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SUMMARY

Uncovering the mechanisms by which developmental patterns consistently arise within species is a major
goal of biology. In plants, branching patterns are key determinants of morphological diversity. Similar lateral
branching modes convergently evolved in the leafy shoot of vascular plants and bryophytes, driving their in-
dependent architectural diversification. While auxin-dependent branch inhibition is shared between both lin-
eages, long-range polar auxin transport plays a central role in branching control in vascular plants, but in
bryophytes like the moss Physcomitrium patens, auxin might diffuse through plasmodesmata to regulate
branch distribution. However, whether symplasmic auxin diffusion is a biophysically realistic mechanism suf-
ficient to explain observed branch distribution patterns has yet to be assessed. Here, we address this funda-
mental problem by developing a physics-based, three-dimensional computational model of symplasmic
auxin diffusion in the moss shoot, integrating molecular, cell, and tissue scales. Each step of model design
was guided by geometry measurements and biological experiments. Our integrative approach demonstrates
that branching control based solely on symplasmic diffusion for intercellular auxin movement can account for
the observed branching patterns at the whole-shoot level. It also provides mechanistic interpretations of the
changes in branch distribution caused by genetic perturbations affecting callose-dependent symplasmic
permeability, as well as the unexpected increase in branch spacing robustness during shoot development.
Altogether, our findings reveal that branching patterns arising from an auxin diffusion-based regulatory
mechanism exhibit a specific developmental signature, not reported in vascular plants, but well exemplified
in the moss Physcomitrium.

INTRODUCTION

Developmental patterns are defining features of multicellular
organisms. A major goal of biology is to understand how these
patterns consistently emerge within species, by identifying the
molecular regulatory signals involved and the mechanisms by
which they are integrated across cells and tissues.’ In plants,
branch distribution is a key developmental pattern contributing
to their morphological diversity.”® Over the past century,
research in vascular plant models has established the phytohor-
mone auxin as a major regulator of branching patterns.*”’ In
particular, the formation of auxin minima in the axils of devel-
oping leaves is required to promote the initiation of branch

meristems, i.e., the founder cells that may later develop into
lateral branches. Additionally, auxin biosynthesis at the shoot
apical meristem is also crucial for maintaining apical dominance,
the process by which a growing apex inhibits the development of
distant buds or branches.®'*

Recently, studies using the moss Physcomitrium patens as a
model have revealed that auxin’s inhibitory role in determining
branch position is shared across land plants. Specifically,
branching in the moss gametophore (i.e., the leafy shoot) likely
occurs in a single step where new meristems form only in the
axils of certain developed phyllids (i.e., the leaf-like organs)
and directly grow into branches, in response to specific sig-
nals.'® Auxin is produced at the base and in the apices of both

Current Biology 35, 1-14, November 3, 2025 © 2025 Elsevier Inc. 1
All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:christophe.godin@inria.fr
mailto:yoan.coudert@cnrs.fr
https://doi.org/10.1016/j.cub.2025.09.031

(2025), https://doi.org/10.1016/).cub.2025.09.031

Please cite this article in press as: Abitbol-Spangaro et al., Robust branch patterning in moss shoots via symplasmic auxin diffusion, Current Biology

¢? CellPress

gametophores and their lateral branches. Physcomitrium mu-
tants lacking TRYPTOPHAN AMINOTRANSFERASE (TAR) or
YUCCA FLAVIN MONOOXYGENASE-LIKE (YUC) auxin biosyn-
thesis genes exhibit reduced apical dominance and increased
gametophore branching, suggesting that auxin inhibitory action
requires its movement away from sources.'® However, in
contrast with vascular plants, where PIN-FORMED (PIN)-medi-
ated basipetal polar auxin transport is a central regulatory mech-
anism of shoot branching, gametophores lack long-range polar
auxin transport, and PIN auxin efflux transporters are not essen-
tial branching regulators in Physcomitrium.'®'>~'" Supporting
this view, auxin-mediated inhibition is sufficient to explain Phys-
comitrium branching patterns (which are characterized by
apical, inter-branch, and basal zones devoid of branches,
also called branch inhibition zones) only if auxin circulates in
an apolar manner from its sources.’® These results have
led to the hypothesis that intercellular auxin movement in game-
tophore stems may occur by symplasmic diffusion, i.e., through
plasmodesmata.

Although this pathway has yet to be proven sufficient for
branching regulation in moss, genetic studies in other systems
have demonstrated that auxin can effectively diffuse between
cells through plasmodesmata.’® Symplasmic permeability is
modulated by the deposition and turn-over of callose, a p-1,3-
glucan, at the neck of plasmodesmata.'® This process is regu-
lated by evolutionarily conserved CALLOSE SYNTHASE (CALS)
and GLYCOSYL HYDROLASE-LIKE FAMILY 17 (GHL17) en-
zymes that promote callose synthesis and degradation, respec-
tively.?° Arabidopsis plants with altered CALS or GHL17 function
exhibit modified auxin distribution patterns in various develop-
mental contexts, indicating that callose-dependent plasmodes-
mal gating controls auxin movement.?'>* However, both plasmo-
desmata-mediated auxin diffusion and active auxin transport
pathways are generally required together to explain the observed
auxin distribution across tissues,”>**° leaving open the question of
whether symplasmic diffusion alone could be sufficient to ac-
count for auxin-based branch patterning.

To further evaluate the plausibility of this hypothesis in Phys-
comitrium, it is necessary to verify that the characteristic diffu-
sion length through plasmodesmata matches the observed
size range of the macroscopic inhibition mechanism. This is of
critical importance since molecular diffusion is a slow mecha-
nism, operating at a local scale, which alone is often insufficient
to generate robust developmental patterns (i.e., consistent
phenotypic outcomes despite variable inputs).”” For example,
diffusion is sufficient to establish the fibroblast growth factor 8
(Fgf8) gradient controlling zebrafish embryo development
because the required characteristic length is about 200 ym.*®
Nevertheless, in biological systems requiring morphogenetic
control over larger scales, additional transport or relay mecha-
nisms are necessary.”” In plants, the characteristic length scale
of auxin diffusion in an idealized, continuous, and one-dimen-
sional (1D) tissue can be estimated to 2 = 1/D/6~1 mm (with
auxin diffusivity in the cytoplasm, D = 300 um s~ '°% and auxin
decay rate in Arabidopsis, 5 = 1h™'®"). However, auxin diffu-
sivity in real, 3D plant tissues is likely less due to the physical
properties of the symplasmic continuum, which are notably
determined by plasmodesmata density and permeability.
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Additionally, auxin diffusivity may be influenced by the overall
organ geometry, which can reflect or absorb auxin’s random
movements at organ boundaries. Effective auxin diffusion in
complex multicellular structures is therefore a composite vari-
able, arising from the interplay of various physiological and struc-
tural components across multiple scales.

The aim of this work is to evaluate whether the combination of
these components in the context of the 3D moss gametophore
can produce a realistic diffusive mechanism explaining branch-
ing patterns. To address this, key geometric and biological
properties have been estimated at multiple scales, including
plasmodesmata density and permeability; auxin physiology;
and cell-, tissue-, and organ-level 3D geometry. These quantified
constituents have been integrated into a 3D computational model
to simulate auxin diffusion within the gametophore’s symplasmic
network. The plausibility of the model has then been tested based
on its ability to recapitulate observed branch inhibition zones in
Physcomitrium, predict responses to genetic perturbations
affecting symplasmic permeability, and reveal remarkable emer-
gent properties of this original branching mechanism.

RESULTS

Modeling symplasmic auxin diffusion in the moss
gametophore

To construct our model, we first created a simplified 3D repre-
sentation of the gametophore stem’s geometry (Figures 1A
and 1B). We began with an idealized cross-section comprising
cells generated through a Voronoi tesselation of a disk and
extruded this cross-section over several cell layers of varying
heights. The resulting 3D cellular structure consisted of polyhe-
dral cells (Figure 1C).

