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Plant development relies on the precise coordination of cell
growth, which is influenced by the mechanical constraints im-
posed by rigid cell walls. The hormone auxin plays a crucial
role in regulating this growth by altering the mechanical prop-
erties of cell walls. During the post-embryonic formation of lat-
eral roots, pericycle cells deep within the main root are trig-
gered by auxin to resume growth and divide to form a new
root. This growth involves a complex interplay between auxin,
growth, and the resolution of mechanical conflicts. However,
the exact mechanisms by which this coordination is achieved
are still unknown. Here, we propose a model that integrates
tissue mechanics and auxin transport, revealing a connection
between the auxin-induced relaxation of mechanical stress in
the pericycle and auxin signalling in the endodermis. We show
that the growth of pericycle cells is initially limited by the en-
dodermis, resulting in a modest initial growth. However, this
modest growth is sufficient to redirect auxin to the overlying
endodermis, which then actively accommodates the growth, al-
lowing for the subsequent development of the lateral root. Our
model uncovers the mechanical parameters that underlie endo-
dermal accommodation and how the structure and shape of the
endodermis influence the formation of the new root. These find-
ings highlight the interconnected relationship between mechan-
ics and auxin flow during lateral root initiation, emphasizing
the vital role of the endodermis in shaping root development
through mechanotransduction and auxin signalling.
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Introduction

The rigidity of plant cell walls imposes precise coordination
of growth among cells, where spatial variations in growth
generate mechanical stresses serving as instructive cues. This
feedback mechanism links tissue geometry to gene expres-
sion (1, 2). Auxin, a pivotal plant hormone involved in
cell growth and differentiation (3-9), plays a central role in
growth regulation by modifying cell wall properties (10, 11).
Its distribution relies on polar transport regulated by influx
and efflux carriers (12—14). Efflux carrier polarization, par-
ticularly the PIN protein family, directs auxin flow, regulat-
ing plant growth and development (15-17). PIN proteins
have also been found to possess mechanical-sensing proper-
ties (18, 19), contributing to the complex interplay between
auxin-mediated cell wall softening, tissue mechanics, and

PIN-mediated auxin transport, ultimately shaping develop-
mental auxin patterns (18, 20).

A prime example of coordinated cell and tissue growth is
the formation of lateral roots (LRs) (21-23). In Arabidop-
sis thaliana, LRs originate from pericycle cells beneath the
endodermis (24, 25). These Xylem pole pericycle (XPP)
cells, typically in pairs, become activated through auxin ac-
cumulation, driven by local synthesis (26), lateral auxin di-
version (27-29), and endodermal-to-pericycle auxin reflux
(30) (Fig. 1 A). Activated XPP cells expand radially, pressing
against the overlying endodermis (31). Nuclei migrate, trig-
gering asymmetric cell division and lateral root primordium
formation (21, 23, 32). Notably, this radial expansion is
more pronounced at shared cell walls (31, 33), necessitating
cortical microtubule (CMT) rearrangements in founder cells
(33). Endodermis shape changes and LR initiation depends
on auxin signalling in the endodermis (31, 34) and a rever-
sion in auxin flow from the pericycle toward the endodermis
(30, 31). Several questions needs to be addressed to under-
stand the dramatic mechanical changes associated with LR
initiation. In particular, how do mechanics and growth in-
teract with auxin flows? What mechanical properties of the
tissue need to change to allow swelling of the founder cells?
What can we explain the presence of auxin in the endoder-
mis?

