than the cell walls of WT plants
[see also fig. S2 (A and B)].

These results were further and independently confirmed with
Brillouin microscopy, a label-free, optical technique that measures
the longitudinal modulus at high frequencies. This modulus relates
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Fig. 2. Cell wall loosening controls meristem size. (A) The box plot representing the apparent Young’s modulus (AEM) from WT (five seedlings, 2710 force curves,
27.86 + 10.69 kPa) and qua2-1 roots (eight seedlings, 1957 force curves, 48.07 + 21.41 kPa) showing that the apparent elastic modulus of the qua2-1 mutant is 72.5%
higher than WT roots. *#*¥#P < 0.0001, Mann-Whitney U test. (B) Brillouin shifts relative to Brillouin microscopy maps shown in (C). The cell wall of the qua2-1 mutant has
significantly higher Brillouin shift than WT. *P < 0.05, Mann-Whitney U test. n = 54 and 65 cell walls taken from at least 10 independent plants. (C) Representative bright-
field (shown both at 10x and at 60x), confocal fluorescence (calcofluor white signal from the cell walls), and Brillouin shift maps of WT and a qua2-1 mutant cell wall of

differentiated epidermal cells. Scale bars, 20 pm.
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uniaxial stress to uniaxial strain and reflects the material’s response
under volume changes, thus differing from the quasi-static Young’s
modulus measured by AFM which does not involve any volume
change. Recent reviews have highlighted the Brillouin shift as a ro-
bust indicator of the mechanical properties of biological samples
(22-25), and multiple influential studies have successfully applied
this method to A. thaliana have been proven to be reliable indicators
of stiffness. Figure 2B shows Brillouin maps of WT and qua2-1 roots.
These maps were complemented with simultaneous confocal spinning-
disk acquisitions of roots labeled with calcofluor white: Using these
fluorescent signals as binary masks for region of interest selection,
we quantified the mechanical properties of the cell wall specifically,
revealing significantly higher Brillouin shifts and thus higher stiff-
ness, in qua2-1 cell walls compared to WT roots (Fig. 2, B and C).
Therefore, these results provide a further confirmation that altera-
tions in the cell wall composition of the qua2-1 mutant lead to a stiff-
er epidermal cell wall compared to the W'T, suggesting that the QUA2
protein activity promotes cell wall softening, which in turn influences
cell division, meristem size, and root growth.

Cell wall softening of elongating cells limits cell division of
meristematic cells

To investigate how QUA2-dependent cell wall softening influences
cell cycle activity, meristem size, and root growth, we built a computer
model to explore plausible scenarios in which QUA2 reduces cell wall
stiffness. The root growth model builds on a mechano-biochemical
framework recently developed that integrates key processes, includ-
ing cell division, elongation, and growth biomechanics (26). In our
model, cells within the lateral root cap (meristem) divide once they
have doubled in size, whereas cells in the TZ—defined shootward
from the last lateral root cap cell—expand in response to uniform in-
ternal turgor pressure. By coupling cell wall relaxation with growth-
induced deformation, the model allows testing how changes in the
cell wall mechanical property (i.e., softening) affects individual cells
and their neighbors.

Since QUA?2 is predominantly expressed in the epidermis at the
TZ, with lower levels in other root tissues (Fig. 1H and fig. S1P), we
preserved this pattern in our simulations by linking QUA2 expres-
sion to cell wall relaxation (WT-like) (Fig. 3A). To simulate the
qua2-1 mutant, we reduced QUA2 expression to negligible levels
(qua2-like) (Fig. 3B). These simulations predicted an enlarged meri-
stem and a reduced root growth rate compared to the “WT-like”
simulation, as also observed in the in vivo qua2-1 mutant (fig. S1, E,
E and [, and movie S1, A and B). Thus, the model predictions sup-
port in vivo observations, indicating that QUA2-dependent cell wall
softening would influence the position of the TZ and thereby regu-
late root and root meristem size. The model predicts that it is suffi-
cient to express QUA2 specifically at the TZ to limit meristem size
and increase root growth (Fig. 3, C to E, and movie S1C).

To test these predictions in vivo, we manipulated QUA2 expres-
sion using both complementation and overexpression approaches. In
the qua2-1 mutant background, QUA2 was reintroduced at the
TZ using a dexamethasone (Dex)-inducible system under the RCH2
promoter [qua2-1;pRCH2-GVG-ter-6xUAS-mCITRINE-gQUA2,
RCH2>>gQUA2 (qua2-1) plants]. In these plants, Dex treatment was
sufficient to rescue root growth and the enlarged root meristem and to
decrease cell cycle progression of meristematic cells, as indicated by
RT-qPCR analysis of CYCBI;1, CYCD3;1, and KRP2 genes (Fig. 3, F
and G, and fig. S3, A and B). At the same time, overexpressing QUA2
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at the TZ in WT plants using the same construct (RCH2>>gQUA?2)
led to reduced meristem size and increased root length upon Dex
treatment, resembling model predictions (Fig. 3, C to E, H, and I, and
fig. S3C). AFM measurements confirmed increased elasticity of the
elongating epidermal cell walls in QUA2-overexpressing roots (Fig. 3]
and fig. S3, D and E). Moreover, CRISPR-based tissue-specific knock-
out (CRISPR-TSKO) experiments (27), where the QUA2 gene was
specifically mutated only at the TZ by expressing Cas9 under the
RCH2 promoter (RCH2:Cas9-GFP-sgQUA?2 plants), reproduced the
qua2-1 mutants meristem (Fig. 3, K and L). In contrast, expressing
QUA2 in the meristem [qua2-1; pRCHI1-GVG-ter-6xUAS-mCITRINE-
gQUA2 plants, RCHI>>gQUA2 (qua2-1)] did not rescue the qua2-1
phenotype underling the critical and spatially restricted role of QUA2
activity at the TZ (Fig. 3, M and N, and fig. S3F). Together, these data
suggest that QUA2-dependent softening of cell walls at the TZ (i.e.,
alteration of the mechanical properties) restricts cell division in the
meristem, thus shaping root meristem size and root growth.

