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In multicellular organisms, tissue outgrowth creates a new water sink, mod-

ifying local hydraulic patterns. Although water fluxes are often considered
passive by-products of development, their contribution to morphogenesis
remains largely unexplored. Here, we mapped cell volumetric growth across
the shoot apex in Arabidopsis thaliana. We found that, as organs grow, a
subpopulation of cells at the organ-meristem boundary shrinks. Growth

simulations using a model that integrates hydraulics and mechanics revealed
water fluxes and predicted a water deficit for boundary cells. In planta, a water-
soluble dye preferentially allocated to fast-growing tissues and failed to enter
the boundary domain. Cell shrinkage next to fast-growing domains was also
robust to different growth conditions and different topographies. Finally, a
molecular signature of water deficit at the boundary confirmed our conclu-
sion. Taken together, we propose that the differential sink strength of emer-
ging organs prescribes the hydraulic patterns that define boundary domains at

the shoot apex.

During development, multicellular tissues are patterned by biochem-
ical and mechanical cues'”. This is notably the case at the shoot apical
meristem (SAM), which contains the plant stem cell niche and where
hormone and peptide patterns define the different zones and their
function: self-maintenance (central zone (CZ)), organ production and
identity (peripheral zone (PZ)) and organ separation and axillary
meristem initiation (boundary zone (BZ)). In particular, differential
growth together with tissue shape prescribe a stereotypical pattern of
mechanical stress, impacting cytoskeleton behavior®, hormone carrier
polarity®°, chromatin status”, and gene expression? in a feedback
loop. Other physical cues, such as hypoxia®, have been integrated into
this picture more recently. However, until now, the role of water has
been considered non-limiting for morphogenesis in aboveground
organs, with water playing essentially no role in the patterning per se.

Belowground, fluctuations in water availability modulate the
developmental plasticity of roots™”. In this organ, water conditions

also affect endogenous water fluxes, thereby redistributing the plant
hormone abscisic acid (ABA). ABA signaling then closes symplasmic
pathways leading to repression of lateral organ growth under water
deficit’. Lateral root development is achieved by reversion of the
previous mechanism and by further localized modifications of tissue
hydraulics”. Environmental signals also induce changes to the sym-
plasmic fluxes in the shoots in an ABA-dependent manner'®".
However, most above-mentioned examples represent hydraulic fluc-
tuations induced by the environment, while less is known about
growth-induced hydraulic patterning during standard growth
conditions.

In the SAM, organs develop sequentially following a robust spa-
tiotemporal organization, and vascularization is temporally decoupled
from early organ growth, so water must necessarily travel from the
vasculature through non-vascularized parenchymatic and meriste-
matic cells?®. In most aboveground plant tissues, water movement is
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driven by stomata transpiration, but shoot meristems lack stomata,
and water is expected to adapt to growing organs and fill them. Inter-
estingly, growth per se has the capacity to lower the water potential,
thereby attracting water, and it has been proposed as an additional
driver of water movement in plants**. This is what we investigate here,
taking advantage of the plant meristem as a model system.

First, we obtained a comprehensive map of volumetric growth of
the SAM including developing organs up to stage 2 (before the flower
organs appear) from Arabidopsis inflorescences. In addition to the
expected differential growth rate between the organs and the mer-
istem, we found evidence of cell shrinkage, specifically in the boundary
domain. Using a modeling approach informed by our morphometric
analysis, we predicted that higher growth rates in the organ may affect
the hydraulic pattern and cause water deficit in the adjacent boundary
tissue. The allocation pattern of a water-soluble dye was in agreement
with our model and revealed a degree of symplasmic flow isolation in
the boundary domain. This domain persisted even when the dye
allocation was shifted to the apoplasm in ABA-deficient plants. Finally,
by inducing de novo organ growth in intact meristems, we found
further evidence of cell shrinkage adjacent to fast-growing cells.

Altogether, our study demonstrates that water is a factor whose
non-uniform flux distribution contributes to the pattern of tissue
development, in synergy with biochemical and mechanical cues.

Results

Global volumetric analysis of the SAM reveals shrinkage of deep
boundary cells

Previous morphometric analyses of shoot meristems have revealed the
cell volumetric growth dynamics of the CZ* or the initial stages of
flower development®. Yet, these quantifications have not been related
to water fluxes and have not been extended to later developmental
stages with highly folded tissues. Growth and deformation rates of the
area of the outer periclinal wall have been described for complete
meristems of pimpernel, tomato, and Arabidopsis®?¢, but without
volumetric insights. In order to understand the growth-driven
hydraulic patterns in the whole SAM while considering tissue defor-
mation, we measured cell volumetric changes along with tissue
topology and changes in cell sphericity, during organ emergence. To
do so, we performed time-lapse acquisitions using a plasma membrane
marker and 3D watershed segmentation using timagetk tools (Fig. 1A
and Supplementary Fig. 1; see “Methods”).