Here, we use a model to examine the interplay between
growth mechanics and auxin flow during LR initiation. Our
model combines a vertex model for tissue mechanics and a
compartment model for auxin transport (20). We find that the
shared anticlinal wall’s growth between adjacent XPP cells is
constrained, inducing only modest radial swelling. However,
stress relaxation in this wall relocates auxin efflux carriers to
the periclinal walls, redirecting auxin flow to the endodermis,
and triggering an auxin-dependent response. Empirical ob-
servations support this prediction. Furthermore, we demon-
strate that endodermal wall properties and arrangement pre-
dominantly limit the radial expansion of activated XPP cells.
These findings propose a biphasic radial growth model for
activated XPP cells, initially constrained by the endodermis,
enabling auxin redirection to the endodermis. This, in turn,
triggers an auxin-dependent response, facilitating radial ex-
pansion of activated XPP cells.
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Fig. 1. Biological context and modelling framework (A) Activation of pericycle (p) before lateral root initiation results from the accumulation of auxin in these cells by local
auxin synthesis, redirection of the rootward auxin flow in the vasculature (v) and from the endodermis (en). Upon activation, the pericycle cells with high auxin acquire a
trapezoidal shape, and the endodermis accommodates this morphological change by shrinking, culminating in a stage | primordium. This accommodation of the endodermis
requires auxin accumulation in the endodermis and its perception by SHY2. The diagram visualises the cellular template used in our mechanical vertex model, including the
cortex (c) and epidermis (ep). (B) The interplay between auxin accumulation and cell wall mechanics. Auxin induces growth by altering the properties of the cell wall, which
modifies the patterns of mechanical stress. Efflux carriers of auxin respond to mechanical perturbations, creating a mechanical feedback loop that affects the pattern of auxin
concentration and flow. (C) In our model, cell walls are modelled as viscous rods that resist longitudinal deformations with an elastic modulus, E, and bending at the junctions
with bending modulus k. Turgor, T', generates stresses to which the walls respond by growing according to their extensibility, .

Results and discussion

Model and assumptions. We previously developed a com-
prehensive two-dimensional vertex model that integrates a
compartmental model for auxin transport to explore the in-
teraction between tissue mechanics and auxin patterns (20).
In this model, hexagonal cells subject to hydrostatic pressure
exhibit resistance to compression, extension, and bending at
their junctions (Fig. 1 C). The model accounts for auxin syn-
thesis, degradation, and active/passive transport across cell
walls. Auxin concentration within each cell is regulated by
synthesis, influx, and efflux carriers, with efflux carriers re-
sponding to membrane stress. Higher wall stress increases
efflux carrier accumulation, facilitating auxin transport up the
concentration gradient (20).

To study the interplay between tissue mechanics and auxin
flow during lateral root initiation, we adapted our model. We
adjusted the cellular templates to match in vivo aspect ratios
using optical longitudinal sections of Arabidopsis thaliana
roots, resulting in six cell layers representing vasculature,
pericycle cells, endodermis, cortex, and epidermis (Fig.1
A). Additionally, we incorporated cell wall growth into the
model, representing cell walls as viscoelastic materials with
an extensibility parameter (¢) and elastic modulus (E), de-
termining wall expansion rate and response to longitudinal
stress, respectively. Cell walls also resist bending at junc-
tions governed by the bending modulus (k) (Fig.1 C). Cell-
specific mechanical properties were considered between ad-
jacent cells, with two compartments having distinct £ and
o values. The model accounted for the less extensible com-
partment’s constraint on cell wall growth, favouring growth
when the combined wall resides between cells of higher ex-
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tensibility (). Accumulation of auxin in root pericycle cells
specifies them as lateral root founder cells (24). Our model
incorporates two neighbouring pericycle cells, each with dou-
ble the auxin concentration of surrounding cells, reflecting
the initiation process (32).

Auxin accumulation in activated XPP cells leads to
modest radial growth and redirects auxin flows to-
wards endodermis. We first examined how an increase in
auxin concentration alone contributes to the radial expansion
of a pair of founder cells during lateral root initiation. To
quantify this expansion, we tracked changes in the length
of the shared interface between the two activated XPP cells
and their overall morphology. Our simulations showed that
growth occurs but rapidly saturates at around a 12% increase
(Fig. 2 A). This growth coincides with reduced stress within
the common wall (Fig. 2 B). However, the overall cell shape
remains distinct from the trapezoidal configuration character-
istic of activated XPP cells preparing for asymmetric division
(Fig. 2 C).