Mechanical constraints generated by elongating cells
control cell division in the meristem

Next, we set out to understand how changes in the mechanical prop-
erties of the cell wall at the TZ control the cell division activity of the
neighboring meristematic cells. Model simulations of WT-like,
qua2-like mutants and QUA2-TZ roots predict that changes in mer-
istem size are accompanied by dynamic changes in cell deformation
(i.e., the capacity of the cells to elongate and change their shape) and
root growth (Fig. 4, A and B, and movie S2). In simulations of the
qua2-like mutant, the increase in meristem size results from re-
duced cell deformation and overall growth in the TZ zone, coupled
to enhanced cell deformation and growth in the meristem compared
to the WT-like simulation (Fig. 4, A and B). In these simulations,
epidermal and cortical elongating cells are relatively smaller and
shorter than those of WT-like simulations (fig. S4A). At the con-
trary, in simulations of QUA2-TZ, cells in the TZ elongate faster
leading to higher deformation rates coupled to reduced cell defor-
mation and growth in the meristem compared to the WT-like simu-
lation (Fig. 4, A and B, and fig. S4A). As the model links cell wall
mechanics with growth-induced stress transmission between con-
nected cells, it predicts that meristem size is dynamically regulated
and inversely related to the mechanical constraints exerted by elon-
gating cells on dividing cells. In qua2-like, a stiffer cell wall restricts
cell deformation of elongating cells, resulting in weaker mechanical
constraints on dividing cells, prompting cell division and leading to
an enlarged meristem. Conversely, in the QUA2-TZ, a softer cell
wall enhances cell deformation of elongating cells that generate
stronger mechanical constraints on actively dividing cells inhibiting
cell division thus leading to a shorter meristem.

Direct detection of mechanical constraints in living organisms
remains extremely challenging, as they are neither visible nor read-
ily measurable. Therefore, to further validate our hypothesis, we
next analyzed the consequences of these constrains on cell size and
cell growth dynamics.

We analyzed the final size of differentiated epidermal and corti-
cal cells in plants with different meristem lengths. Plants with a long
meristem included qua2-1 mutants and plants where QUA?2 is dis-
rupted only in the TZ (pRCH2:Cas9-GFP-sgQUA?2). Plants with a
reduced meristem included WT plants overexpressing QUA2
(RCH2>>gQUA2) and qua2-1 plants in which QUA2 activity was
specifically rescued at the TZ [RCH2>>gQUA2 (qua2-1)].
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Fig. 3. Elongating cell wall loosening limits cell division of meristematic cells. (A to C) Computational simulations of roots with different QUA2 expression patterns:
WT (A), no expression (qua2-like, B), and restricted to the TZ (C). First: QUA2 expression; second: stiffness distribution. Color bars indicate relative intensities. Red and white
arrowheads mark the TZ and QC, respectively. (E) Quantification of root growth rate (micrometers per hour) and meristem size (percentage of total length) from in silico
simulations. Data represent means + SE. ****P < 0.0001, Welch's t test. (F) Differential interference contrast (DIC) microscopy of WT, RCH2>>gQUA2 (qua2-1), and
RCH2>>gQUA2 (qua2-1) upon Dex induction. Red arrowheads mark the TZ, and blue arrowheads mark the QC. (G) Meristem cell number relative to (F). **P < 0.01 and
##44P < 0,0001, one-way analysis of variance (ANOVA) with Tukey'’s post hoc test. n = 28, 24, and 22, N = 3. (H) DIC microscopy of RCH2>>gQUA2 roots in mock and Dex
conditions. Red arrowheads mark the TZ, and blue arrowheads mark the QC. (I) Meristem cell number relative to (H). ****P < 0.0001, unpaired Student’s t test. n = 46 and
27, N = 3. (J) Box plot of AEM from WT (four seedlings, 2605 curves) and RCH2>>gQUA?2 (five seedlings, 2753 curves). WT modulus (26.84 + 7.88 kPa) was significantly
higher than RCH2>>gQUA2 (10.65 + 3.40 kPa), 152% increase, ***P < 0.001, Mann-Whitney U test. (K) Confocal images of WT and RCH2:Cas9-GFP-sgQUA2 roots. Yellow
arrowheads mark the TZ, and white arrowheads mark the QC. (L) Meristem cell number relative to (K). ****P < 0.0001, unpaired Student’s t test. n = 26 and 29, N = 3.
(M) DIC microscopy of WT, RCH1>>gQUA2 (qua2-1), mock and Dex roots. Red arrowheads mark the TZ, and blue arrowheads mark the QC. (N) Meristem cell number rela-
tive to (M). *#P < 0.01 and not significant (ns), Brown-Forsythe and Welch ANOVA with Dunnett’s test. n = 20, 46, and 32, N = 3. Scale bars, 100 pm.
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and QUA2-TZ cell deformation (A) and cell growth (B). Red arrowheads and white arrowheads indicate the TZ and the QC, respectively. (C) Length of in vivo elongating
epidermal cells of WT, qua2-1, and RCH2:Cas9-GFP-sgQUA2. ****P < 0.0001 and not significant (ns), Kruskal-Walis with Dunn’s post hoc test for multiple comparisons.
n =90, 92, and 70, N = 3. (D) Length of in vivo elongating cortical cells of WT, qua2-1; RCH2>>gQUA2 (qua2-1) mock and upon Dex (+Dex), and RCH2>>gQUA2 mock
and upon Dex (+Dex). **#*P < 0.0001, ***P < 0.001, *P < 0.05, and not significant (ns). Ordinary one-way ANOVA with Tukey’s post hoc test multiple comparisons and

Mann-Whitney U test. n =93, 79, 55,39, and 35, N =3.