The cell volume distribution was heterogenous with larger cells in
developing organs and inner layers below the third layer of cells (L3)
(Fig. 1B). The tissue surface mean curvature describes the topography
of the meristem and serves as a morphological marker to identify the
organ stage: organs in stage 1 do not exhibit a morphological crease at
the boundary” whereas in stage 2-organs the saddle-shaped surface
becomes significant (defined when the amplitude of the negative
curvature is higher than that of the maximum curvature) (Fig. 1C).
While cell sphericity and sphericity changes were variable in time and
space, boundary cells were progressively deformed and became
markedly least spherical in stage 2-organs (Fig. 1D, E). Then we quan-
tified the volumetric changes, selecting cells that did not undergo
division over 12 h. As expected, the younger organs and early boundary
cells exhibited positive growth rates in this time window (Fig. 1F). In
early boundaries, the mean curvature was positive and boundary cells,
grew by 6.9 + 3.8% while organ cells (stage 1) grew by 18.2 + 6.8%. When
the primordium reaches stage 2, the mean curvature becomes nega-
tive in the boundary. In this organ stage, more cell divisions were
detected and cells had a higher volumetric growth rate (Fig. 1F).
However, at later stages, i.e., three plastochrons after the transition to
stage 2 (from primordium 5 (P5) onwards), we observed a new pattern
at the boundary: cells localized either on the organ or on the PZ sides
were expanding, while cells localized in the deep boundary domain
were shrinking (Fig. 1IF-H). This stage also coincided with a loss of

sphericity in boundary cells. Yet, while many cells lost sphericity, only
boundary cells shrank (Fig. 11).

The shrinkage was of significant amplitude: shrinking cells lost on
average 10.1+4.6 % of their volume over 12 h, while the adjacent sub-
populations (with negative mean curvature, too) exhibited a highly
heterogenous expansion rate of 9.7+9% on the organ side and
9.8 + 8% on the PZ side. In the same time window, cells with positive
mean curvature at the top of the organ grew by 19.9 +4 %, cells in the
PZ by 6.1+3 %, and CZ by 7.2+3.3 %. This pattern was found in 6
meristems from 6 independent plants (Supplementary Fig. 2A). We
also estimated the measurement error due to a different resolution in
XY vs. Z. A multiangle analysis revealed an average of 0.3% error in
volume estimation due to Z differential resolution (Supplementary
Fig. 2B, C).

Including dividing cells in the growth map did not change the
trend (Fig. 1G), consistent with the fact that cells in late boundaries
rarely divide? and that most dividing cells contribute to organ and PZ
expanding tissues. This analysis reveals that late boundary cells,
despite being confined to a narrow space, can display opposing growth
behaviors. A few of them lose volume without division, potentially
revealing the consequences of growth-driven hydraulic patterns in
the SAM.

Water efflux from the deep boundary domain is predicted by a
mechano-hydraulic model

The above analysis suggests that boundary cells could experience a
local water deficit as a consequence of the volume loss. This echoes a
previous computational study”, which suggested that, in theory, local
tissue growth could induce water loss in cells surrounding the growing
region. The model is a multicellular extension of the Lockhart-Ortega
model’°(Fig. 2A-C). It assumes that every cell has a water potential
composed of (i) a constant osmotic potential and (ii) a varying
hydrostatic pressure. Water fluxes follow decreasing water potential;
influx or efflux of water induces cell volume change (Fig. 2B), and
mechanical constraints in cell walls accommodate for it (Fig. 2C). This,
in turn, impacts the cell hydrostatic pressure (Fig. 2A), which creates a
complex feedback loop between cell water potential, fluxes, and
mechanical stresses in the cell. To explore the water loss hypothesis in
our context, we adapted our 2D-multicellular model® to capture the
key topological organization and growth rates of cells in a SAM sec-
tion, including the central zone, peripheral zone, boundaries, and
primordium (Fig. 2D, E).

The model parameters are adjusted such that L1, L2, and L3 cells are
growing thanks to the water provided by cells underneath (Fig. 2D and
Supplementary Table 1). The initiation of a primordium outgrowth
(t=0) is triggered by a decrease of the elastic modulus in the cell walls of
the future organ (Fig. 2D). In the current model we adjusted the organ
elastic modulus such that organ cells would grow 4 times faster than the
rest of the tissue (Fig. 2E-G), as indicated by our morphometric mea-
surements (see Fig. 1G). Simultaneously, wall deformation increases, and
wall stresses and cell hydrostatic pressure decrease in the initiated organ
(Fig. 2H and Fig. 3A, B). This local drop in pressure in the growing organ
creates a water sink that draws water from neighboring cells (Fig. 3C).
Water movement appears as an emerging property and fluxes are
rapidly polarized to feed the growing organ. Hence, the boundary cells
(indicated by red arrows in Fig. 3C) are caught between peripheral zone
cells and organ cells, with limited access to water on one side and high
demand on the other. In the first stage, they are hardly able to maintain
positive growth. In the second stage, the water demand increases as the
organ grows, up to the point where boundary cells begin to lose volume
at a significant rate (Fig. 2F, G and Fig. 3D). During the simulation,
boundary cells are progressively deformed (they lose sphericity), but
this deformation does not always correlate with the volumetric changes
highlighting the contribution of differential fluxes induced by neigh-
boring cells (Fig. 2 1, ).
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H Boxplot shows the position-dependent differential growth rates of cells for one
meristem. The box indicates the interquartile range (IQR), the whiskers show the
range of values within 1.5*IQR, and a horizontal line indicates the median. A similar
heatmap profile was detected in all studied meristems (n = 6). I Scatter plot
showing growth rate vs. sphericity change for cells quantified in (H).

To assess the robustness of this shrinkage effect in different growth
conditions, we varied both the wall stiffness at the time of organ out-
growth (which affects growth rates) and the cell-to-cell water con-
ductivity across L1L2L3 layers (Supplementary Fig. 3). Simulations
resulted in different topography and growth rate dynamics of the pri-
mordium. Yet, the boundary-specific cell shrinkage was observed in all
tested scenarios (Supplementary Fig. 3), suggesting that lateral water
depletion is a robust emerging property of local primordium outgrowth.