As stress diminishes within the shared wall connecting the
two activated XPP cells, the density of auxin efflux carri-
ers binding to this interface decreases. In our model, carri-
ers compete for binding among different interfaces, leading
to the migration of carriers to the next most stressed inter-
face. Initially, the highest density of auxin efflux carriers
is in the anticlinal wall between the adjacent activated XPP
cells (Fig. S1 A). With growth and stress reduction, carrier
density increases, particularly binding toward the endoder-
mis (Fig. S1 B). Notably, even though the efflux carrier den-
sity associated with the endodermis remains relatively low,
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Fig. 2. Auxin accumulation in activated XPP cells only triggers modest growth
but potentiates auxin flows towards the endodermis. (A) The relative length
of the shared wall (green arrowheads in C) between two activated XPP cells (grey
cells) increases over time, reaching a saturation value of around 12%. Accompany-
ing this growth, stress decreases over time (B). The final state of the tissue remains
geometrically close to the initial one (C). (D) Computation of the auxin flow. Integrat-
ing the density of auxin efflux carriers along the length of the activated XPP cells
determines the flow of auxin leaving the cell (F'). This vector can be decomposed in
one component toward the endodermis (Fen) and one parallel to the pericycle layer
(Fp). (E) The relative intensity of auxin flow leaving the activated XPP cell toward
the endodermis (Fen). In (A), (B) and (E), the measures are normalised to the value
at t = O (initial state). ¢ = 50 marks the final state. The different layers are labelled:
vasculature (v), pericycle (p), endodermis (en), cortex (c).

the cross-sectional area through which auxin flows must be
considered. We introduce a measure similar to the polarity
concept in (20) to quantify auxin flow due to auxin efflux
carriers, showing how the component of auxin flow directed
toward the endodermis evolves over time (Fig. 2 D, E). This
measure is directly proportional to the net outflow of auxin
(Supporting Information Eq. 13). With auxin-induced stress
relaxation between adjacent cells, a 40-50% increase in auxin
flow exiting the cell toward the endodermis is predicted.

It’s important to note that these findings depend on the se-
lected periclinal stress value. Since efflux carriers prefer
binding to anticlinal walls (25), we chose a lower pericli-
nal wall stress value, approximately o = 20MPa. This
choice was made to align the initial rest lengths of pericli-
nal walls with the desired overall stress value of a periclinal
wall. Selecting a very low stress value would obstruct efflux-
mediated auxin transport between different layers.

In summary, our results indicate that increased auxin concen-
tration within adjacent pericycle cells can induce softening
of the shared anticlinal wall, resulting in a modest expansion
that alone falls short of reproducing the typical cell aspect
changes observed in vivo. Nevertheless, our model predicts
that this stress-induced alteration in auxin efflux carriers sub-
sequently triggers a redistribution, leading to a 40-50% en-
hancement in auxin flow from the founder cells toward the
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endodermis.

Auxin signaling in the endodermis predates the activa-
tion of SHY2 expression and the pronounced radial ex-
pansion of the activated pericycle. Increased auxin flow
toward the endodermis, where it may trigger auxin accumu-
lation, acting as a signal. This suggests that auxin responses
should first occur in activated XPP cells and then in the en-
dodermis (31). SHY2 encodes an AUX/IAA involved in en-
dodermal auxin perception and subsequent endodermal re-
modelling (31). Controlled transcriptionally by auxin (35), a
SHY?2 reporter shows endodermal expression from Stage I on-
wards (31). To empirically verify that endodermal response
to auxin, followed by activation of SHY?2, is happening after
redirection of auxin flow from the activated XPP cells, we
live-imaged the expression of the nuclear auxin signalling
output DR5v2::Venus (36) and the SHY2 transcriptional re-
porter (31).