The qua2-1 mutant and the pRCH2:Cas9-GFP-sgQUA?2 plants
exhibited shorter differentiated cells than WT plants (Fig. 4C and
fig. S4B). In contrast, RCH2>>¢QUA?2 (qua2-1) plants exhibit an in-
crease in the size of differentiated cells, reaching dimensions compa-
rable to those of WT, while in RCH2>>gQUA2 plants, cells were even
longer than WT (Fig. 4D and fig. S4C). In plants where QUA?2 expres-
sion did not change the size of the meristem, such as RCH1>>gQUA2
(qua2-1), the size of differentiated cell was unaffected (fig. $4D). Thus,
in agreement with model simulations, plants with a longer meristem
displayed shorter differentiated cells, whereas plants with a shorter
meristem exhibited longer differentiated cells.

To test whether changes in the cell size of differentiated cell
was accompanied to changes in the cell elongation rate, we per-
formed live imaging confocal experiments to examine cell growth
dynamic in WT, qua2-1 mutant, and RCH2>>gQUA2 roots (Fig. 5,
A to F, and movies S3 and S4). Specifically, we measured the aver-
age cell area over time in the EZ (Fig. 5, A, B, D, and E) and calcu-
lated expansion rates (square micrometers per minute) via linear
regression (Fig. 5, C and F). These analyses confirmed that in the
quaZ2-1 mutant, the growth rate of elongating cells is reduced while,
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in RCH2>>gQUA2 roots, was enhanced as predicted by model
simulations.

According to our model, changes in cell size and elongation rate
generate mechanical constraints that interfere with the division capac-
ity of meristematic cells, ultimately leading to the observed changes in
meristem size. To verify whether changes in cell size and elongation
rate precede and drive subsequent alterations in meristem size, we per-
formed a time-course complementation analysis of the qua2-1 mutant,
achieved by expressing QUA2 protein under its native promoter
[QUA2-GVG-ter-6xUAS-mCITRINE-gQUA2 (QUA2>>gQUA2)] in
the mutant background [QUA2>>gQUA2 (qua2-1)]. Cells reach full
complementation at 16 hours, whereas detectable changes in meristem
size occur only at 24 hours, corroborating the idea that alterations in
the meristem follow cell elongation dynamics at the TZ (Fig. 5,
G and H).

A plausible explanation for how elongating cells influences the di-
vision capacity of meristematic cells is that their expansion generates
mechanical constraints affecting the growth of neighboring dividing
cells, thereby modulating rate mitotic activity and meristem growth.
To analyze cell growth dynamics of dividing cells, we performed live
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Fig. 5. Mechanical constraints generated by elongating cells control cell division in the meristem. (A and D) Representative stacks of elongating epidermal cells in the
EZ of WT, qua2-1, and RCH2>>gQUA2 mock versus Dex, showing reduced expansion of qua2-1 versus WT and enhanced elongation in RCH2>>gQUA2 upon Dex induction
relative to mock. Yellow lines indicate the initial cell size (t = 0), and red lines indicate the final size after 83 and 96 min. Scale bars, 25 pm. (B and E) Linear regression of elon-
gating cell area (square micrometers) over time (minutes) in WT, qua2-1, and RCH2>>gQUA2 mock versus Dex, with 95% confidence intervals. (C) Cell expansion rate of WT
versus qua2-1 elongating cells. *#*P < 0.01, Mann-Whitney U test. n = 9 and 9. (F) Expansion rate of RCH2>>gQUA2 cells mock versus Dex. *P < 0.05, unpaired t test. n =10
and 10, N = 3. (G) Root meristem cell number of WT and QUA2>>gQUA2 (qua2-1) mock versus Dex induction at 4, 8, 12, 16, and 24 hours (h). ****P < 0.0001, ***P < 0.001,
and not significant (ns), Kruskal-Wallis with Dunn’s post hoc test.n =54, 41, 36, 30, 16, 30,and 37, N = 3. (H) Expansion dynamics of elongating cells, same as (G). ****P < 0.0001,
##%P < 0.001, *P < 0.05, and not significant (ns), Kruskal-Wallis with Dunn’s post hoc test. n = 44, 36, 14, 9, 25, 25, and 34. (I and L) Representative stacks of meristematic
epidermal cells in the DZ of WT, qua2-1, and RCH2>>gQUA2 mock versus Dex treatment, showing increased growth rate in qua2-1 and reduced rate in RCH2>>gQUA2 Dex-
treated roots. Yellow lines mark the initial cell size (t = 0), and red lines mark the final size after 58 and 96 min. Scale bars, 25 um. (J and M) Linear regression of cell area (square
micrometers) over time in WT, qua2-1,and RCH2>>gQUA2 mock versus Dex, with 95% confidence intervals. (K) Growth rate of WT versus qua2-1 meristematic cells. *P < 0.05,
Welch's t test. n = 12 and 22, N = 3. (N) Growth rate of RCH2>>gQUA2 mock versus Dex. **P < 0.01, Mann-Whitney U test. n=15and 12, N=3.
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imaging experiments in W'T, qua2-1, and RCH2>>gQUA2 root mer-
istems (Fig. 5, I to K, and movies S5 and S6). These analyses revealed
that the qua2-1 mutant growth rate and the average growth area of
meristematic cells are increased compared to WT plants (Fig. 5, ] and
M), while those of the RCH2>>gQUA?2 roots decrease in agreement
with computer model simulations (Fig. 5, L to N).