A water-soluble dye does not reach the deep boundary domain
To get closer to causality, we would need to monitor water movements
in our system. Water being, in essence, invisible under an optical

microscope, its behavior can only be inferred with dyes, as a proxy for
water movement. HPTS (8-hydroxypyrene 1,3,6 trisulfonic acid) is a
membrane-impermeable, water-soluble dye, that has previously been
used to reveal leaf-to-apex and cell-to-cell symplasmic transport in
vegetative and inflorescence shoot apices”. Here we used a plasma
membrane marker to resolve the anatomy in internal layers in the SAM
and provided HPTS dye such that it would be acropetally transported
from the stem (Supplementary Fig. 4A). Results presented below were
obtained in 10 meristems from 10 independent plants.

After1, 3, 6,12, or 24 h of HPTS incubation, we detected a dye signal
in the cytoplasm of meristematic cells (Fig. 4A, B and Supplementary
Fig. 4B, C). However, pattern and signal intensity were more consistent
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Fig. 2 | Parameter description of the model and time evolution of the reference
simulation. A-C Lockhart-Ortega elongating single-cell model. A Cell pressure and
wall tension equilibrate: pressure P is proportional to elastic modulus E and elastic
deformation £,. B Volume variation and water fluxes over surface A of permeability
L depend on the difference between cell (¥) and external (¥,,,) water potentials.
C Wall mechanical response decomposes into elastic (1% term on the left-hand side)
and plastic (2™ term) responses; the plastic response corresponds to irreversible
growth characterized by extensibility ¢* and is triggered when the elastic defor-
mation is above the threshold £¥. The driving force is a large enough value of
osmotic pressure  that induces water flux into the cell, which triggers simulta-
neously volume increase, wall deformation, pressure, and growth. D Scenario

presented in the main text: initiation with a zero elastic deformation with regions
defined by heterogeneous parameters (variables description in Supplementary
Table 1); initial pressurization of the tissue; initiation of the primordium at ¢ = 0;
growth of the primordium. E Regions where the time evolution is monitored: mean
values over primordium cells (P) and central zone (CZ), individual cell values for the
boundary cells (B, B2 and B3). F-H Time evolution of cell volume (F), volume
relative growth rate (G), and hydrostatic pressure (H). I Time evolution of boundary
cell B3 (indicated in E) showing dynamics of sphericity change vs. volume. J Time
evolution of selected cells (indicated in E) showing dynamics of volume relative
growth rate vs. sphericity change. Time ¢ =0 indicates the initiation of the pri-
mordium with a reduction of the elastic modulus.
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mimic organ outgrowth, £ is reduced (£x 0.25) in a subgroup of L1L2 cells (black
dots) at time T = 0. A-D Maps of elastic deformation, hydrostatic pressure, fluxes,
and relative growth rate; the boundary cells are indicated by red arrows in (C).

across samples after 6 and 12 h of incubation. After 6 h of incubation,
and in line with a previous report®, the HPTS signal was enriched in L1,
L2, and L3 with a bias toward developing organs (Fig. 4C). A longer
incubation time of 12 h further highlighted an organ-enriched pattern
with HPTS dye being present in the cytoplasm and concentrated in
vacuoles even in young developing primordia (P1 to P5) (Fig. 4B and
Supplementary Fig. S4B). Furthermore, while longer HPTS incubation
times of up to 24 h increased the overall signal intensity, the described
pattern remained the same (Supplementary Fig. 4C). This pattern sug-
gests that organs are indeed preferential sinks for symplasmic fluxes.
In order to characterize the earliest HPTS allocation pattern, we
further quantified the HPTS signal after just 6 h of incubation. We
detected a gradient of increasing HPTS intensity from the meristem to
P5 stage organs (Fig. 4D). Strikingly, the boundary of advanced organs
(P6-P7) displayed a marked drop in HPTS signal compared to the
meristem or the organ, as viewed from the side or above (Fig. 4D-F and
Supplementary Fig. 4D). Note that the signal of ubiquitously expressed
plasma membrane marker did not exhibit such a pattern, indicating

that the HPTS exclusion zone is not an optical artifact caused by tissue
depth or curvature (Fig. 4F). Thus, HPTS is excluded from the
boundary domain in that time period.

To check whether HPTS could ultimately reach the boundary
domain, we monitored its distribution using increased resolution and
correlative imaging with a membrane marker. After 12 h, HPTS accu-
mulated in L2 and L3 of early-stage flower primordia (before bulging
out) and flower organs (emerging outer sepal) (Supplementary
Fig. 4E). We also observed an asymmetric signal distribution in stage 2
organs (e.g., P5-P7), with higher signal on the abaxial side, consistent
with increased growth rate in that domain®. Yet, HPTS was still absent
from the boundary domain (Supplementary Fig. 4E, white arrows).

To challenge our hypothesis of a growth-induced water loss in the
boundary, we tested whether the observed patterns in that domain
might instead primarily emerge from preestablished symplasmic
communication pathways. ABA has been shown to regulate
plasmodesmata-mediated symplasmic communication in shoot mer-
istems of Arabidopsis, tomato, and poplar, and this mechanism is lost
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meristem, we were still able to detect a domain with lower signal
intensity coinciding with the boundary (Fig. 4J, K).