To model auxin movement in this virtual tissue, we assumed
that there was no carrier-mediated active auxin transport in the
gametophore. In addition, we considered that auxin diffusion
was primarily limited at cell interfaces by the surface area of plas-
modesmata openings available for cell-to-cell exchange, making
intracellular auxin diffusion effectively instantaneous by compar-
ison. At cell interfaces, auxin was assumed to diffuse across the
cytoplasmic sleeve of plasmodesmata, thus with typical cyto-
solic diffusivity, but through a restricted surface area shaped
by the local geometrical and topological properties of the sym-
plasmic continuum. Cell face permeability was therefore defined
as the product of the plasmodesmata permeability P and the
plasmodesmata number. Plasmodesmata permeability P was
calculated as the product of auxin’s molecular diffusivity in the
cytosol D, the plasmodesmata open-cross section w, and the in-
verse of the cell face thickness /, primarily corresponding to the
cell wall thickness. The plasmodesmata number was defined as
the product of the plasmodesmata density p(i,j) at the interface
between cells j and j and the interface area A;; (Figure 1D). Diffu-
sion fluxes were considered proportional to auxin concentration
differences between adjacent cells, according to Fick’s first law.
We also assumed that auxin decay occurred in all cells at a con-
stant rate 6.

Based on these assumptions, the temporal variation of auxin
concentration in each cell was expressed as the sum of degrada-
tion and diffusion processes, using a set of coupled ordinary
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Figure 1. Modeling symplasmic auxin diffusion in an idealized gametophore

(A and B) WT gametophore before (A) and after (B) removing the phyllids of the primary stem. Asterisks indicate lateral branches. Scale bar, 1 mm.

(C) 3D representation of the idealized gametophore tissue created by extruding cross-sections generated through Voronoi tessellations.

(D) Schematic representation of the auxin diffusion model parameters, as defined in Equation 1. Auxin concentration a is computed in each cell. Auxin
biosynthesis is modeled by setting a constant concentration a in a set of cells S (shown in red). For any cell i in the tissue (shown in light blue), the temporal
variation in auxin concentration is determined by the sum of the diffusive fluxes with each neighboring cell j. The diffusive flux between cells i and j is proportional
to the cell wall permeability, which depends on the plasmodesmata density on the corresponding cell wall p(i.j), the plasmodesmata open cross-section w, and

the cell wall thickness /. DT, desmotubule; PD, plasmodesma.
See also Figure S1 and Data S1A.

differential equations applied to the graph representing the tis-
sue (Figure 1D), such that fori = 1...N,

da,'(t)
at

= %ZPA,,,;(/,/) (a(t) — ai(t)) — da;, (Equation 1)
Tjew;

with V; the cell volume. Additionally, auxin concentration was
fixed at a constant value «a in a set of source cells S, such that
as(t) = a,¥s € S,Vt > 0, and non-source cells initially con-
tained no auxin, i.e., a;(0) = 0,Vi ¢ S.

Calibration and estimation of model parameters
We assumed that parameters D, /, w, and § were constant in the
model, and D, /, and w values were estimated from published
studies (Data S1A). However, the rate of auxin decay § was un-
known in Physcomitrium. To estimate & value, gametophores
were supplied with ['*Cg] IAA, a stable isotope-labeled form of
auxin, and the incorporation of [1305] into known auxin catabo-
lites was tracked over time (Figure S1). We found that indol-3-
acetic acid (IAA) was predominantly converted into 2-oxindole-
3-acetic acid (oxIAA), indicating that oxIAA is the dominant auxin
catabolite in Physcomitrium, consistent with previous findings in
other moss species.>> We then calculated the rate of IAA-to-
oxIAA conversion as an approximation for the auxin decay
rate, yielding an estimated value of 3 h™', which represents an
upper bound of the decay rate given our experimental setup.
Another critical parameter of the model was the plasmodesmata
density p(i,j). To determine plasmodesmata densities across the
entire gametophore, whole gametophores were fixed, transversely
sectioned from the apex toward the base, and relevant sections
were selected for electron microscopy imaging (Figures 2A, S2,
and S3). Cell walls were imaged at high resolution to count individ-
ual cell wall-traversing cytoplasmic strands, hereafter referred to
as plasmodesmata, and to map their frequencies across entire
stem sections. We found that young and undifferentiated tissues
located at the gametophore apex were rich in plasmodesmata,
with an average density of 35 pm~2 (Figures 2B and 2E). Away

from the apex, in regions with differentiated tissues as suggested
by cell vacuolation, plasmodesmata densities decreased to an
average value of 1 um 2 (Figures S3C-S3E and S3l). Nevertheless,
in these regions, plasmodesmata densities were comparatively
much higher in branch meristem cells than in surrounding tissues
(Figures 2C, 2E, 2F, and S3lI). Cells at the base of well-grown game-
tophore branches were well connected with an average plasmo-
desmata density of 2.4 pm~2 (Figures S3G-S3I). To complement
these observations, a gametophore was longitudinally sectioned
through its central axis, which confirmed that plasmodesmata
densities were higher around the apex (30 pm~2) (Figure 2D).
This also revealed more elevated densities on transverse than lon-
gitudinal walls (7.8 versus 4.2 um~2 on average, respectively), sug-
gesting that plasmodesmata on longitudinal walls form near the
apex, and their densities diminish during growth, likely resulting
from a dilution process caused by wall elongation (Figures 2G,
2H, S3J, and S3K). Thus, at the gametophore level, plasmodes-
mata distribution is characterized by density gradients that peak
in meristematic regions and decrease as cells differentiate.

Gametophore geometry was also a key aspect of our model. To
achieve realistic geometric dimensions in our 3D tissue represen-
tation, we measured the average transverse cell wall length
(13 pm) and cell area (400 pm?) from transverse gametophore sec-
tions and used these measurements to define cell sizes in the
idealized cross-section (Figures 3A and S4A-S4C). Then, to
define the thickness of cell layers based on their distance from
the apex, we quantified cell length along the apical-basal gameto-
phore axis, which varied from 10 to 200 pm with a median of 80 pm
in the mature zone (Figures 3B and S4D-S4F). The length of phy-
tomers in the mature part of the gametophores was estimated at
236 pm on average, suggesting that mature phytomers consisted
of an average of three cells (Figures S4G and S4H). This was
consistent with direct microscopic observations of the gameto-
phore surface (Figure S4l). In addition, based on previous obser-
vations of phyllotaxis in P. patens,®® we assumed that phyllids
were separated by an average angle of 137.5° in the azimuthal di-
rection on the gametophore (Figure S4J).
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Figure 2. Plasmodesmata exhibit a graded distribution in gameto-
phores, with maximal densities in meristematic regions

(A) Schematic diagram of a moss gametophore with a lateral branch. Lines
indicate approximate locations of sectioning.

(B-D) Representative transverse (B and C) and longitudinal (D) sections of moss
gametophores, with plasmodesmata densities mapped onto corresponding
walls. Arrowheads mark apical cells of a lateral branch (C) and a primary
gametophore axis (D).

(E and G) Boxplots showing that plasmodesmata densities are overall higher at
the main gametophore apex than in other tissues (E) and on transverse walls
than longitudinal walls (G).

(F and H) Dot plots showing the decreasing gradient of plasmodesmata den-
sities as a function of the distance from secondary and primary apical cells in
sections (C) and (D), respectively.

Scale bars, 10 pm (B) and 50 pm (C and D).

See also Figures S2 and S3.

Finally, we modeled the observed plasmodesmata distribution
within our cellular framework. This was achieved using a Hill
function h dependent on the distance to the auxin source,
assuming that plasmodesmata dilution was proportional to the
face area for longitudinal cell faces. Specifically, dj represented
the distance in um from cell face (i,j) to the closest auxin source,
such that

(dj) = h(dj) for transverse cell faces
PAFI) = h(dy) Avans /A; for longitudinal cell faces

(Equation 2)
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where Ayans Was the average area of transverse cell faces. The
Hill function h was optimized to capture the plasmodesmata
densities observed in the different gametophore sections
(Figures 3C-3E and S5; STAR Methods). This approach also al-
lowed us to account for the absence of certain features of the
biological tissues in the model, such as staggered cells and a
conical apex. Since dj was independent of tissue dimensionality,
the plasmodesmata distributions estimated in 2D tissues could
be seamlessly applied to the 3D cellular framework.

Collectively, these data allowed us to construct a 3D model
incorporating realistic gametophore tissue and cell geometry
and plasmodesmata distributions, consistent with biological
measurements.

Plasmodesmata-mediated auxin diffusion accounts for
branching patterns in WT plants

With this 3D model, we first aimed to quantitatively assess whether
plasmodesmata-mediated auxin diffusion could serve as a plau-
sible inhibitory mechanism regulating branch distribution in Phys-
comitrium. Specifically, we tested whether the model could acco-
unt for the sizes of the three branch inhibition zones characterizing
branching patterns: the apical inhibition zone (AlZ), the inter-branch
inhibition zone (IBIZ), and the basal inhibition zone (BIZ).