These data corroborate model predictions where mechanical
constraints generated by the expansion of elongating cells act on
meristematic cell growth thus fine-tuning their division activity,
controlling root and root meristem growth (Fig. 6). Nevertheless, it
should be pointed out that, although the effects of these constraints
are evident, they should be regarded as a plausible hypothesis until
future technological advances allow direct measurements.

DISCUSSION
Mechanical forces have long been recognized as key players in shap-
ing multicellular biological systems (28-33). The strength and direc-
tion of these forces interact with cellular and tissue properties such
as elasticity and stiffness, which determine how tissues respond to
mechanical loads and, in turn, influence cell shape, size, and activity.
In animal systems, the extracellular matrix (ECM) plays a central
role in determining mechanical properties, with biochemical altera-
tions in the ECM profoundly affecting organogenesis, stem cell be-
havior, cell fate, and even tumor progression (34-37).

While mechanical signaling is also critical in plants, much less is
known about how these cues are integrated into organ development.
In plants, cells are encased in a rigid cell wall, meaning that their

Stiff cell wall

I

growth is physically constrained also by their neighbors. As a re-
sult, the mechanical properties of the cell wall not only shape indi-
vidual cells but also influence adjacent ones, potentially directing
their behavior.

To uncover these dynamics, we combined genetics, live imaging,
two independent approaches—noninvasive Brillouin microscopy
imaging and AFM for mechanical measurements, and advanced
computational modeling. Our findings suggest that mechanical
constraints exerted by elongating root cells act as a physical brake
on adjacent dividing cells, limiting their proliferation and defining
both meristem size and the TZ position during root development.
This mechanical influence is directly tied to the elastic properties
of cell walls in the EZ. In the qua2-1 mutant, increased cell wall
stiffness in the EZ restricts expansion, releasing the mechanical re-
straint on meristematic cell division. Conversely, QUA2 overexpres-
sion at the TZ softens cell walls, enhancing the mechanical brake and
further restricting cell proliferation in the meristem, resulting in mer-
istem shortening.

Mechanical constraints from neighboring elongating cells can in-
fluence the size of meristematic cells by altering the time they need to
reach the critical size for division. This, in turn, affects the frequency
of cell division, leading to expansion or shrinkage of the meristem. A
similar mechanism has been described in yeast, where cells sense
their own size and regulate division timing through dilution of tran-
scription factors (38-41). In Arabidopsis, it is plausible that changes
in cell size could similarly affect the intracellular concentration of key
morphogenetic regulators, such as auxin or PLETHORA transcrip-
tion factors (7, 40-42). When a cell is mechanically constrained and
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Fig. 6. Mechanical constraints from the EZ regulate meristem size. Elongating cells in the root exert mechanical constraints on adjacent meristematic cells, acting as
a physical brake that limits their proliferation. This regulation is mediated by the elastic properties of the cell walls in the EZ. Meristematic cells respond to changes in the
intensity of mechanical constraint by adjusting the time required to reach the critical size for division, thereby modulating their division frequency and ultimately deter-
mining meristem size. In the qua2-1 mutant (left), increased cell wall stiffness in the EZ restricts cell expansion, weakening the mechanical constraint on the meristem. This
release of tension promotes the growth and division of meristematic cells, leading to an expanded meristem. Conversely, QUA2 overexpression at the TZ (right) softens
the cell walls, enhancing the mechanical constraint on the meristem. This increased tension reduces cell growth and proliferation, resulting in a shortened meristem.

Svolacchia et al., Sci. Adv. 11, eaea8647 (2025) 19 December 2025

8of 14

9202 ‘0z Afenuer uoesld Ip 1SRAIUN e B10°80Us 105 MMM//:SdNY WoJ) pepeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

its volume is reduced, these factors could become more concentrated,
potentially enhancing their activity. Conversely, if the cell expands,
the concentration of these factors could decrease, modulating their
signaling output. Thus, mechanical constraints could indirectly shape
cellular behavior by modulating the internal gradients of key regula-
tory molecules, linking physical cues to biochemical responses.

In conclusion, we propose the cell wall and its mechanical prop-
erties as an important source of both cell-autonomous (i.e., local
changes in wall composition) and cell-nonautonomous (i.e., me-
chanical constraints on neighboring cells) signals that can pro-
foundly influence the behavior of cells and thus the development of
entire organs.

A key future challenge will be to decipher how mechanical sig-
nals integrate into molecular networks to locally control cell activity
and determine whether specific mechanosensor(s) translate these
physical forces into biological responses. Unraveling these mecha-
nisms will open frontiers in our understanding of organ develop-
ment and growth regulation.

MATERIALS AND METHODS

Plant material and growth conditions

All mutants are in the A. thaliana ecotype Columbia-0 (Col-0). ixr1-
2, mur4-2, gaut10-2, and gaut10-3 were obtained from the Notting-
ham Arabidopsis Stock Centre (NASC) collection (NASC IDs:
N6202, N8569, N675953, and N592577, respectively). qua2-1 was
previously described in (19). The qua2-1 mutant was genotyped by
Derived Cleaved Amplified Polymorphic Sequences (dCAPS) (43)
and/or sequencing. For dCAPS, the PCR product has been amplified
by using qua2-1-dCAPS_Fw and qua2-1- dCAPS_Rev (see table S6).
The amplicon was digested with Spel for 16 hours at 37°C. The PCR
product for sequencing was amplified with the following oligos:
qua2-1-seq_Fw and qua2-1-seq_Rev (see table S6). The qua2-5 mu-
tant was generated via CRISPR-Cas9 technology (see the “CRISPR-
Cas9 mutagenesis” section). The mutation was genotyped via
sequencing with the following oligos: qua2-5_Fw and qua2-5_Rev
(see table S6). CYCBI;1:GUS and RCHI1-GFP have been described
previously in (4). CYCBI;2:GFP was previously described in (21).
For growth conditions, A. thaliana seeds were surface-sterilized, and
seedlings were grown on one-half strength Murashige and Skoog
(MS) medium containing 0.8% agar at 22°C in long-day conditions
(16-hour light/8-hour dark cycle) as previously described in (44).
Root length, meristem size, and cell length analysis