Whereas these results indicate that ABA has a major role in pat-
terning symplasmic-apoplasmic pathways in the SAM, the water
depletion domain at the boundary seems to emerge from an ABA-
independent mechanism. This is consistent with a scenario where, at
first order, the differential sink strength of organs creates a strong
growth-induced water efflux at the boundary.
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Fig. 4 | HPTS allocation patterns highlight the differential sink strength of
organs. A Drawing showing the experimental setup. Shoot apices were treated by
dipping stems in liquid ACM media with (top) or without HPTS (bottom). B HPTS
(green) pattern after different incubation times in dissected meristems. Images are
representative from n =35, repeated twice. C Meristem obtained from the experi-
ment shown in (B) showing a maximum intensity projection of HPTS pattern after
6 h of incubation. Organ stages P5, P6, and P7 are indicated. D Orthogonal sections
illustrate the sampled layers (dashed white line in L1 and L2) of P5 and P7, after 6 h
of dye incubation. For reference, meristem domains are indicated: top yellow line
(CZ and PZ), red line (BZ), and green line (organ), see methods for sampling details.
HPTS signal intensity profile plot showing the average (green line) and 95% con-
fidence interval (light green) for L1L2 extracted from orthogonal sections (n=5).
E Orthogonal sections showing HPTS and plasma membrane (pUBQI0::LTi6B-
TdTomato) signal intensities for P7 organs after 6 h of incubation. The white dotted

lines define the limits of the stack of slices that were projected to obtain panel (F).
Images are representative from n =35, repeated twice. F Maximal projection of a

5 um-thick transversal section in P7 organs showing HPTS and plasma membrane
signal. G Maximum intensity projection of HPTS pattern of aba2-1 after 6 h of
incubation. Images are representative from n =35, repeated twice. H Single mer-
istem slice of aba2-1 showing the HPTS, PI, and merged signals. I Close-up of CZ
cells showing HPTS localization in Col-0 and aba2-1 after 6 h of incubation. Images
are representative of n=>5. J Orthogonal section of aba2-1 after 6 h of incubation
obtained as done in D for HPTS signal analysis. The white arrow indicates the
boundary exclusion zone. K HPTS signal intensity profile plot showing the average
(green line) and 95% confidence interval (light green) for L1L2 (n=7). Data was
obtained after 6 h of incubation. Heatmaps indicate the HPTS signal intensity. Scale
bars =50 um. All experiments were independently reproduced at least once.

Differential growth rates generate cell shrinking domains in
intact plants

In the previous experiments, shoot apices were cut from the stem, and
most organs were removed to facilitate confocal imaging. To control
for potential dissection-induced hydraulic artifacts on cell growth, we
repeated the analysis using intact plants. To this end, we pre-treated in
vitro-growing plants with N-1-naphthylphthalamic acid (NPA), which
results in the development of pin-like shoot apices, fully accessible to
optical microscopy. 48 h after transfer of the whole plant to an NPA-
free medium, the meristem recovers and starts generating organs,
allowing confocal access without organ dissection or stem
cutting®(see “Methods”).

In this system, the growth rates were 4 to 6 times faster than in
meristems from dissected shoot apices, thus requiring more frequent
image acquisitions to capture the boundary formation. Tissue surface
curvature and cell sphericity changes similar to those observed before
were detected in just 2 to 4h (Fig. 5A, B). The volumetric analysis
revealed that organ cells grow by more than 20% (Fig. 5C, D). In
agreement with our previous observations, we detected shrinking cells
losing 7-10% of their volume in the midline and flanks of the newly
formed boundary (Fig. 5C, D; n = 6). This confirms that a subpopulation
of late boundary cells shrinks, consistent with predicted water efflux
simulations, independent of dissection.

Strikingly, we also observed the presence of many epidermal cells
shrinking below the meristem (Fig. 5D, G). Unlike cells in the midline
boundary, the surface mean curvature for cells below the meristem
was less pronounced or even positive, and not all of them showed loss
of sphericity (Fig. SE, F). This suggests that shrinkage could be more
widespread than expected, especially in cells neighboring tissues with
very fast growth.

If the negative growth of boundary cells is caused by water being
pulled out by neighboring, fast-growing cells, then if growth were
paused, the boundary cells should expand again. The higher temporal
resolution in these meristems allowed us to test that hypothesis
(Fig. 5G, H). Boundary cells that were originally shrinking during the
first 2h (TO vs. T2) reversed this trend in the next 2h (T2 vs. T4),
revealing an elastic behavior (cells type 1 in Fig. 5G, H). For the same
time window, adjacent cells (type 2) maintained their growth rate while
cells on the rest of the organ (type 3) decreased their growth rate.
These observations suggest that the shrinking at the boundary indeed
anticorrelates with the growth rate at the organ.

More generally, since we systematically detected decreases in cell
volume in boundary regions, both in dissected and non-dissected
meristems, this supports the growth-driven water loss hypothesis in
these cells.

A molecular signature of water loss at the boundary

Since the deep boundary is the site of water depletion, we expected to
detect molecular signatures of water loss in that domain. Thus, we
explored gene expression across different SAM domains using an

available translatome from vegetative meristems*, reasoning that a
global molecular signature may provide indirect evidence of water
loss. By performing a GO enrichment analysis on each subset of
domain-specific upregulated genes, we found that genes associated
with “abiotic and biotic stress” are enriched in the WUS, LAS, and PTL
domains (Supplementary Data 1). The LAS domain, which best matches
the early to late boundary domain, was differentially enriched for
genes associated to “response to osmotic stress” and “response to salt
stress” (Supplementary Fig. 5A). Examples of these are RESPONSE TO
DEHYDRATION 21B (RD21B), EARLY-RESPONSIVE TO DEHYDRATION 8
(ERDS8), HAL3-LIKE PROTEIN A (HAL3), and SIMILAR TO RCDI1 (SROS).
This is consistent with local water depletion in that domain.

Next, we investigated whether a more generic marker of water
loss could match the predicted water efflux at the boundary. In parti-
cular, modifications at the chromatin level have been associated with
hyperosmotic stress in animals and in plants®. HISTONE 1.3 (H1.3) is a
linker histone variant that has been reported to be drought-
inducible®”. It is also a marker of dormant bud set® and seed
dormancy®*, i.e., in development processes that involve water loss. In
inflorescence meristems, H1.3 has a patchy localization pattern in the
CZ with a higher presence in the nuclei of deep boundary cells, i.e., in
the crease between the emerging organ and the inflorescence
meristem". Using a protein fusion marker pH1.3:H1.3-EGFP”, we con-
firmed this pattern (Fig. 6A, B).