Previous works have shown that these inhibition zones are influ-
enced by distinct auxin sources (Figure S6)."*'® The BIZ size is
likely regulated by auxin derived exclusively from a large source
at the gametophore base, while the IBIZ size is thought to depend
on the inhibitory strength of the most recent branch. In contrast,
the AlZ size appears to be determined by the combined effects
of two auxin sources: one at the gametophore apex and the other
at the most apical branch. Based on the observed distributions of
AlZ and IBIZ size, we estimated the distribution of the AlZ proper
(AlZ*) size, representing the inhibitory zone influenced by the api-
cal auxin source only (Figure S6; STAR Methods). This approach
simplifies the system’s complexity, enabling us to predict the size
of each zone by simulating the inhibitory effect of a single, zone-
specific auxin source.

To achieve this, we divided the idealized gametophore into in-
dependent apical, middle, and basal portions, corresponding to
the AIZ*, IBIZ, or BIZ, respectively (Figure 4A). Plasmodesmata
distributions, modeled from longitudinal and transverse histolog-
ical sections taken at the gametophore apex and at the level of
an initiating branch, were applied to the cellular templates repre-
senting the apical and middle portions, respectively (Figures 3,
4B, and 4C), and h was assumed to be constant for the basal
portion (Figure 4D). Auxin diffusion through plasmodesmata
was then simulated separately for each portion (Figures 4E-
4G; STAR Methods).

The interpretation of auxin concentration across the tissue,
which ultimately determines the size of branch inhibition zones,
depends on the auxin sensitivity of branch-competent cells.
These cells are nested in phyllid axils, with their positions defined
by the phyllotactic pattern. Auxin sensitivity was represented
by a threshold 7 in the model, such that branching was inhibited
when the local auxin concentration exceeded a given value of z.
Conversely, a branch would initiate when the local auxin
concentration in branch-competent cells dropped below that
value. Hence, branch inhibition zone sizes were predicted over
a 2D space defined by two parameter ratios: z/a, expressing
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Figure 3. Modeling observed plasmodesmata densities in idealized
gametophore tissues

(A and B) Projection of estimated plasmodesmata densities onto idealized
transverse (A) and longitudinal (B) tissues. Plasmodesmata densities depend
on the distance to an auxin source, defined as the epidermal cell marked by an
arrowhead in (A) and the entire apical cell layer indicated by brackets in (B).
(C-E) Purple curves represent simulated plasmodesmata densities in idealized
tissue sections corresponding to the transverse (C, longitudinal walls) and
longitudinal (D, transverse walls; E, longitudinal walls) orientations. These
curves are overlaid with dots representing plasmodesmata densities quanti-
fied in corresponding real tissues (Figures 2C and 2D). Scale bars, 20 pm.

See also Figures S4 and S5.

the non-dimensionalized auxin sensitivity threshold as a fraction
of the auxin concentration at the source, and P/§, the perme-
ability per plasmodesmata over the degradation rate. Realistic
values of P/§ ranged from 300 to 4,000 pms, while 7/ a was
considered to be above 0.01, accounting for biological variability
(Figures STA-S7C; Data S1A).

To compare the model outputs with biological data, we
assumed that P/§ and z/a varied stochastically according
to normal distributions centered on mean values p with variance
o°. We explored the resulting 4D space defined by (Hp/s:hz arOP /5
6:/a), Where each parameter set corresponded to a specific dis-
tribution of inhibition zone sizes, estimated with 1,000 draws.
These distributions were then compared with the biological
data, using the Wasserstein distance, which estimates the cost
of transforming one distribution into another (Figures 4H-4J;
STAR Methods). For each gametophore portion, the parameter
distribution yielding the best score (i.e., the lowest Wasserstein

¢? CellPress

distance) was shown in the (P /8,7 /a) plane (Figures 4K-4M).
The comparison of the corresponding inhibition zone size distri-
bution with the data collected from wild-type (WT) plants demon-
strated that the model successfully captured the observed phe-
notypes, including both the average and the variability within the
interquartile range of the biological data (Figures 4N-4P).
Furthermore, we found that a single parameter distribution was
also capable of approximately capturing the size range of all
three inhibition zones (Figures S7D-S7H). Additionally, extend-
ing the model to incorporate growth, along with all auxin sources
and inhibition zones at the whole-gametophore level, yielded
similar results (Figure S8). This confirmed that modeling separate
inhibition zones in fixed tissues does not substantially alter the
predictions, while also improving computation time.

Together, these results indicate that a model of branching
control based on symplasmic auxin diffusion, calibrated with
realistic parameters, consistently predicts branch inhibition
zone sizes at the whole-gametophore scale. Notably, the model
successfully reproduces the average sizes and much of the vari-
ability in branch spacing observed in real plants.

Changes in the model’s plasmodesmal permeability
explain branching patterns in plants with altered callose
metabolism

To further assess the plausibility of our model, we tested its
capacity to capture the changes in branch patterning caused
by alterations in plasmodesmal permeability.

First, to reduce plasmodesmal permeability in Physcomitrium,
we generated icals3m transgenic lines containing an estrogen-
inducible version of cals3m, a gain-of-function allele of the Ara-
bidopsis CALS3 gene that enhances callose biosynthesis.?’
We confirmed that cals3m induction upon p-estradiol application
increased callose deposition at cell-cell junctions and reduced
intercellular diffusion in moss, consistent with its expected ef-
fects (Figures SOA-S9F).34:%°

To assess the effect of reduced plasmodesmal permeability on
gametophore branching, icals3m plants were grown for 6-8 weeks,
repeatedly soaked in a 1 pM B-estradiol solution, and their branch-
ing patterns were quantified as previously described.'® In control
experiments, we noticed that DMSO (0.01% v/v), the solvent
used to dissolve p-estradiol, reduced branch production,
compared with water-treated controls reported in previous studies
(see Thelander et al.'® and Coudert et al.'®), while p-estradiol itself
had a mild positive effect on branching in WT plants (Figures S9G-
S9K). Despite this, we found that branch density was significantly
higher in icals3m than in WT, following f-estradiol treatment, indi-
cating that reduced symplasmic permeability may promote game-
tophore branching (Figures S9G-S9K).

Next, we usedicals3m lines to test the biological relevance of the
model’s plasmodesmata permeability parameter (P). We hypoth-
esized that branching pattern perturbations, specifically a reduc-
tion in AlZ and IBIZ size (Figure S9L), could be explained by
reduced symplasmic permeability. Consistent with this hypothe-
sis, we found that a reduction in AlZ* and IBIZ sizes could be
captured by the model by decreasing P values (Figure 5; Data
S1B). However, because the mock treatment reduced branching,
AlZs were larger than usual, making a quantitative comparison be-
tween biological data and model output within realistic parameter
ranges more challenging (see purple values in Figure 5A).
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Figure 4. A model based on symplasmic auxin diffusion captures branch inhibition zone sizes in Physcomitrium gametophores

(A) Apical, middle, and basal portions of an idealized 3D gametophore used to simulate the AlZ*, IBIZ, and BIZ. Phytomers are depicted in alternating shades of
gray, with branch-competent cells in leaf axils shown in light green. Auxin sources are marked in red. Red frames indicate the gametophore’s regions shown in
(B)-G).

(B-G) Selected regions of the gametophore’s apical (B and E), middle (C and F), and basal (D and G) portions, displaying modeled plasmodesmata densities
projected onto transverse and longitudinal cell walls, with auxin sources in red (B-D), and simulated auxin concentrations at equilibrium in individual cells (E-G).
(H-P) Comparison of model simulations with biological data for the AlZ* (H, K, and N), IBIZ (I, L, and O), and BIZ (J, M, and P).

(H-J) Heatmaps of the Wasserstein distance, representing the similarity between the predicted and observed phenotype distributions in WT plants. Heatmaps
show minimum distances projected on the plane (ups, ./,) from the 4D space (up;s,#:/a:0p/5,0:/2)- White stars indicate the parameter sets best matching the
biological data.

(K-M) Scatterplots of 1,000 samples (white dots) drawn from normal distributions corresponding to white stars in (H)-(J) on the parameter space (P /8,7 /a).
Colors indicate the predicted inhibition zone sizes for given parameter values.

(N-P) Boxplots showing that inhibition zone size distributions predicted by the model, as depicted in (K)-(M), align well with the observed measurements in WT
plants.

See also Figures S6-S8 and Data S1B.