For root length measurements, plates were photographed, and the
resulting images were analyzed using the image analysis software
Image] 1.54g available online (http://rsbweb.nih.gov/ij/). Root meri-
stem size is expressed as the number of meristematic cortex cells in
a file, extending from the quiescent center (QC) to the first longitu-
dinally elongated cortex cell, as described in (44). The cortex is the
most suitable tissue for counting meristematic cells, as it consists of
a single cell type and maintains a conserved number of cells across
different Arabidopsis roots. The analyses were performed starting
from 5 days postgermination, when the meristematic cell number is
settled. To assess the elongation capacity of epidermal and cortical
root cells, cell length of the first epidermal cells exhibiting the initial
hair bulge or on the nearest cortical cell was measured using Image].
To assess cell expansion dynamics of epidermal root cells, cell length
of the first five epidermal cells was measured using Image]. Cell ex-
pansion dynamics were quantified by calculating cell deformation
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as the slope of a linear regression of cell length plotted against cell
rank relative to the TZ. The TZ was assigned rank 0; the first elon-
gating cell analyzed was assigned rank 1, up to rank 5 for the most
distal cell included in the analysis.

DIC and confocal microscopy

Differential interference contrast (DIC) with Nomarski technology
microscopy (Zeiss Axio Imager A2 or an Axioskop 2 plus) was used
to count the meristem cell number with a dry 40X objective. Plants
were mounted in a chloral hydrate solution (8:3:1 mixture of chloral
hydrate:water:glycerol) and immediately analyzed at the microscope
(44). For confocal microscopy, cell walls from 6 days postgermina-
tion were stained with 30 pM propidium iodide (PI) solution (30 pg/
ml). Images were acquired using Zeiss LSM 780 or a Zeiss LSM 900
confocal microscope with an oil immersion 40X objective. Laser lines
and imaging settings were selected according to the staining dyes
and fluorescent proteins used in the analysis. Images were analyzed
with Image] and eventually stitched and postprocessed with Adobe
Photoshop CS2. Image postprocessing was minimal and restricted
to corrections in brightness and contrast. All corrections were uni-
formly applied to the entire images so that all final figures properly
reflect the original data.

B-glucuronidase (GUS) histochemical assay

To visualize CYCBI;1:GUS lines, GUS histochemical assay was
performed using the f-glucuronidase substrate X-gluc (5-bromo-
4-chloro-3-indolyl glucuronide, Duchefa) dissolved in N-N-dimethyl-
formamide. X-gluc solution, composed of 100 mM Na,HPO,4, 100 mM
NaH,PO,, 0.5 mM K3Fe(CN)g, 0.5 mM K Fe(CN)g, 0.1% Triton X-
100, and X-gluc (1 mg/ml), was prepared as previously described.
Seedlings were incubated at 37°C in the dark for 4 hours.

Drug and hormone treatments

For induction assays, 5 days postgermination RCH2-GVG-mCITRINE-
gQUA2 (qua2-1), RCH2-GVG-mCITRINE-gQUA2 (Col-0), RCHI-GVG-
mCITRINE-gQUA2 (qua2-1), and RCH1-GVG-mCITRINE-gQUA2
(Col-0) seedlings were transferred with tweezers onto solid %» MS
medium supplemented with 10 pM Dex water-soluble (Sigma-Aldrich)
and incubated overnight. For the time-course complementation
analysis, pQUA2-GVG-mCITRINE-gQUA2 (qua2-1) and pQUA2-
GVG-mCITRINE-gQUA2 (Col-0) seedlings were transferred onto
Y2 MS medium containing 10 pM Dex and incubated for 4, 8, 12, 16,
or 24 hours. For trans-zeatin treatment, 5 days postgermination WT
and qua2-1 seedlings were transferred onto solid ¥2 MS medium
supplemented with 5 pM trans-zeatin and incubated overnight.

Live imaging analyses

Root images were obtained using a live imaging approach via confocal
microscopy. For live imaging analyses, 6 days postgermination plants
were mounted in Ibidi p-Dish 35-mm chambers. RCH2>>gQUA2
roots were induced for one overnight before starting the analysis. The
roots were positioned at the center of the observation area with a drop
of water and then covered with a thin layer of solidified MS medium
supplemented with PI (50 pg/ml) to allow root staining. Images were
acquired using a Zeiss LSM 780 confocal microscope with an oil im-
mersion 40X objective. To assess the growth rate of meristematic cells
and the expansion rate of elongating cells, we measured the epidermal
cell area in cells from equivalent root zones and developmental stages
of different roots. Measurements were performed on selected cells for
each time point by using Image]J. The cell surface measurements were
plotted on average and as a function of time (minutes), and confidence
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intervals were represented on each graph to highlight data distribu-
tion. Growth rates were computed as the slope of the linearly regressed
cell surface growth overtime for each cell. Cells growing nonlinearly
(R? < 0.70) were neglected.

CRISPR-Cas9 mutagenesis

To obtain qua2-5 allele, a single guide RNA (sgRNA) of 20 nucleo-
tides was designed using CRISPR/Cas9 target online predictor
(CCTOP) (45, 46) to target the first exon of QUA2. Oligos corre-
sponding to the target sequence (sgQUA2_Fw and sgQUA2_Rev;
see table S6) were annealed by heating at 95°C for 10 min and then
slowly cooled to room temperature. The annealed oligos were subse-
quently ligated into the TSKO destination vector, specifically the
F-G entry vector, following the standard cloning procedures. The
vector was first digested with AarI according to the manufacturer’s
recommendations to generate four base pair overhangs suitable for
direct guide RNA (gRNA) loading. The digestion reaction (20 pl)
included 1 pg of plasmid DNA, 0.5 pM oligonucleotides, 1 U of
Aarl, and 1x buffer in Milli-Q water. The mix was incubated at 37°C
for 4 hours, followed by enzyme inactivation at 65°C for 20 min. To
generate the construct, the RPS5A promoter was used to guide the
Cas9 and the sgRNA. For the generation of the RPS5A:Cas9-GFP-
sgQUA2 construct, a Golden Gate reaction was carried out using
the components listed in table SI and the conditions reported
in table S2.