To check whether H1.3 can mark other deep boundaries, we dis-
sected vegetative meristems and found that in all meristems (n=9),
H1.3 was present in a few cells in the adaxial boundaries of rosette leaf
primordia from PS5 to at least P11 (Fig. 6C, D), but also in the boundary
domain that surrounds axillary meristems (Supplementary Fig. 5B).

To control for dissection-induced stress, we repeated the analysis
using intact pin-like shoot apices, from NPA-treated seedlings. In these
conditions, HL.3 positive nuclei were observed exclusively in deep
organ boundaries (Fig. 6E-G and Supplementary Fig. 5C). In order to
check whether water loss can induce HL.3 in intact meristems, we
further analyzed intact pin-like meristems under osmotic stress.
Hypoosmotic conditions, through immersion in pure water, did not
induce H1.3 in the pin-like meristem (Fig. 6H). However, treating plants
with 300 mM mannitol (hyperosmotic conditions) induced H1.3 after
48 h. Strikingly, doubling the osmolyte concentration to 600 mM
mannitol or sorbitol (n=7) resulted in rapid H1.3 induction in just 8 h,
with induction increasing further after 24 h of treatment (Fig. 6H and
Supplementary Fig. 5D).

Altogether, we reveal that growth-derived water fluxes lead to
volumetric shrinkage in deep boundaries near emerging organs at the
shoot apex and define the geometry and molecular identity of that
domain down to the chromatin signature.

Discussion
In essence, morphogenesis entails a change in shape and, thus, a
change in structure, i.e., mechanics. In turn, mechanical stress,

Nature Communications | (2024)15:6944



Article

https://doi.org/10.1038/s41467-024-51099-x

B (pm-1)

) 9y ¥ 9;
0 Ve 200
Yo SRRy
% S as Y

g

EN
~

e
non-dividing cells 20 0 20

Sphericity change (%)
(A sphericity / 4 hrs.)

E
-0.04 0.00 0.04
|
Tissue surface mean curvature i\
(pm-1)
F

non-dividing cells
-20 0 20

Sphericity change (%)
(A sphericity / 2 hrs.)

non-dividing cells
-20-10 0 10 20

Growth rate (%)
(A volume / 2 hrs.)

together with molecular patterning factors, controls morphogenesis.
Here we propose that growth-induced deformation not only impacts
the local stress pattern but it also affects the hydraulic pattern, which
in turn helps to define boundaries. Growth-induced gradients of water
potential, and therefore water movement, were proposed by Molz and
Boyer*, and since then described in elongating organs such as
hypocotyls®** and more recently in maize roots™.
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Note that one specificity of the shoot apex is that the water-
draining role of the growing organ acts in synergy with tissue folding:
the deep boundary cells are locked in a domain where tissue defor-
mation geometrically restricts cell expansion. This might explain why
differences in volumes are so significant in shrinking cells, and why
these cells exhibit unusual behavior (reduced division rate?®, specific
gene expression pattern*’) and fate***. The deformation of boundary
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Fig. 5 | Negative growth is observed in deep boundaries from intact (non-
dissected) pin-like shoot apices. A Early organ outgrowth heatmap showing the
surface curvature before and after 4 h. B Heatmap showing the cell sphericity
changes during the same 4 h. of growth. C Heatmaps represent the volumetric
growth rates including cell divisions (C) or marking dividing cells in white (D). The
same samples were rotated 90° to visualize shrinking cells detected at the
boundary flanking sides. E Three time points show the developmental progression
of an advanced boundary with heatmaps representing the surface mean curvature

(E), and the corresponding cell sphericity changes (F) and volumetric growth rates
(G) for non-dividing cells. Note the presence of pale blue cells, i.e., shrinking cells, in
the deep boundary (left image) and below the meristem (right image). Cell types 1
(shrinking cell), 2 (adjacent to shrinking cell), and 3 (non-adjacent organ cells) are
identified in TO-T2 and T2-T4. H Growth rates for cell types1(n=9),2 (n=8),and 3
(n=10) at TO-T2 and T2-T4 originating from the same meristem shown in (G).

Large dots indicate the mean, and black lines represent the standard deviation.

cells has been previously modeled as compression between the organ
and the meristem®, a domain where even cell nuclei are progressively
deformed". Our measurements in vivo and modeling suggest that the
cell shrinkage observed at P5 precedes this process. First, loss of cell
sphericity (as a proxy for cell deformation) does not always result in
volumetric shrinkage, and a few boundary cells at P5 shrink without
losing sphericity (Fig. 1I). Secondly, the cell wall stiffness and turgor
pressure of emerging organs are expected to be lower compared to
neighboring tissues, indicating that P5 organs are less likely to push
against the meristem (Fig. 3B and*®). However, cell deformation and
further cell shrinkage by compression of boundary cells may occur
immediately after, from P6 or P7 onwards, when the faster abaxial
growth bends the organs against the meristem. Such compression
would still act in synergy with the water drainage at the boundary
facilitated by the differential growth at the organ.