To investigate this regulatory mechanism further, we disrupted
endogenous CALS genes, which increases symplasmic perme-
ability in other plants, such as Arabidopsis.>* Using our previously
published transcriptome dataset,'® we identified two candidate
genes, CALS4 (Pp3c10_19330) and CALS12 (Pp3c4_15060),
whose expression is repressed by short-term auxin treatment
but induced after gametophore decapitation, suggesting a role
in auxin-dependent branching control (Figure S10A). We analyzed
CALS4 and CALS12 expression patterns using transcriptional
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fusions between their respective promoters and a p-glucuroni-
dase (GUS) gene introduced into a WT background (Figures 6A-
6D, S10B, and S10C). We observed overlapping expression do-
mains for CALS4 and CALS12 promoters in gametophores, with
GUS activity predominantly detected in the basal part of the
stem, the main apex, and initiating branch apices. The CALS12
promoter also exhibited expression in a sub-apical domain of un-
known function and in axillary hairs. These observations sug-
gested a probable role for both genes in gametophore branching.
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To test this hypothesis, we knocked out CALS4 and CALS12
genes using CRISPR-Cas9-mediated genome editing, which re-
sulted in specific deletions of more than 19 and 9 kb, respectively
(Figures S10D-S10F). We confirmed that cals4/12 mutant plants
exhibited reduced callose deposition at cell-cell junctions, using
aniline blue staining (Figures S11A and S11B). To directly assess
how these mutations affected intercellular diffusion in gameto-
phores, we developed a novel assay in which Sephadex beads
loaded with the diffusible, fluorescent dye 8-hydroxypyrene-
1,3,6-trisulfonic acid trisodium salt (HPTS) were applied to the
cut surface of decapitated shoots. After 2 h, diffusion was visu-
alized by confocal microscopy, and the length of the fluores-
cence signal was quantified. Mutants showed enhanced diffu-
sion, compared with the WT (Figures S11C-S11l). Branching
patterns of mutant gametophores were then analyzed after
5-7 weeks of growth. A significant increase of the BIZ size was
observed in all mutants, compared with WT controls, with a
more pronounced effect in cals72 and cals4/12 backgrounds
(Figures S12A-S12H). This result indicates that while both
genes play arole in patterning branch distribution in the proximal
region of the gametophore, CALS12 contributes relatively more
significantly.

We hypothesized that mutant phenotypes could be captured
by increasing symplasmic permeability in the model. Consistent
with this hypothesis, increasing P values in the model repro-
duced the observed increase in BIZ size (Figures 6E-6G and
S13; Data S1B).

To investigate further the effect of increasing plasmodesmal
diffusivity by reducing callose levels, while limiting possible
genetic compensation by other endogenous CALS genes, we

[ 1 Model predictions

¢? CellPress

E Figure 5. Decreasing plasmodesmal
permeability in the model captures branch-
ing pattern perturbations in icals3m game-
tophores after induction of callose deposi-
‘ tion

Comparison of the model output with biological
data for the AlZ* (A, C, and E) and IBIZ (B, D, and F)
in icals3m gametophores, following mock or
B-estradiol treatment.

(A and B) Heatmaps showing the top 2.5% of
parameter values that minimize the distance be-
tween model predictions and observed sizes of
branch inhibition zones in icals3m gametophores
after mock (purple) or p-estradiol (fawn) treatment.
(C and D) Scatterplots of 1,000 samples drawn
from normal distributions yielding the highest
similarity between simulated and biological data in
the parameter space (up/s, 4./, ), With distributions
corresponding to mock-treated plants in white
T and p-estradiol-treated plants in brown. Predicted
‘ inhibition zone sizes corresponding to specific
parameter values are displayed on a color range
from dark blue to light gray.

(E and F) Boxplots showing that while high values
of AlIZ* size in mock-treated gametophores cannot
be reproduced by the model within realistic
parameter values, reducing the parameter P cor-
responding to plasmodesmal permeability cap-
tures the decrease in AlZ* (E) and IBIZ (F) sizes
observed between mock-treated and p-estradiol-
treated plants.

See also Figure S9 and Data S1B.
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undertook a gain-of-function approach. To this end, we used a
transgenic line that constitutively overexpresses the plasmodes-
mata-localized callose-degrading protein PpGHL17-1 (GHL17-
1oe), leading to increased symplasmic diffusivity.*® Using
quantitative real-time PCR, we confirmed that GHL17-1 was ex-
pressed in gametophores, with higher levels in lateral branches
(Figure S11J), validating the suitability of the GHL17-1oe line
as a tool for modulating cell-to-cell permeability in the tissues un-
der study. We also verified that GHL17-10e plants exhibited
reduced callose deposition at cell-cell junctions (Figures S11A
and S11B) and enhanced intercellular diffusion, as shown by
the HPTS diffusion assay (Figures S11C-S11l). We then
analyzed branch distribution in GHL17-10e gametophores and
found an overall reduction in branch density, along with a signif-
icant increase in IBIZ size, in comparison with WT (Figures S12I-
S12L). This branching phenotype could be captured by the
model by increasing P values (Figures 6H-6J; Data S1B).

Our findings consistently show that increasing callose accu-
mulation promotes branching, while disrupting callose biosyn-
thesis or promoting callose degradation reduces branching.
Our model supports the hypothesis that the observed changes
in branch distribution in the corresponding transgenic lines
may result from restricted or enhanced symplasmic auxin diffu-
sion, respectively.

3D gametophore geometry and phyllotaxis drive branch
spacing robustness

The above results show that an auxin diffusion-based branching
control mechanism can explain much of the size variability in the
inhibition zones that define gametophore branching patterns.
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Figure 6. Increasing plasmodesmal perme-
ability in the model captures branching
pattern perturbations in cals4/12 mutants
and PpGHL17-1 overexpressors

(A-D) GUS staining of CALS4 (A and B) and
CALS12 (C and D) transcriptional reporter lines,
showing CALS4 and CALS172 promoter activity in
overlapping domains, including the main apex
(black arrowheads) and the middle-basal region
(brackets) of gametophores (A and C). GUS ac-
tivity was also detected in emerging lateral
branches, including rhizoids (black arrows) for
] both genes, and in axillary hairs (white arrow-
] . heads) for CALS4 (B and D). Dashed lines mark the
boundary between the stem and the detached
phyllid (B and D).

(E-G) Comparisons between model simulations
and biological measurements of BIZ size in cals4/
12 double mutants and WT controls.

(E) Heatmaps showing the top 2.5% of parameter
values that minimize the distance between model
predictions and biological data for cals4/12 mu-

CALS12

BIZ size (phytomers)

gy,

mi=}
— [

J tants (fawn) and WT (purple).

(F) Scatterplot of 1,000 samples drawn from
normal distributions that maximize the similarity
1 between simulated and biological data in the
parameter space (MP/» Hejq)s With WT data in
. white and cals4/12 mutant data in brown. Colors
indicate the predicted inhibition zone sizes for
corresponding parameter values.

‘ (G) Boxplots showing that the distribution of BIZ
L sizes predicted by the model, as represented in
(F), align with the biological data from WT and
cals4/12 gametophores.

(H-J) Comparison between model simulations
and biological measurements of IBIZ size in
PpGHL17-1 overexpressors (GHL17-10e) and
WT controls, using similar data representation as

IBIZ size (phytomers)

WT  GHL17-10e

[__1 Biological data

in (E)~G). The distribution of IBIZ sizes predicted by the model matches the biological data from WT and GHL17-10e gametophores.

Scale bars, 1 mm (A and C) and 100 pm (B and D).
See also Figures S10-S13 and Data S1B and S1C.

However, a key unexplained feature of these patterns was the
narrow peak in the number of phytomers separating consecutive
branches in the IBIZ, centered at 4 (Figure 7A)—a feature that
was not seen for the AlZ and BIZ (Figures S6B, S6C, and S6E).
This peak was indicative of a potentially robust phenotype that
could, in principle, either emerge from the diffusion mechanism
itself or result from additional, yet unidentified, molecular regula-
tory processes.

To determine whether this feature could theoretically arise from
symplasmic diffusion alone, we used our model to quantify the
stability of the predicted outputs under varying input parameters,
a key criterion for defining robustness. For this analysis, we
defined a robustness index (R;) that represented the proportion
of all z/a values across the parameter space, foragiven P/ § value,
yielding a particular IBIZ size (Figures 7B and S14). We found that
the relationship between R; and IBIZ size was non-monotonic,
with maximum R; values consistently observed at 3—4 phytomers,
regardless of the P/5 value, reflecting a robust model outcome.
This theoretical result supports the idea that the observed peak
in IBIZ size distribution is likely an emergent property of the diffu-
sion mechanism alone and that an as-yet unidentified feature con-
strains the model output under variable input parameters.