Before pericycle activation, neither SHY2 nor DR5v2 expres-
sion was observed in pericycle or endodermis. Upon acti-
vation, DR5v2 signal appeared in pericycle and contiguous
endodermal layers, while SHY2 expression was solely in per-
icycle (Fig. 3 A). At Stage I, coinciding with noticeable per-
icycle swelling (Fig. 3 B), SHY2 and DR5v2 were observed
in both pericycle and endodermis. This sequential auxin sig-
nalling in the endodermis, followed by SHY?2 activation, is in
agreement with previous observations (30) and supports the
model’s prediction that reversed auxin flow due to modest
pericycle expansion can initiate endodermal auxin responses
3.

Our model predicts that auxin accumulation within founder
cells induces stress relaxation in the shared anticlinal wall,
redirecting auxin flow toward the endodermis. This localized
auxin accumulation triggers an auxin signalling response in
the endodermis, unleashing the active accommodation of the
endodermis to the outgrowing LR. Essential in this process
is the mechanical tension in the periclinal interface between
the founder cells and the endodermis, which plays a key role
in coordinating growth and auxin distribution. Root curva-
ture promotes the initiation of LR (37, 38). According to our
model, it would also increase tension on the periclinal inter-
face between founder cells and endodermis, further promot-
ing the redirection of the auxin flow toward the endodermis
to trigger further radial expansion.

Bending stiffness of the endodermis limits the radial
expansion of the pericycle. We investigated the mechan-
ical factors influencing the expansion of activated XPP cells
during lateral root initiation, considering the modest radial
expansion induced by initial auxin-driven stress relaxation.
We systematically analyzed the impact of various parameters
on cell expansion, including the stiffness () and bending
modulus (k) of founder cells and overlying endodermal cell
walls, as well as turgor pressures in the founder cells (1})
and the overlying endodermis (7¢,). Expansion was quanti-
fied by measuring the length of the anticlinal wall between
the activated XPP cells.
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Fig. 3. Auxin signaling predates expression of SHY2 in the endodermis and endodermal accommodation. (A) Confocal sections of time-lapse recording monitoring
the expression of auxin signalling (DR5v2) and SHY2 expression (pSHY 2 :: nls : mV enus) before pericycle activation, in founder cells and Stage | primordia. The filled
arrowheads indicate a signal in the pericycle nuclei, and the open arrowheads signal in the endodermis. Note the DR5v2 signal in the endodermis above the founder cells
before the expression of SHYZ2 in this tissue. The different layers are labelled vasculature (V), pericycle (P), endodermis (En), cortex (C) and epidermis (Ep). Of note, the cell
outlines are labelled by the plasma membrane marker PIP4;1-GFP (for the DR5v2 line) and by Propidium iodide (for the pSHY2::nls:mVenus line). Images are representative
of three biological replicates. (B) Relative pericycle and endodermis cell width (measured at the junction between the two abutting pericycle cells) before activation and at
Stage |. Values are for 16 measurements from five different roots before and after pericycle activation.

We found that reducing the bending modulus (k) from
3600 MPa to 100MPa led to non-linear radial expansion,
from 20% to 70%, resembling the trapezoidal morphology
observed in planta (21, 23) (Fig. 4 A, E, F). An increase in
pericycle turgor pressure (1},), especially at very high val-
ues (2MPa), amplified activated XPP cell expansion (Fig. 4
D). However, reductions in endodermal turgor (¢, or elastic
modulus (Fy) minimally affected pericycle expansion (Fig. 4
B, C). The contribution of the auxin transport to the outcome
of these simulations was minor. Indeed, we ran simulations
with maximum pericycle radial expansion conditions (endo-
dermis kp at 100 MPa) with auxin transport enabled or dis-
abled, which resulted in nearly identical founder cell expan-
sion (Fig. S3).