In addition to growth, hydraulic patterns across tissues are also
shaped by the degree of tissue interconnection and the osmotic
pressure (e.g., osmolyte concentration) of different cell types. There-
fore, while the HPTS allocation pattern we described fits a growth-
induced model, we do not exclude the contribution of other factors. In
terms of tissue interconnection, plasmodesmata (PD) and aquaporins
offer a path for water movement through the symplasmic and
symplasmic-apoplasmic domains, respectively. PD connections are
controlled by ABA in roots™ and shoots'®"’ where an ABA increase leads
to PD closure. The surprising finding that HPTS is enriched in the
apoplast in ABA-deficient plants (Fig. 4) suggests that in this context
cells cannot retain the dye. Since ABA also regulates water loss®,
cuticle biosynthesis*’, xylem differentiation’’, and aquaporin
function*’, a more complex hydraulic picture may emerge in ABA-
deficient plants. Interestingly, the HPTS allocation pattern is more
homogenous across SAM domains in aba2-1, indicating that when the
apoplasmic path is favored, dye movement is less restricted. Yet,
despite the significant changes in the dye allocation pattern, the
boundary exclusion zone was still present in aba2-1. Meristems are
smaller in aba2-1 (Fig. 4G) indicating that overall growth is affected.
Yet, organs still grow which, together with the CZ, act as sinks, and the
dye is excluded from the boundary domain. Such observation sup-
ports the hypothesis that tissue growth domains prescribe water
allocation patterns regardless of the transport path, symplasmic or
apoplasmic. Additional studies are required to determine the con-
tribution of the osmotic pressure and aquaporins to the observed
pattern. Among the boundary-upregulated genes, we identified two
candidates that could contribute to water potential at the boundary:
the vacuole-localized aquaporin TONOPLAST INTRINSIC PROTEIN
(TIP3.1°° and OUTER MEMBRANE TRYPTOPHAN-RICH SENSORY PRO-
TEIN (TSPO). TSPO is involved in the posttranslational regulation of
PIP2;7, a plasma membrane-localized aquaporin also expressed in the
SAM®., Similar to other boundary genes, both TIP3.1 and TSPO are
upregulated by osmotic stress.

Even in narrow domains of the SAM, hydraulic properties such as
turgor pressure are heterogeneous and depend e.g., on tissue
topology*>. Our complementary finding of shrinking domains next to
fast-growing sectors supports the long-proposed hypothesis of
growth-induced water potentials and water transport across the
tissue?. Thus, late boundaries shrinkage is partly a hydraulic con-
sequence of organ outgrowth, which contributes to the final tissue

topography. This makes water a patterning factor at the shoot apex
acting in synergy with mechanical and biochemical cues.

Taken together, our results open a new avenue of research on the
role of water flux as an instructive factor in patterning cell identity in
meristems and beyond. While the example of the deep boundary may
appear as an extreme case due to strong tissue curvature, we believe that
such shrinkage might be more widespread. In this work, we could
observe this effect in the region below the growing organs in non-
dissected shoot apices. Such water fluxes may, in turn, have many
impacts on patterning tissue growth and identity. For instance, it has
recently been shown that the inhibition of lateral roots during xero-
branching response to dry soil, is controlled by a change in internal
fluxes that reshapes hormonal gradients'. It is thus possible that, despite
being less detectable, water fluxes contribute to the patterning of many
more tissues in plants, and likely in other kingdoms too. For instance,
osmolarity can impact membrane tension and cell polarity, with shared
mechanisms between plants and animals®. One could imagine that
water fluxes also contribute to tissue patterning in animal embryos, with
a similar impact on gene expression and chromatin signatures.

Methods

Plant materials and growth conditions

Plasma membrane marker pUBQIO::LTi6B-TdTomato and the protein
fusion marker pH1.3::H1.3-EGFP have been previously generated®*.
aba2-1 mutant was previously described®. Dissected meristems and
naked meristems (without organs) were obtained and processed as
previously described®. Briefly, two protocols were used to image-
shoot apical meristems:

(i) For analysis of reproductive meristems, plants were grown on
soil for 4 weeks under long-day (16 h light / 8 h dark) conditions.
Reproductive meristems were dissected right after bolting when the
stem was 1-2 cm. After dissection reproductive meristems were trans-
ferred to the previously described apex culture medium (ACM) sup-
plemented with N6-benzyladenine (500 nM)*. Shoot apices were kept
in a long day chamber until and during imaging. To reveal the apo-
plastic HPTS allocation in aba2-1 meristems were additionally stained
using propidium iodide.

(ii) Naked meristems were obtained by growing sterilized seeds in
Arabidopsis media containing 10 uM of NPA (N-1-Naphthylphthalamic
Acid) (Sigma) as previously described®, pin-like meristems emerged
after 3 to 4 weeks depending on the line. The plants were then trans-
ferred to an NPA-free medium to induce organ outgrowth (most
experiments) or left on an NPA medium to maintain a naked meristem.

HPTS incubation experiments

Inflorescence meristems from long day grown plants were used in all
HPTS incubations. After bolting, 5 cm - tall stems were cut at the base
and immediately transferred to an Eppendorf tube containing liquid
ACM (without agarose) supplemented with 2.5mg/mL of HPTS
(Molecular Probes, Leiden, Netherlands). Tubes for control samples
contained only liquid ACM. Stems were then incubated in a humid
chamber (i.e., saturated hygrometry with a wet paper) under long-day
conditions for 1 (n=5),3 (n=5), 6 (n=10), 12 (n=10), and 24 h (n=5).
Stems were dissected right after the incubation time and placed in a
Petri dish with solid ACM for imaging within the following 30 minutes.
In order to obtained the profile of HPTS signal intensity in L1and L2, we
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used ImageJ (Z project plugin) to generate maximum intensity pro-
jections of 10 um thick orthogonal image stack of different pri-
mordium stages (P5 and P7). Next, a region of interest was selected
using a line (10 um thick) that covers the L1 and L2 cell layers from the
central zone to the abaxial side of primordium. Signal intensity levels
for 5 meristems from 5 independent plants were then plotted using the
online tool Plot of Twist (https://huygens.science.uva.nl/PlotTwist/).
HPTS experiments with NPA-induced pin-like meristems were not
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possible because root or leaf-provided HPTS failed to reach the
shoot apex.