8 Current Biology 35, 1-14, November 3, 2025

To investigate further the source of IBIZ robustness, we
reasoned that a major factor differentiating the IBIZ from the
two other inhibition zones was the distance separating the corre-
sponding auxin sources from the successive phyllid axils.
Considering that symplasmic diffusivity is more limited by the
number of cells than by physical distance, we defined this dis-
tance as the length—measured in cell number—of the shortest
path between an auxin source and a phyllid axil within the cellular
grid of the 3D gametophore. This distance increases linearly for
apical and basal auxin sources (Figures S15A and S15B),
whereas it oscillates for a peripheral auxin source (Figures 7C
and 7D). This difference is explained by the radial component
of the distance, which varies between 0 and the whole stem
diameter in the case of a peripheral auxin source, depending
on phyllotaxis. In particular, this results in a local maximum
at the fourth phyllid from the auxin source (black arrow in
Figure 7C). These observations suggest that spiral phyllotaxis
imposes a constraint, making some phyllid axils more suscepti-
ble to inhibition than others, based on their position relative to the
closest peripheral auxin source. Specifically, the fourth phyllid
axil from the source is less prone to auxin inhibition than the
third or the fifth. We therefore hypothesized that this constraint
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Figure 7. 3D gametophore tissue geometry and phyllotaxis underpin branch spacing robustness

(A) Histogram representing the frequency of observed IBIZ sizes in WT gametophores, with a peak at 4 phytomers.

(B) Plot of the robustness index R; for IBIZ sizes predicted by the model, showing maximal R; values at 4 phytomers (black arrow) for three different P/ 5 values.
(C) Plot showing that in a gametophore with spiral phyllotaxis (137.5°), the distance in cell numbers of consecutive phyllids from an axillary auxin source (purple
line) is determined by a linear axial component (dotted blue line) and an oscillating radial component (dashed red line), resulting in a local maximum at the 4t
phyllid (black arrow).

(D) 3D representation of the distance of the 41" phyllid from an axillary auxin source in an idealized 3D gametophore. Only cell layers are represented, with branch-
competent cells in leaf axils shown in green and the auxin source in red. Axial, radial, and total distances follow the same color coding as in (C).

(E) Phyllid arrangement in a gametophore with spiral phyllotaxis. Numbers indicate the phyllid index (green) relative to the auxin source (red).

(F and G) Heatmaps showing that IBIZ sizes corresponding to maximum R; values (white dots) converge toward 4 phytomers with decreasing phytomer length
(F) and increasing stem diameter (G). R; values are displayed using a green-to-yellow color scale. Stem diameter is fixed at 14 cells in (F), and phytomer length is
fixed at 3 cell layers in (G).

(H) Phyllid arrangement in a gametophore with null divergent angles, represented similarly to (E).

(I and J) Heatmaps showing that for aligned phyllids, R; decreases monotonically with IBIZ size regardless of phytomer length (I) or stem diameter (J). Data
representation are consistent with (F) and (G).

(K) Boxplots showing that stem diameter in WT gametophores gradually increases during development, ranging from 150 to 380 um. Data are grouped by
gametophore height (n = 12, 11, 18, 14, 14) and position along the gametophore axis, with three measurements taken per apical, middle, and basal region per
gametophore. Dotted lines correspond to simulated stem diameters shown in (L)—~(P).

(legend continued on next page)
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underlies the observed robustness of the IBIZ at 4 phytomers. As
it depends on the relative contributions of radial and axial dis-
tances between phyllid axils and the peripheral auxin source,
we reasoned that changes in stem diameter or phytomer length
could modulate IBIZ robustness (Figures S15C and S15D).

To test this, we simulated auxin diffusion in the middle section
of idealized 3D gametophores with spiral phyllotaxis, varying
stem diameter and phytomer length, and computed the robust-
ness index R; for IBIZ sizes of 2-10 phytomers (Figures 7E-7G).
Simulation outputs were compared with a control situation
where divergence angles were null, i.e., with phyllids aligned
vertically above one another (Figures 7H-7J and S15E-S15G).
We observed that reducing phytomer length (Figure 7F) or
increasing stem diameter (Figure 7G) in gametophores with spi-
ral phyllotaxis progressively increased robustness for an IBIZ
size of 4 phytomers. However, this effect was not observed in ga-
metophores with aligned phyllids (Figures 71 and 7J), supporting
our hypothesis.

This phenomenon suggested additional implications for
branching regulation. With radial diffusion emerging as a critical
factor, we hypothesized that the relative plasmodesmata den-
sities on longitudinal versus transverse cell walls would signifi-
cantly contribute to IBIZ robustness. To verify this, we simulated
a scenario with uniform plasmodesmata densities on longitudinal
and transverse cell walls, effectively representing the absence
of plasmodesmata dilution on longitudinal walls. This change
increased radial symplasmic diffusivity in the gametophore
stem, which abolished IBIZ size robustness at 4 phytomers
(Figures S15H-S15L).

A key emergent property of the symplasmic diffusion mecha-
nism predicted by our model was the increase in IBIZ size
robustness with stem diameter (Figure 7G), which we sought
to investigate experimentally. Although mosses lack dedicated
stem thickening tissues like the cambium, we anticipated that
gametophore diameter would increase with age as a result of
cell division occurring throughout the stem and, consequently,
that stem thickening would enhance IBIZ size robustness during
development. To verify this, we first plotted stem diameter
against length (used as a proxy for age) in WT plants and
confirmed that gametophore stems gradually increase in thick-
ness over time (Figure 7K). Next, using our model and previously
optimized parameter distributions capturing WT branching pat-
terns (Figure 4L), we predicted IBIZ size distributions for various
stem diameters (Figures 7L-70). Simulations indicated that IBIZ
size would be more variable with smaller stem diameters but
would become increasingly stable, converging toward 4 phyto-
mers as stem diameter increases (Figure 7P). We tested this pre-
diction by examining the spatiotemporal variability of IBIZ size in
real plants, using the relative position of branches as a proxy for

Current Biology

their age and developmental sequence. This approach relies on
the assumption that older branches, near the gametophore
base, develop when the stem is narrower, whereas younger
branches, located closer to the gametophore tip, emerge when
the stem is comparatively wider.”® IBIZ size distribution was
therefore plotted according to the rank along the gametophore
axis, considering only gametophores with three or more
branches (Figures 7Q and 7R). As anticipated, IBIZ size was
more variable in rank 1, corresponding to the earliest-formed
branches, and became more consistent, converging at 4 phyto-
mers with increasing ranks. These measurements validated the
prediction that stem thickening enhances IBIZ size robustness
during gametophore development.

Together, these results demonstrate that robust branch
spacing can emerge from symplasmic auxin diffusion through
its interplay with 3D gametophore geometry and spiral phyllo-
taxis. They also highlight the critical role of limiting radial sym-
plasmic diffusivity in maintaining IBIZ robustness.

DISCUSSION

This work aimed to explore the mechanistic basis of branch
patterning, a key determinant of plant architecture, in the moss
P. patens. We have taken a 3D computational modeling approach
to establish a comprehensive framework integrating key aspects
of auxin physiology, plasmodesmata distribution and function,
and gametophore geometry, effectively bridging molecular,
cellular, and organ scales and based on realistic biological pa-
rameters. Our results demonstrate that branching control by
auxin-mediated inhibition, relying solely on symplasmic diffusion
for intercellular auxin movement, can accurately account for
observed branching patterns at the whole-gametophore level.

Mapping plasmodesmata in WT gametophores has revealed
graded distribution patterns at the tissue level, with the highest
densities in meristematic regions. We observed that plasmodes-
mal connectivity decreases with tissue differentiation and is
lower on longitudinal walls than on transverse walls in mature tis-
sues, likely due to cell wall expansion, which suggests a greater
diffusion capacity along the apical-basal axis than in the radial
orientation. Consistent with this, Physcomitrium phyllids princi-
pally contain primary plasmodesmata, and secondary plasmo-
desmata do not form at a sufficient rate to compensate for wall
elongation.>” These findings also reveal shared key features
with the morphologically distinct meristems of angiosperms
and ferns,®® where plasmodesmata densities are generally
higher than in surrounding tissues, cell differentiation is associ-
ated with reduced plasmodesmata number and cell-to-cell diffu-
sion, and molecular transport primarily occurs in the longitudinal
orientation.?-39-46

(L and M) Cross-sections of idealized gametophores with diameters, denoted @, of 12 (L) and 16 (M) cells, corresponding to 240 and 320 um, respectively. Scale

bars, 20 pm.