These findings suggest that increased pericycle turgor and de-
creased endodermal resistance to deformation can enhance
radial expansion. A notable difference between pericycle-
turgor-driven and bending-modulus-driven radial expansion
lies in the final shape of the founder cells. Upon turgor-driven
expansion, the founder cells expanded less toward the endo-
dermis, resulting in a flatter emerging lateral root primordium
(LRP) tip. Combining higher pericycle turgor with lower en-
dodermal turgor might rectify this directional bias deficiency.
Auxin promotes the expression and activity of pumps and
channels that contribute to water influx (39), which could
contribute to a local increase of turgor pressure in the peri-
cycle. However, this aspect must be mitigated by the quick
water exchange that could lead to equilibration of the turgor
pressure (40).

The reduction in the bending resistance of the endodermis
wall facing the pericycle has the most important contribu-
tion to the founder cells expansion. What molecular process
could modulate this bending resistance in vivo? Recent re-
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search highlighted the distinct organization of cortical micro-
tubules (CMTs) in the endodermis, with an ordered longitu-
dinally oriented array on the pericycle-facing side. LR ini-
tiation induces reorganization of these microtubules, involv-
ing auxin-dependent induction of the microtubule-associated
protein MAP70-5 (34). CMTs influence wall mechanical
properties through cellulose fibril deposition orientation con-
trol. MAP70-5 expression could alter CMTs and endodermal
wall properties, enhancing founder cell expansion (Fig. S5).
The organisation and/or dynamics of the CMTs arrays could
thus be a modulator of the bending resistance of the endoder-
mis. Supporting this view, abolishing completely the bend-
ing resistance (setting (k) to 0 MPa) leads to a froth-like be-
haviour of the tissue (Fig. S5), reminiscent of the aspect of
roots cells when treated with the CMT depolymerising agent
oryzalin (41). The radial expansion of the shared anticlinal
cell wall primarily occurs after the first anticlinal divisions
of founder cells. As our model does not implement cell di-
visions, investigating how new anticlinal cell interfaces con-
tribute to radial expansion could provide valuable insights.

Endodermis architecture defines LRP shape. We ex-
plored whether the arrangement of endodermis cells above
the founder cells impacted pericycle growth and shape. Our
simulations have mainly focused on lattices where two ad-
jacent endodermal cells overlay the two activated XPP cells,
resulting in one endodermis-endodermis interface above the
pericycle. We simulated cases with either no endodermis-
endodermis interface or two such interfaces overlying the
pericycle. Employing the same parameters as before (bend-
ing modulus of both the FCs and overlying endodermal cells
at kp, = 100MPa), we present the outcomes (Fig. 4 H-J).

When only one endodermal cell overlays the pericycle, no
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Fig. 4. The endodermis’s mechanical properties, topology, and geometry po-
tentiate radial expansion and define LRP shape. (A-D) Relative length of the
shared wall between primed XPP cells (grey) for different values of the overlying
endodermis and founder cell bending modulus (k, A), stiffness (Eo, B), overlying
endodermis turgor (Ten, C) and founder cell turgor (7}, D). (E-G) Morphology of
the ends-state of the simulations. The grey arrows and letters in (A-D) indicate the
corresponding morphologies in (E-G). (H-J) Growth simulation results with one (H),
two (I), and three (J) endodermal cells overlying the activated XPP cells. The ar-
rowheads indicate the shared wall between primed XPP cells. The labelled layers
are vasculature (v), pericycle (p), endodermis (en), and cortex (c).

radial expansion was observed, as there was no strain on
the endodermis-pericycle wall (Fig. 4 H). The reduced strain
and stress on the wall between the activated XPP cells cor-
responded to a slower growth rate (Fig. S6 A). To rule out
limited degrees of freedom as a causal factor, we conducted
simulations where the endodermis-endodermis junction was
removed while retaining the respective vertices for displace-
ment. This also resulted in a lack of pericycle expansion
(Fig. S6 B, C).