Model description

We built an abstract bidimensional multicellular description of a SAM
in the framework of the so-called vertex-based models® where pres-
sure in the cells equilibrates with tension in the walls. As in the Lock-
hart model*®, this mechanical equilibrium is coupled to the growth of
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Fig. 6 | Late boundaries are labeled by water stress marker histone H1.3.

A Inflorescence meristem localization. B Pattern of pH1.3::H1.3-GFP localization
(green) right after dissection: maximum intensity projections (left), orthogonal
section of the same image stack (middle), and number of H1.3 positive cells at the
boundary of each primordium stage (right). C Vegetative meristem localization.
D Pattern of pH1.3::H1.3-GFP localization (green) right after dissection: maximum
intensity projections (left), orthogonal section of the same image stack (middle),
and number of H1.3 positive cells at the boundary of each primordium stage (right).
E-G Time series of new organs growing out of a non-dissected pin-like meristem
2 days after transferring to NPA-free medium at TO, T4, T8, and T24 hours. (G)
Magnified transversal section of the T24 with inset showing 2 cells with H1.3

positive nuclei at the boundary. Representative images of n=>5, repeated at least
once. M, meristem, LP, leaf primordium, FP, flower primordium. White arrows
indicate H1.3 positive cell nuclei. Magenta corresponds to Pl staining (B) or the
plasma membrane marker pUBQIO0::LTi6éB-TdTomato (D, F, G). H Maximum inten-
sity projections of pin-like meristems showing the temporal HL3 inducibility after
mannitol. Hyperosmotic stress evoked by mannitol treatment (300 mM) induced
H1.3 after 48 h (n =5), while induction was observed as early as 8 h after treatment
with mannitol 600 mM (n = 5). No induction was observed in the hypoosmotic
treatment (controls). The green channel shows pHI1.3::H1.3:GFP, and magenta cor-
responds to chlorophyll. Scale bars =50 pm.

the walls and to osmosis-based water fluxes between cells and between
cells and water sources.

Mechanical equilibrium: Let P; be the turgor pressure in each cell
i, & the elastic deformation of each wall k, and E, its elastic modulus
(o =E&; is then the mechanical stress). The tissue being at every
moment in quasi-static equilibrium, pressure forces on wall edges and
elastic forces within walls balance exactly; in a vertex-based model, this
leads to, at each vertex v:

1
EZAkPAknk +> Ereiae, =0 M
k~v k~v

Where the sums are computed over the indices of walls k ~v
adjacent to vertex v, and AiP = P, — P, is the pressure jump across
wall face k, k; <k, are the indices of the cells separated by face &, A; is
the area of the face k on which pressure is exerted, n; is the normal
vector to face k, oriented from cell k; to cell k,, a, is the cross-section
of the face, on which the elastic stress is exerted, and, finally, e, , is the
unit vector in the direction of face k, oriented from vertex v to the
other end of face k. In the case of the geometry of the Lockhart model,
this mechanical equilibrium leads to a constant proportionality
between pressure and wall deformation, but in the more general case
here, the relation between pressure and wall deformation depends on
the varying geometry of the cells.

Cell wall growth: The cell walls are modeled as a visco-elasto-
plastic material, similarly to the Ortega model®. Let [, be the length of
wall k, the rate of change of & is given by:

€
de;,

deg 1l
dt

+¢ZJE’((£27€’):)+ =Edt (2)

Where ¢ is the extensibility and ¢} is the yield deformation of
wall k, and (x), is the positive part of any real number x. This equation
describes the fact that a wall k with an elongation rate idlk /dt (e.g.,
because of an influx of water) will develop an elastic deformation and
therefore, tension, and that growth will relax any elastic deformation
above the threshold €} with a characteristic time 1/(¢} Ey).

Water fluxes: In the context of plant tissues”, the water potential
reduces to W = P — i, where 1 is the osmotic pressure. As in the Lockhart
model, fluxes across a perfectly semi-permeable membrane of surface A
and permeability L follow decreasing water potential gradients and are
in the form U =ALAW. In the model presented here, cells can exchange
water between them and with the apoplasm, which is assumed to have a
constant water potential W =0, and behaves as a water supply for the
growth of the cells. In addition, we assume that water fluxes account for
all the volume variations of the cells, and we get, for each cell i:

dav;
T; =ALIW, - W+ ZAUij(u’j -¥ 3)
J~i

Where 4; is the surface of the cell i, L{ its permeability with the
apoplasm, W; its water potential; the sum is performed over the
neighbor cellsj ~ i adjacent to the cell i, and A is the common surface

between cells i andj, and ij the water permeability. For parsimony, the

osmotic pressure is assumed constant and homogeneous in the cells.