(N and O) Scatterplots of 1,000 samples (white dots) from a normal distribution optimized to reproduce WT branching patterns (Figure 5L) in the parameter space
(P /8,7 /a). Colors indicate predicted inhibition zone sizes for idealized gametophores with diameters of 12 (N) and 16 (O) cells.
(P) Boxplots showing that IBIZ size variability predicted by the model for stem diameters of 12, 14, and 16 cells decreases and converges toward 4 phytomers with

increasing stem diameter.

(Q) The IBIZ rank n is defined as the interval between the n and n + 1% branches from the base.
(R) Boxplot showing that IBIZ size variability decreases with IBIZ rank in WT gametophores. Data match the model predictions (P), suggesting that stem
thickening during gametophore development enhances IBIZ robustness at 4 phytomers. Phytomer and phyllid numbering is consistent across all panels.

See also Figures S14 and S15.
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Besides plasmodesmata densities, previous work in vascular
plants has shown that plasmodesmal clustering can reduce
effective symplasmic permeability.*” Although the extent of clus-
tering in Physcomitrium gametophores remains unknown, our
electron microscopy analyses did not reveal evidence of such
clustering. Moreover, plasmodesmal clustering is typically asso-
ciated with the formation of secondary plasmodesmata.*® Since
secondary plasmodesmata are rare in Physcomitrium,®” it is
reasonable to assume that clustering is limited in gametophore
tissues and unlikely to significantly affect symplasmic perme-
ability. The structural and functional properties of individual plas-
modesmata can also affect the diffusion capacity of the sym-
plasmic network. These properties can vary across organs and
are dynamically regulated over time.*® Detailed data are now
available at the scale of a few cells,*”*° suggesting that incorpo-
rating this variability might enhance the model’s predictive accu-
racy. However, such data remain inaccessible at larger scales,
and collecting them is beyond the scope of this study. Moreover,
adding more data into a model and increasing its complexity do
not necessarily improve its accuracy.®' It is important to stress
that the benefit of our approach lies in integrating key averaged
parameters influencing symplasmic diffusivity within a unified
framework. This enabled us to effectively connect different
scales and make predictions at the level of an entire shoot, which
would be extremely challenging, if not impossible, to achieve
otherwise.

Studies in Arabidopsis have established that auxin diffuses
through the symplasmic pathway, regulated by callose-medi-
ated plasmodesmal gating.'® For instance, the Arabidopsis
CALS10/GSL8 gene is directly activated by ARF7-dependent
auxin signaling, creating a feedback loop where auxin modulates
its own diffusion.?®> We have found that short-term auxin treat-
ment represses CALS4 and CALS12 gene transcription in Phys-
comitrium, suggesting that a conserved auxin-callose interplay
has been remodeled during land plant evolution. Nevertheless,
it remains unclear whether the effect of auxin persists over
time and how the spatiotemporal dynamics of this feedback in-
fluence diffusion in the long term. Regardless, CRISPR-Cas9-
mediated deletion of these genes resulted in reduced gameto-
phore branching, a phenotype that our model captured by
increasing plasmodesmal permeability and auxin diffusion. The
phenotype was restricted to the gametophore base, indicating
possible genetic redundancy. To bypass this, we took gain-of-
function approaches, promoting callose degradation through
ectopic GHL17-1 expression and enhancing callose accumula-
tion via conditional cals3m activation. Both strategies resulted
in more pronounced branching perturbations than those
observed in cals4/12 mutants, consistent with our working
hypothesis.

The absence of major developmental defects and the differing
branching phenotypes across inhibition zones in transgenic
lines suggest that callose homeostasis is tightly regulated, with
compensatory mechanisms likely preventing detrimental ef-
fects. Notably, these compensatory mechanisms may act het-
erogeneously within individual gametophores. Indeed, we found
no correlation between apical and IBIZ sizes within individual ga-
metophores in both transgenic lines and WT plants (Figure S6D).
If variation in zone size primarily reflected inter-individual differ-
ences in symplasmic permeability (or related parameters), one

¢? CellPress

would expect these zones to correlate. The lack of correlation
instead indicates intra-individual variability, implying that regula-
tory mechanisms influencing branch inhibition are spatially het-
erogeneous within a single gametophore.

Nevertheless, it is also possible that in specific regions of the
gametophore, regulatory mechanisms other than callose-
dependent pathways may predominate.’®** For instance, an
intercellular flow control mechanism involving multiple C2 do-
mains and transmembrane region proteins (MCTPs), which
tether the desmotubular endoplasmic reticulum to the plasma
membrane in plasmodesmata,®® has recently been shown to
override callose effects in Arabidopsis.®* While MCTPs are
evolutionary conserved plasmodesmal proteins,*®°° their role
in Physcomitrium remains unclear, making them prime candi-
dates for investigating alternative regulatory mechanisms of
symplasmic diffusion.

Beyond auxin, other phytohormones, proteins, and RNAs may
also traffic through plasmodesmata.*®°®>” While our model
convincingly demonstrates that simulating auxin diffusion alone
is sufficient to capture WT branching patterns and phenotypic
changes in transgenic lines with altered callose biosynthesis, it
cannot be ruled out that the movement of other molecules is
not affected in those lines. For example, unknown plasmodes-
mata-mobile branch-promoting signals might counterbalance
auxin’s effect, possibly explaining phenotypic disparities in
transgenic gametophores. A key challenge therefore remains
to identify alternate mobile factors that can exert control over
branch outgrowth, if any exist, potentially via targeted genetic
screens similar to those investigating KNOTTED1 transcription
factor movement.*®

Molecular diffusion is typically viewed as a slow process, sen-
sitive to noise within the cellular environment, generating short-
range gradients over only a few cells,”® which makes it seemingly
incompatible with the formation of robust developmental pat-
terns. Our modeling experiments indicate that symplasmic diffu-
sion can yield molecular gradients reaching distances equivalent
to observed branch inhibition zone sizes within biologically real-
istic parameter value ranges. Regarding the IBIZ size, we have
found that its variability remained low around a dominant value
of 4 phytomers and decreased during development, eventually
becoming nearly negligible, which initially seemed inconsistent
with a diffusion-based lateral inhibition mechanism. 3D simula-
tions in an idealized gametophore have resolved this paradox,
demonstrating that robust branching patterns can emerge from
the interplay between symplasmic diffusion, organ and tissue
geometry, and phyllotaxis. Notably, the model predicts that
stem thickening may reduce IBIZ size variability over time. It
also highlights the important role of phyllotaxis as a pre-pattern
that constrains potential branch initiation sites along the gameto-
phore axis.

We conclude that symplasmic auxin diffusion may play a more
significant role in regulating shoot branching in Physcomitrium,
compared with vascular plants like Arabidopsis or Selaginella,
where PIN-mediated polar auxin transport is predominant.'®'®
The reasons why PIN proteins do not mediate long-range polar
auxin transport in the stem of moss gametophores remain un-
clear. Nonetheless, it is important to note that PINs are important
for meristem function in Physcomitrium, likely establishing auxin
gradients around the apical cell.'*° Given that these diffusive
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and active transport mechanisms have likely coexisted since the
emergence of land plants,®’ we speculate that the observed dif-
ferences between species may be more related to their size than
their phylogenetic position. For instance, Physcomitrium game-
tophores are typically about half a centimeter tall, whereas Ara-
bidopsis inflorescence shoots can reach up to 50 cm, represent-
ing a difference of two orders of magnitude. This supports the
idea that distinct auxin transport capacities are required in
each species, with long-range transport being crucial in the latter
situation. Interestingly, other moss species can have gameto-
phores that exceed a dozen centimeters in size and display com-
plex branching architectures, unlike Physcomitrium.%> A major
challenge moving forward will be to decipher how the various
regulatory mechanisms of auxin movement have evolved and
contributed to the diversification of plant architecture.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