Primary transformants were selected using phosphinothricin
(PPT) resistance. Ten independent T, lines were initially screened
for phenotypic traits. Genomic DNA was then extracted using the
Geneaid DNA extraction kit and analyzed via Sanger sequencing
with the oligos qua2-5_Fw and qua2-5_Rev (see table 56). To de-
termine the mutation, sequencing results were first analyzed using
Tracking of Indels by DEcomposition (TIDE) (http://shinyapps.
datacurators.nl/tide/) and subsequently aligned with the WT se-
quence using MultAlin (http://multalin.toulouse.inra.fr/multalin/).
The predicted protein sequence was further examined using Expasy
Translate (https://web.expasy.org/translate/).

Generation and characterization of transgenic plants
Standard molecular biology techniques, the Gateway system (Invit-
rogen), and the Green Gate System were used for the cloning proce-
dures. For pRCH2-3xYFP construct, the p4pl-pRCH2 vector was
provided by R. Heidstra (Wageningen University, the Netherlands);
the LR (Thermo Fisher Scientific) reaction was performed by using
p4p1-pRCH2, the pDONOR221-3xYFP, a C-term pDONORP2P3-
NOST2, and pBm43GW. The reaction was performed as indicated
in table S3.

The mix was incubated at room temperature for 16 hours, fol-
lowed by enzyme inactivation with proteinase K at 37°C for 10 min.
For the pQUA2-mGFP-gQUA2 construct, the promoter sequence of
QUA2 (AT1G78240) [3562 base pair (bp)] was amplified by using
the pQUA2_Fw and pQUA2_Rev oligos (see table S6), and the PCR
product was then cloned into pPDONORP4P] vector via BP reaction.
The reaction was performed as reported in table S4. The mix was
incubated at room temperature for 16 hours, followed by enzyme
inactivation with proteinase K at 37°C for 10 min.

The genomic sequence of QUA2 (2640 bp) was amplified us-
ing the gQUA2_Fw and gQUA2_Rev (see table S6) and cloned in
pDONORP2P3 via BP reaction (see above). The sequence of mGFP
(717 bp) was amplified from pGG-C-Cas9PTA-D (27) by using
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the mGFP_Fw and mGFP_Rev oligos (table S7) and cloned in
pDONORP221 via BP reaction (see above). For the generation of
the pQUA2-mGFP-gQUA2 construct, a LR reaction was per-
formed by using pPDONORP4P1-pQUA2, pDONOR221-mGFP, and
pDONORP2P3-gQUA2. pQUA2-GVG-ter-6xUAS-mCITRINE-
gQUA2, pRCH1-GVG-ter-6xUAS-mCITRINE-gQUA2, and pRCH2-
GVG-ter-6xUAS-mCITRINE-gQUA2 were generated via a LR
reaction between pPDONORP4P1-pQUA2 or pPDONORP4P1-RCH1
or pDONORP4P1-RCH2, respectively, pPDONOR221-GVG-ter-
6xUAS-mCITRINE [CS2106294, NASC ID: N2106294; (47)] and
pDONORP2P3-gQUA2. The LR products were then subcloned in
the Gateway pBm43GW destination vector (see above). All con-
structs were sequenced before transformation via floral dipping, and
homozygous plants were isolated by using PPT (Duchefa) as the se-
lective marker. pQUA2-mGFP-gQUA2 fusion was tested to be func-
tional by rescuing qua2-1 mutant phenotype.

Tissue-specific knockout (CRISPR-TSKO) RCH2:Cas9-GFP-
sgQUA?2 construct was obtained as reported in (27). The sequence
of RCH2 promoter (2313 bp) was amplified by using the pRCH2_
Fw and pRCH2_Rev oligos (see table S6) and cloned in the A-B en-
try module (pGG-A-LinkerIII-B). The same sgRNA previously used
for CRISPR-Cas9 mutagenesis (see the “CRISPR-Cas9 mutagenesis”
section) was used for this construct. To generate the gRNA, comple-
mentary oligonucleotides were annealed by heating at 95°C for
10 min and then slowly cooled to room temperature. The annealed
oligos were subsequently ligated into the TSKO destination vector,
specifically the F-G entry vector, following the standard cloning
procedures. The vector was first digested with Aarl according to the
manufacturer’s recommendations to generate four base pair over-
hangs suitable for direct gRNA loading. The digestion reaction
(20 pl) included 1 pg of plasmid DNA, 0.5 pM oligonucleotides, 1 U
of Aarl, and 1x buffer in MQ water. The mix was incubated at 37°C
for 1 to 16 hours, followed by enzyme inactivation at 65°C for
20 min. The generation of the RCH2:Cas9-GFP-sgQUA2, a Golden
Gate reaction, has been performed by incorporating the compo-
nents described in table S5. The reaction was performed as reported
in table S2.

Cell division rate measurements

The cell division rate was calculated as previously described (4).
Walls of 6-day-old seedlings were stained with 30 uM PI solution
(30 pg/ml). Z-stack images of entire roots were acquired using a
Zeiss LSM 780 or Zeiss LSM 900 confocal microscope with a 40X oil
immersion objective. Laser settings were adjusted according to the
excitation/emission properties of PI and the fluorescent protein un-
der analysis. Images were processed and analyzed using Image]. The
root meristem cell number was quantified as the number of cortex
cells in a single cortical cell file, spanning from the QC to the first
elongated cell. The cell division rate (X/Y) was calculated as the ratio
between the number of GFP-expressing cells (X) and the total meri-
stem cell number for each root (Y).