In contrast, the configuration with three overlying endoder-
mal cells led to distinct results (Fig. 4 J). In this scenario,
the founder cells expanded to a maximum width, similar to
the earlier two-cell configuration (Fig. 4 I, J, Fig. S6 A).
However, the resulting shape showed noticeable divergence,
with the three-cell arrangement producing a flatter tip than
the two-cell counterpart.

These findings suggest that the spatial arrangement of endo-
dermis cells governs the shape of the developing primordium,
and not all configurations equally support the radial expan-
sion of the primed pericycle. A prior study tracking cell lin-
eage in lateral root primordia consistently observed that the
initial activated XPP cell division always occurred beneath an
endodermal junction (42). Since radial expansion precedes
activated XPP cell division (33), this observation underscores
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the critical role of endodermis topology. The dependence of
lateral root primordium shape on endodermis topology com-
plicates our understanding of LR initiation. The number and
arrangement of overlying endodermal cells dictate the extent
and direction of pericycle expansion. As additional founder
cells are recruited laterally (32), the implications for LR mor-
phogenesis and tissue morphology modulation during growth
are intriguing, especially in a three-dimensional context not
captured by our two-dimensional model.

Conclusions

Our study combines computational modelling and empirical
observations to explore the mechanical bases governing the
radial expansion of founder cells and endodermal accommo-
dation during lateral root initiation. The central role of auxin
in mediating growth and its subsequent impact on mechani-
cal stress distribution emerge as critical components of this
process. We find that the mechanical properties of the endo-
dermis are pivotal in shaping the radial expansion of founder
cells. Reducing the bending stiffness of endodermal cell
walls significantly promotes pericycle growth, highlighting
the mechanical regulation of cell expansion. This comple-
ments existing knowledge about the role of turgor pressure in
growth and emphasizes the importance of localized modifi-
cations in cell wall properties for cell growth.

Material and methods

Plant material and growth. Seedlings of sCl111
(UBQI10::GFP:PIP1; PGATA23::H2B:mcherry;
PDR5V2::YFP:nls) 33) and PpSHY2::nls:mVenus;
pLBD16::mCherry:SYPI22 (31) were used to monitor
DR5v2 and SHY2/TAA3, respectively. Seeds were surface-
sterilized with Ethanol 70% and SDS 0.05% for 5 min, rinsed
once with ethanol 99% and air-dried. After stratification at
4°C for 481, seedlings were grown vertically on square Petri
dishes plates containing Murashige and Skoog 0.5 x medium
with a pH of 5.7, 0.8% agar and 1% sucrose, at 22°C with
a photoperiod of 8/16h light/dark condition. Four days
after germination, lateral root primordium (LRP) induction
through 5h of gravistimulation (turned plates vertically,
180°) to detect early events of LRP formation was applied
and to proceed with live imaging.

Live Imaging and Microscopy. For imaging, the seedlings
were transferred to a chambered cover glass as described in
(43), Propidium Iodide (2 ug/mL) was added when required,
and Confocal Laser-Scanning Microscopy (CLSM) was per-
formed on a Leica SP8 confocal microscope with a 63 x, NA
= 1.2 water immersion objective. GFP, YFP and mVenus flu-
orescence were detected using the 488nm and 514nm ex-
citation laser line and a detection range of 495-560nm and
524-550nm, respectively. mCherry and Propidium Iodide
fluorescence was detected using the 568 nm excitation laser
line and a detection range of 590-750 nm. Images were taken
every 30 min after LRP induction for ~ 12 h with a resolution
of 1024 x 1024 pixels, 400 Hz speed and a line average of 4.
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Z stacks were performed using a z-step size of 0.5mm. Post-
processing of images (LUT, Bright, contrast and maximum
intensity projections of 3-7 z-sections was performed in Fiji
(http:/iji.sc/Fiji)).
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