E. coli strain DH5a Widely distributed N/A

Chemicals, peptides, and recombinant proteins

13Ce-IAA Cambridge Isotope Laboratories CLM-1896-PK
Aniline blue fluorochrome Biosupplies Cat#100-1
D-mannitol Merck (Sigma-Aldrich) Cat#M9647
DMSO Merck (Sigma-Aldrich) Cat#D8418
Driselase (basidiomycetes sp.) Merck (Sigma-Aldrich) Cat#8037
ezDNase enzyme Thermo Fisher Scientific Cat#11766051
Formaldehyde Electron Microscopy Sciences Cat#15700
Gateway LR clonase I ThermoFisher Scientific Cat# 11791020
Glutaraldehyde Electron Microscopy Sciences Cat#16220
HPTS (8-hydroxypyrene-1,3,6-trisulfonic Merck (Sigma-Aldrich) Cat#H1529

acid trisodium salt)

Hygromycin B Duchefa Biochemie B.V. Cat#H0192
Lead citrate Electron Microscopy Sciences Cat#17800

MES Merck (Sigma-Aldrich) Cat#69892
Osmium tetroxide Electron Microscopy Sciences Cat#19140
PEG-6000 Merck (Sigma-Aldrich) Cat#528877
Plant agar Duchefa Biochemie B.V. Cat#P1001
Restriction enzymes New England Biolabs N/A

Salts (unless otherwise stated) Merck (Sigma-Aldrich) N/A

Sephadex G50 beads Merck (Sigma-Aldrich) Cat#G5080
Sucrose Duchefa Biochemie B.V. Cat#S0809
Tannic acid Merck (Sigma-Aldrich) Cat#403040
Toluidine blue Merck (Sigma-Aldrich) Cat#T3260
Uranyl acetate Electron Microscopy Sciences Cat#22400
X-GlcA (5-Bromo-4-chloro-3-indolyl- Merck (Sigma-Aldrich) Cat# 203783
B-D-glucuronic acid)

p-estradiol Merck (Sigma-Aldrich) Cat#E2758
Critical commercial assays

ezDNase Invitrogen Cat#11766051
Fast Start Universal SYBR Green master mix Merck (Roche) Cat#4913850001
GoTaq G2 DNA polymerase Promega Cat#M7841
NucleoBond Xtra Maxi kit Macherey-Nagel Cat#740414.50
Phusion High-Fidelity PCR Master Mix ThermoScientific Cat#F631S
PureLink RNA Mini Kit Invitrogen Cat#12183025
QuickExtract DNA Extraction Solution Biosearch Technologies Cat#QE09050
SuperScript IV VILO Master Mix Invitrogen Cat#11766050
Deposited data

Measurements of Dendra2 diffusivity in this study https://gitlab.inria.fr/mosaic/publications/abitbol-
protonemal filaments in WT and icalsSm spangaro_et_al/-/blob/main/material/experimental_
backgrounds data/Dendra2-conv-in-icals3m.xIsx
Measurements of IAA metabolites upon this study https://gitlab.inria.fr/mosaic/publications/abitbol-

radiolabeled IAA feeding

spangaro_et_al/-/blob/main/material/experimental_
data/IAAfeeding-Physco_data.xlsx
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmodesmata maps this study https://gitlab.inria.fr/mosaic/publications/abitbol-
spangaro_et_al/-/tree/main/material/PD_maps

Quantification of basal inhibition zone this study https://gitlab.inria.fr/mosaic/publications/abitbol-

size in cals4/12 double mutants and
control gametophores
Quantification of branching patterns
in WT gametophores

Coudert et al.'®; Thelander

et al.’?; this study.

spangaro_et_al/-/tree/main/material/formatted_
branching_data/WT_cals4-12
https://gitlab.inria.fr/mosaic/publications/abitbol-
spangaro_et_al/-/tree/main/material/formatted_
branching_data/WT

Experimental models: Organisms/strains

Physcomitrella patens Gransden

Widely available

N/A

cals4 crispr mutant this study cals4 (GD-C53#9)

cals12 crispr mutant this study cals12 (GD-C51#10)

cals4 cals12 crispr mutant this study cals4/12 (GD-C51#10-C53#10)
CALS4 promoter reporter this study CALS4pro::GUS (AM80#3)
CALS12 promoter reporter this study CALS12pro::GUS (AM82#5)

PpGHL17-1 overexpressor
inducible cals3m overexpressor
Dendra2 OE in icals3m
Dendra2 OE in WT

Gombos et al.*®

this study

this study

Kitagawa and Fujita®®

GHL17-10e

icals3m (GD B34A)

icals3m D2 (GDB34A B80 #13)
WT D2 (GD Dendra2)

Oligonucleotides

Primers See Data S1C N/A
Recombinant DNA

DM02_sgR-PpCALS12-EX06-75 this study N/A
DMO02_sgR-PpCALS4-EX04-77 this study N/A
DMO05_sgR-PpCALS12-EX02-52 this study N/A
DMO05_sgR-PpCALS4-EX01-130 this study N/A
DMO06_sgR-PpCALS12-EX23-212 this study N/A
DMO06_sgR-PpCALS4-EX33-73 this study N/A
DMO07_sgR-PpCALS12-EX26-124 this study N/A
DMO07_sgR-PpCALS4-EX49-53 this study N/A
pDEST-MOSSY2-CALS12pro this study N/A
pDEST-MOSSY2-CALS4pro this study N/A
pDONR221-cals3m Vatén et al.”’ N/A
pMH-Cas9-PpCALS4 this study N/A
pMK-Cas9-PpCALS12 this study N/A

pPGX6 Kubo et al.® N/A
pPIG1-NGGlI Ishikawa et al.®® N/A
pPIG1-NGGII-HYG this study pDEST-MOSSY1
pPIG1-NGGII-HYG-GW this study pDEST-MOSSY2

pT10G-Dendra2 Kitagawa and Fuijita®® N/A

Software and algorithms

Atlas 5 Zeiss N/A

Cellcomplex Cerutti et al.®® https://gitlab.inria.fr/gcerutti/cellcomplex
Fiji Schindelin et al.®” https://doi.org/10.1038/nmeth.2019

GMS3 Gatant N/A

IMOD University of Colorado https://bio3d.colorado.edu/imod/

Mass Hunter software B.08 Agilent N/A

Matplotlib Hunter®® https://doi.org/10.1109/MCSE.2007.55
Numpy Harris et al.%® https://doi.org/10.1038/s41586-020-2649-2
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Python scripts developed for this study. this study https://gitlab.inria.fr/mosaic/publications/abitbol-

spangaro_et_al/

Python v3.9 Python Software Foundation https://www.python.org/
Scipy Virtanen et al.”® https://doi.org/10.1038/s41592-019-0686-2
Statistical software ‘R’ http://www.R-project.org N/A
Other
Confocal microscope Leica Microsystems SP8
Confocal microscope Nikon Ti-eclipse
Digital microscope Keyence Corporation of VHX-900F
America
Growth cabinet PHCbi MLR-352
High throughput purification system Agilent 1290 Infinity Il Preparative LC System
Magenta GA-7 tissue culture vessel Bioworld Cat#30930007
Mass spectrometer Agilent 6495 Triple Quadrupole
Scanning electron microscope Zeiss Crossbeam 550
Transmission electron microscope JEOL Ltd. JEM-1400
Ultramicrotome Leica Microsystems EM UC6

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The Gransden strain of Physcomitrium patens was used as the wild-type (WT) background for generating all the transgenic lines.
Moss colonies were initiated from protonemal cultures and cultivated on BCDAT medium (250 mg/L MgS0,4.7H,0, 250 mg/L
KH2PO4 (pH 6.5), 1010 mg/L KNO3, 12.5 mg/L, FeS0,4.7H,0, 920 mg/L di-ammonium tartrate (C4H12N2Og), and 0.001% Trace
Element Solution (0.614 mg/L H3BOg3, 0.055 mg/L AIK(SO4),.12H,0, 0.055 mg/L CuSQO4.5H,0, 0.028 mg/L KBr, 0.028 mg/L LiCl,
0.389 mg/L MnCl,.4H,0, 0.055 mg/L CoCl,.6H,0, 0.055 mg/L ZnS0O,4.7H,0, 0.028 mg/L Kl and 0.028 mg/L SnCl,.2H,0)), supple-
mented with 7 g/L agar and CaCl, added to a 1 mM concentration after autoclaving. Standard growth conditions were 23°C under a
16h light/8h dark cycle, at 50-150 pmol.m™2.s™! in MLR-352 growth cabinets.