Fluorescence quantification

Quantification of pQUA2-mGFP-gQUA2 was obtained as reported in
(44). The mean gray value of the GFP channel of confocal laser scan-
ning microscope images was measured with the software Image]
(https://imagej.nih.gov/ij/). Fluorescence intensity was normalized
to the corresponding tissue area to ensure accurate quantification.
For longitudinal quantification, a segmented line was drawn along
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the longitudinal axis of the epidermis, the tissue exhibiting the high-
est QUA2 expression. Fluorescence intensity profiles were extracted,
and the mean gray value was calculated as a function of the distance
from the QC, defined as position zero. Individual fluorescence pro-
files from a statistically significant number of roots were averaged to
obtain the mean longitudinal intensity distribution. The averaged
curves were smoothed and denoised in GraphPad Prism using a
second-order polynomial and averaging 50 neighboring values.
Nonlinear regression was then performed using the Gaussian func-
tion Y = Yo+ A # exp[ — (X — X)*/(2 * 6°)], where Y, represents the
baseline fluorescence, A = Yax — Yo, ¢ was fixed at full width at half
maximum divided by 2.355 (estimated at 300), and X, corresponds
to the position of Y,y. The fit resulted in an R?0f0.96, allowing reli-
able identification of the peak fluorescence position. Confidence in-
tervals (95%) were calculated, and the maximum fluorescence peak
was indicated in the plots by a red line.

RNA isolation and RT-qPCR

Total RNA was extracted from root tissues using the NucleoSpin
RNA Plus (Macherey-Nagel). The quality of isolated RNA was
checked using a NanoDrop 1000 spectrophotometer (Thermo Fish-
er Scientific).

For RT-qPCR, the cDNA was retrotranscribed using the Super-
Script IIT First-Strand VILO cDNA Synthesis Kit (Thermo Fisher
Scientific). RT-qPCR analysis was performed using the gene-specific
oligos (see table S6) previously described in (5, 48). Amplification
was monitored in real time with a 7500 Real Time PCR System (Ap-
plied Biosystems). ACTIN2 (AT3G18780) was used as a housekeep-
er control. Shown data are expressed in 2*“", Three technical
replicates of RT-qPCR were performed on three independent RNA
batches. Results were comparable in all the experiments and with
the housekeeper.

Statistical analysis

Statistical analysis was performed using GraphPad software (http://
graphpad.com). For all experiments, analyses were performed in
three biological replicates, while the number of analyzed sample is
reported in figure legend. No statistical sample size predetermina-
tion nor randomization was undertaken. The investigators were not
blinded to allocation during experiments and outcome assessment.
Data exclusion was performed via a Graph test [robust linear model
regression and outlier removal (ROUT) method, Q = 10%]. Identi-
fied outliers were removed from the statistical analyses. All the statis-
tical details of each experiment (including—whenever present—the
statistical tests used, values of n, mean, SD, SE, and confidence inter-
vals) can be found in the corresponding figure legend. For all figures,
representative pictures of samples were chosen. In figures, statistical
significance is conventionally indicated by *, and the P value is re-
ported in the corresponding figure legend.

AFM nanoindentation experiments

We used an atomic force microscope (BioScope Catalyst, Bruker,
Billerica, MA, USA) coupled to an optical inverted microscope
(Olympus IX81, Miami, FL, USA) to conduct indentation analysis.
Seedlings were attached to petri dishes with a thin layer of silicone
glue (Pegamil, Anaerobicos SRL, Buenos Aires, Argentina). Roots
from 7-day-old seedlings were studied using an AFM fluid cantile-
ver holder at 25°C. All AFM measurements were performed within
1 hour after insertion of the AFM head. The silicon nitride probe
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(DNP-10, cantilever A; Bruker, Billerica, MA, USA), with a tip ra-
dius of 20 nm, was attached to a triangular 175-pm-long cantilever
with a spring constant of 0.35 N/m, following the manufacturer’s
instructions. For indentation, we positioned the cantilever using
a X20 magnification eyepiece on the surface of the epidermal cells of
the TZ of the primary root using the Contact Fluid - Point & Shoot,
positioning it in the center of the cell. We set a low (1 Hz) frequency
to maximize the number of captured force curves, as previously de-
scribed (49, 50). We obtained force curves in 30 points distributed
in an area of 500 nm” We captured at least 300 force curves for each
cell. We obtained the apparent Young’s modulus (AEM) from first-
and second-order polynomial fits of the obtained force curves, ac-
cording to (51), considering an indentation depth of 100 nm of each
curve to avoid the effect of the substrate on the stiffness measure-
ments. We discarded force curves with a correlation coefficient low-
er than 0.99. A normalized histogram of the remaining data was
created and fitted with a Gaussian distribution. We then discarded
data points outside the 95% confidence interval and recalculated the
histogram and the Gaussian fit. A Student’s ¢ test was used to deter-
mine statistical significance between groups. We analyzed three
genotypes, and a P < 0.05 was considered significant.

Brillouin microscopy measurements

Our custom-built confocal Brillouin microscope is described else-
where (52). Briefly, it consists of an inverted microscope (Olympus
IX-73) coupled to a double virtually imaged phased array-based
spectrometer (24) through single-mode optical fibers. The three-
dimensional mechanical properties of samples are recovered in a
label-free, contactless manner through confocal laser scanning
mode thanks to a pair of galvanometric mirrors (Thorlabs) and a
piezo stage (MadCity Labs). The laser source is a continuous-wave
single-mode laser at a 532-nm wavelength (Oxxius).