The coupling between these three equations results in a complex
mathematical and computational problem for which we provided a
numerical resolution in ref. 29. Pressure and growth rate are not pre-
scribed in this model, as they emerge from the interaction between
fluxes and wall rheology, through the mechanical equilibrium. This
model has already been quantitatively compared to biological data and
predicted pressure and growth rate heterogeneities in the SAM*,

Simulations presented in this article: The goal here is to represent
the differential growth between organs and the central zone in the
SAM (Fig. 2), with water supplied from below. In order to avoid
boundary conditions between the SAM and the tissue underneath, we
choose an initial circular geometry with 316 cells organized in con-
centric layers (Fig. 2D). This bidimensional mesh can be interpreted as
a section through the SAM along the axis of the stem. Then, the
identity of the cells is determined by the choice of the parameters of
the model (Fig. 2D and Supplementary Table 1). Cells in the center,
below L3, do not grow (¢* =0) and are connected to a water source
(L?#0), they mimic the basal part of the SAM that is connected to
vascular bundles providing water. Conversely, cells in L1-L3 layers are
isolated from the water source (L? is three orders of magnitude lower)
and grow thanks to the water from cells below; water mostly travels
from cell to cell in L1-L3, which implies that they are in competition for
water. The elastic modulus is 75% of cells below in L1-L3 and 200% in
the outer wall in the initial growing phase. Starting from an initial state
with zero elastic deformation, the tissue is put under pressure until the
center cells have reached a stationary pressure, and cells in L1-L3
have started their plastic growth. This state is reached after 6.64 h in
the simulation, and this marks the time ¢ = 0. The detailed values of the
parameters are given in Fig. 2D and Supplementary Table S1. The
outgrowth of the primordium is then triggered by a further decrease of
the elastic modulus in a few cells in L1-L3 (x 0.25 in the reference
simulation, x 0.5, and x 0.75 in the parameter exploration below,
Supplementary Fig. 3).

This abrupt decrease of the elastic modulus induces 1) a global
drop of the pressure (Fig. 2H and Fig. 3B), especially in the primordium,
and 2) a peak in the growth rate of the primordium and a drop in the
boundary cells B1, B2, B3 (Fig. 2F, G and Fig. 3D). This initial fast
response corresponds to transient elastic response, and after = 1 h the
cells have adapted to the change of conditions. As explained in the main
text, the boundary cells B3 end up losing water to the primordium. Note
that this shrinkage is not due to compression as the pressure in the
primordia is lower than the pressure in the boundary. The pressure and
growth rate are globally decreasing with time, as an effect of the global
increase of cell volume, as analyzed in ref. 29. One can also notice an
apparently periodic growth rate heterogeneity in the region far from
the primordium, this is due to a topology (number of neighbors) het-
erogeneity in the construction of the mesh, as analyzed in ref. 52.

Image analysis
Image acquisitions. All confocal acquisitions were performed using a
Leica SP8 or a Zeiss LSM980 microscope. A SP8 microscope with a
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resonant scanner was used for the time-lapse acquisitions on dissected
meristems and pin-like meristems were imaged with Zeiss LSM980.

Volumetric analysis. In order to improve the quality of the plasma
membrane marker signal, all confocal stacks were resampled to get
isometric voxels and then processed by an anisotropic diffusion filter™,
Then, to increase the signal level in the outer periclinal membranes of
the epidermal cell layer, we used a Level Set Method to locate the
tissue surface precisely®® and added the obtained contour to the ori-
ginal image (Supplementary Fig. 1A). This step was particularly
important to accurately delimit cells in the boundary region of the
meristem.

Then we performed an automated 3D seeded watershed seg-
mentation derived from the MARS algorithm* and obtained a 3D
labeled image stack (Supplementary Fig. 1B). Using the Blockmatching
method®, we registered the membrane marker images of consecutive
time points to obtain the 3D vector field deforming the tissue at TO
onto the one a TO + T. We applied this geometrical transformation to
the segmented image at TO, and automatically extracted the cell
lineages by identifying the most overlapping cells between TO and
TO+T. These cell lineages allowed us to directly evidence new cell
divisions (Supplementary Fig. 1C). We used the implementations of the
segmentation and registration algorithms provided in the Tissue Image
ToolKit Python library (https://mosaic.gitlabpages.inria.fr/timagetk).

We quantified morphological cell properties, such as cell volumes,
directly on the 3D labeled image. Then, to estimate the mean curvature
at the level of epidermal cells (Supplementary Fig. 1D), we extracted a
triangle mesh of the tissue surface, using decimation and smoothing
on the mesh obtained by applying the Marching Cubes method on the
binary mask of the segmented image. The surface mesh extraction was
performed using the implementations provided in the VTK library®.
We computed the principal curvatures at the level of each triangle of
this mesh based on the vertex normal vectors®* and averaged this
information on the mesh vertices (area-weighted average of incident
triangles). The mean curvature of the tissue surface at the level of a
given epidermal cell was then estimated as the mean curvature at the
vertex of the surface mesh that lies closest to its center. Cell sphericity
was calculated using the following formula: Sphericity =36 m *V/S?,
where V is the cell volume and S is the total cell surface.

Automated scripts performing these successive image analysis
steps, as well as visualization of the output segmentations and quan-
tified properties, were made available in the titk_tools Python package
(https://gitlab.inria.fr/gcerutti/boundary_registration).

Since the XY resolution (ca. 200 nm) in our images was different
from that in the Z orientation (ca. 500 nm), we aimed at identifying the
error in volumetric measurements by comparing multiangle acquisi-
tions in pin-like meristems. To do so, we imaged meristems first in the
standard vertical position (VP1), then in a tilted angle of 30° (TA), and
finally in the vertical position again (VP2). The time between confocal
acquisitions was less than 2 minutes. The error associated to con-
secutive confocal imaging (VP2 -VP1) was 5.5 + 3%. The error associated
with the Z distortion (VP1-TA) - (VP1-VP2) = 0.27 + 5%.

All box plots were generated using the online tool Plots of Data
(https://huygens.science.uva.nl/PlotsOfData/).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All raw images used for segmentation in this study have been depos-
ited with unrestricted access at https://figshare.com/s/728ab7c68
bb98160352d (https://doi.org/10.6084/m9.figshare.25790457). Other
materials or data are available on demand and/or in the main text and
supplementary material.

Code availability

All code associated with the current submission is available at https://
figshare.com/s/728ab7c68bb98160352d (https://doi.org/10.6084/m9.
figshare.25790457).
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