High-resolution Brillouin maps of cell walls were obtained via a
60X objective [Olympus, numerical aperture (NA) = 1.40] in back-
scattering configuration with a spatial resolution of a confocal mi-
croscope. During Brillouin data acquisitions of the cell wall, the
stage longitudinal step size on the sample was 200 nm, the acquisi-
tion time was 100 ms per point, and the optical power delivered to
the specimen was 15 mW, ensuring no optical damage to the sample.

Aside from the Brillouin laser-scanning module, a standard
brightfield and fluorescence spinning-disk unit (Crest Optics X-
LIGHT V1) is in the side port of the microscope to retrieve mor-
phological and fluorescent information of the sample on the same
plane and at the same time as Brillouin microscopy. The setup is
controlled in MATLAB via a custom-built graphical user interface.

Pixel-to-gigahertz conversion was obtained from the signals of
an electro-optic phase modulator (23). Brillouin curves were fitted
with sum of Lorentzian distributions, from which we extrapolated
the Brillouin shift values: Higher Brillouin shifts have been proved
to be reliable indicators of stiffness (23, 24, 53, 54) especially in
A. thaliana samples (55, 56).

Fresh seedlings were stained with calcofluor white (1 g/liter,
Sigma-Aldrich) for 1 hour at room temperature. After staining, they
were mounted on a 1-mm coverslip with a few drops of distilled wa-
ter. A 0.17-mm coverslip was then placed on top, and the edges were
sealed with nail polish to prevent evaporation. In such a manner, the
buffer never evaporated, and the tissues were kept hydrated during
acquisitions; its presence was confirmed by its Brillouin shift, similar
to water. We localized the TZ of the seed in brightfield via a large field
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of view objective (i.e., a 10X); then, we switched to a high magnifica-
tion, small field of view (60X, NA = 1.4) objective, used for bright-
field, confocal fluorescence, and Brillouin acquisitions. We used data
obtained from calcofluor white fluorescent signals as masks and av-
eraged Brillouin shifts over them; data shown in Fig. 2B are mean
Brillouin shifts calculated over these masks. No manipulations have
been applied to Brillouin maps for visualization of data. All data
analysis has been performed using custom-made MATLAB codes.

Spatio-temporal root growth model simulations

Mechanical growth model framework

The model was implemented within the MorphoDynamX/Mor-
phoGraphX modeling toolset, a powerful environment designed for
studying plant growth and form in biological systems (57). The core
data structure in MorphoDynamX is organized around the concept
of cell complexes, a versatile framework for representing cellular
and subcellular geometries in computational biology (58).

The biomechanics module leverages a position-based dynamics
(PBD) framework, a robust and efficient approach to simulating me-
chanical behavior (59). This PBD framework has been further re-
fined and developed in our laboratory (26). Growth is driven by
uniform internal turgor pressure, whereas mechanics is modeled us-
ing a constraint-based implicit method, which is particularly effec-
tive for simulating physical phenomena such as viscoelastic material
deformation (26). This method incorporates constraints such as dis-
tance and strain, enabling the realistic representation of anisotropic
growth processes observed in the root. This approach is particularly
well-suited for capturing the directionally biased expansion of tis-
sues during root development (59).

Boundary conditions

The meristematic zone, characterized by high cell proliferation, was
aligned with the lateral root cap (60-62). The TZ was defined from
the cusp of the last lateral root cap cell and extended shootward into
the root mesh. The uppermost vertices of the root mesh were fixed
to represent attachment to the differentiation zone (not modeled)
and, by extension, the rest of the plant. All other mesh vertices, in-
dependent of zone, were unconstrained and updated according to
the PBD engine. Wall stiffness was modulated by local QUA2 levels.
Biochemical processes

The biochemical layer of the model includes description of QUA2
protein expression by ordinary differential equations and is solved
numerically using an explicit Euler scheme. To ensure stability and
accuracy, a small time step is used (typically At = 0.01). The produc-
tion of QUA2 protein is modeled in specific regions of the tissue,
which are experimentally tracked and vary depending on the sce-
nario (e.g., TZ). The dynamics of QUA2 protein production are gov-
erned by the following Ordinary Differential Equation (ODE)

dQUA2
dt

where QUA?2 is a mean QUA2 protein concentration in the cell;
bqua is a basal production rate; dqua is the QUA2 degradation rate.

The QUA2 level controls the cell wall relaxation parameter for
PBD following an exponential decay relationship

= bqua — dqua - QUA2

kEWall = kE e(_KQUA'QUA)

wall *

where kE,; is the basal stiffness of the cell wall; Kqua is quasimodo
relaxation (stiffness coefficient; QUA2 is the protein concentration

inside the cell).
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QUA_2 expression pattern and mutant scenarios

In WT-like simulation, bqua is highly expressed in epidermal tissues
(as most QUA2 is produces in epidermis) and exponentially decay
toward the meristem zone (MZ), according to formula bqua = b%%;

# (2/{1/ exp[—0.04 = (cell_pos — MZ)1}) bqua = boua * 2/[1+ e~
* (cell_pos = MZ)] t, mimic the pattern observed in planta. As QUA2

expression is observed in the internal tissues of the root—at much
lower levels—in WT-like simulation, we set a lower rate of QUA2
production in all radial tissues between the epidermis, respecting
the same exponential decay toward the MZ mentioned.

The qua2 mutants were simulated by setting bqua to zero every-
where. QUA2 TZ overexpression was simulated by increasing bqua
in all root tissues by 0.1.

Parameters were sampled using hundreds of parallel simulations
on the supercomputing cluster to identify optimal values that do not
introduce growth artifacts and mimic closely the WT-like root
growth to allow base calibration to introduce mutants. Parameters
are listed in table S7.
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