METHOD DETAILS

Experimental protocols

Molecular cloning and transgenic line production

Gene identifiers. Genomic sequences of PoCALS4 (Pp3c10_19330) and PpCALS12 (Pp3c4_15060) genes were obtained from
the version 3.3 of P. patens genome annotation available on Phytozome (https://phytozome-next.jgi.doe.gov).”" The icals3m gene
is a mutated form of AtCALS3 (At5g13000), whose genomic sequence is available on TAIR (https://www.arabidopsis.org).?’
ppGHL17-1 gene identifier is Pp3c17_13760.

Inducible cals3m (icals3m) overexpression. To construct the pPGX6-cals3m expression vector, a 9206 bp DNA fragment corre-
sponding to the cals3m genomic sequence, previously cloned into the pPDONR-221 plasmid (a gift from Prof. Yka Helariutta’s labo-
ratory), was transferred into the pPGX6 vector (a gift from Prof. Mitsuyasu Hasebe’s laboratory) using the Gateway LR Clonase I
enzyme. The resulting plasmid was named pPGX6-icals3m and was subsequently transformed into wild-type P. patens.

Photoconvertible Dendra2 constitutive expression. The previously selected icals3m line was genetically transformed with the
pT10G-Dendra2 plasmid (a gift from Prof. Tomomichi Fujita), which drives the expression of the photoconvertible Dendra2 fluores-
cent protein under control of the PpEF1a promoter.

PpCALS4 and PpCALS12 promoter reporters. To construct CALS promoter reporter vectors, a modified version of the pPIG1-
NGGII vector® was first generated. The pPIG1-NGGII vector was digested with Clal and Blpl to remove the Blasticidin resistance
cassette, which was replaced with a Hygromycin resistance cassette previously assembled by PCR, yielding the vector pDEST-
MOSSY1. In parallel, an R1/R2 Gateway cassette was amplified by PCR from pT2N2x35SGate,’” subcloned into pGEMT-easy,
and cloned in the correct orientation into the Xbal site of the pDEST-MOSSY1 vector, yielding the pDEST-MOSSY2 vector. A
2743 bp genomic fragment upstream of the PoCALS4 coding sequence, referred to as the PoCALS4 promoter, and a 2528 bp
genomic fragment upstream of the PobCALS12 coding sequence, referred to as the PoCALS12 promoter, were amplified by PCR
with the primer pairs AM43F/AM8R and AM10F/AM10R, respectively. Both fragments were then subcloned into the pDONR-221
vector using the Gateway BP Clonase Il enzyme and transferred to the pDEST-MOSSY2 vector using the Gateway LR Clonase Il
enzyme, yielding the plasmids pDEST-MOSSY2-CALS4pro and pDEST-MOSSY2-CALS12pro, respectively. Both plasmids were
linearized with the Pmel enzyme prior to genetic transformation into P. patens.
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CRISPR/Cas9-mediated cals deletion mutants. The CRISPR-Cas9 vector system developed by Magdalena Bezanilla’s laboratory”®
was used to generate Ppcals4 and Ppcals12 knock-out constructs. A series of protospacers was designed using CRISPOR software
(http://crispor.tefor.net). These protospacers corresponded to short guide RNAs (sgRNAs) targeting exon 1 (position 130), exon 4 (po-
sition 77), exon 33 (position 73) and exon 49 (position 53) of the PoCALS4 genomic sequence, and exon 2 (position 52), exon 6 (position
75), exon 23 (position 212) and exon 26 (position 124) of the PoCALS12 genomic sequence. Corresponding oligonucleotide pairs
(sgR-PpCALS4-EX01-130-F and sgR-PpCALS4-EX01-130-R, sgR-PpCALS4-EX04-77-F and sgR-PpCALS4-EX04-77-R, sgR-
PpCALS4-EX33-73-F and sgR-PpCALS4-EX33-73-R, and sgR-PpCALS4-EX49-53-F and sgR-PpCALS4-EX49-53-R for PpCALS4,
and sgR-PpCALS12-EX02-52-F and sgR-PpCALS12-EX02-52-R, sgR-PpCALS12-EX06-75-F and sgR-PpCALS12-EX06-75-R, sgR-
PpCALS12-EX23-212-F and sgR-PpCALS12-EX23-212-R, and sgR-PpCALS12-EX26-124-F and sgR-PpCALS12-EX26-124-R for
PpCALS12) were annealed and inserted downstream of a U6 promoter, into the Bsal site of the pENTR-PpU6P-sgRNA-L1R5,
PENTR-PpUGP-sgRNA-L5L4, pENTR-PpU6P-sgRNA-R4R3 or pENTR-PpU6GP-sgRNA-L3L2 entry vectors (a gift from Magdalena Be-
zanilla). The different fragments were then transferred using the Gateway LR Clonase Il enzyme to either the pMH-Cas9-gate or the
pMK-Cas9-gate destination vectors, which contain the Cas9 enzyme coding sequence and confer hygromycin or geneticin resistance,
respectively. The resulting plasmids were named pMH-Cas9-PpCALS4 and pMK-Cas9-PpCALS12.

P. patens genetic transformation. Plasmid DNA was purified using the NucleoBond Xtra Maxi kit. For stable transgene integration,
DNA was linearized with appropriate restriction enzymes before transformation into moss protoplasts. Five-day-old protonemal tis-
sue, sub-cultivated at least twice by blending and grown on BCDAT plates overlaid with autoclaved cellophane disks, was used
for protoplast preparation. The protonemal tissue was digested in a solution containing 1% driselase and 8% mannitol solution
for 60-75 minutes at room temperature in the dark. The resulting protoplast suspension was filtered through a 100 pm nylon
mesh, and cells were pelleted by centrifugation at 90 g for 4 minutes, then washed twice in an 8% mannitol solution. Density of
the protoplast solution was counted using a Neubauer hemocytometer. Protoplasts were pelleted by centrifugation and re-sus-
pended at a density of 3.2 million cells/ml in an 8% mannitol solution. A 150 pl aliquot of the protoplast suspension was mixed
with 150 pl 2xMaMg solution (61 g/L MgCl,, 0.92 g/L di-ammonium tartrate (C4H12N>Og), mannitol 80 g/L, MES 2 g/L, pH 5.6) and
300 pl PEG solution (23.6 g/L Ca(NO3).4H,0, 4.76 g/L HEPES, 72.8 g/L mannitol, 400 g/L PEG6000, pH 7.5) in a 15 mL tube. The
mixture was heat shocked at 45°C for 5 minutes, cooled down at 20°C for 10 minutes and progressively diluted over one hour
with 8% mannitol to reach a final volume of 15 ml. Protoplasts were then centrifugated at 90 g for 4 minutes, resuspended in
PRM-L solution (BCDAT supplemented with 8% mannitol and 10 mM CaCl2), and incubated overnight at 23°C in the dark. The
next day, protoplasts were centrifugated at 90 g for 4 minutes and resuspended in PRM-T (BCDAT supplemented with 8% mannitol,
10 mM CaCl, and 0.4% agar). Protoplasts were plated onto PRM-B solid medium (BCDAT supplemented with 8% mannitol, 10 mM
CaCl, and 0.8% agar) overlaid with autoclaved cellophane disks, and incubated under standard growth conditions described above.
After 5 days, cellophane disks were transferred to BCDAT medium supplemented with antibiotic for selection of transformed proto-
plasts (50 mg/ml geneticin, 50 mg/ml hygromycin B, or 100 mg/ml zeocin). After 7 days, cellophane disks were transferred to BCDAT
medium without antibiotics. A second round of antibiotic selection was performed 14 days later for transformations involving stable
insertion of the antibiotic resistance cassette (i.e., icals3m, icals3m Dendra2, PpCALS4 and PpCALS12 promoter reporters). For
CRISPR/Cas9 approaches involving transient selection, only one round of antibiotic selection was performed. All resistant lines
were subjected to genotyping by PCR, followed by RT-PCR and/or sequencing analyses as described elsewhere.

Genotyping and selection of transgenic lines

PCR. Genotyping was carried out by PCR using chloroform-isoamyl alcohol-extracted gDNA as a template. GoTaq G2 DNA poly-
merase was used for PCR amplification. PpUBI (Pp3c12_5760V3.1) was amplified in all samples using the primer pair YC-PpUBI-
152F and YC-PpUBI-152R to confirm DNA quality. Standard thermocycling conditions were: 94°C for 2 min; 94°C for 30 sec,
55-58°C for 30 sec, 72°C for 60 sec/kb (30-35 cycles); 72°C for 5 min. Primer melting temperatures were between 58 and 60°C.

For the putative cals4, cals12 and cals4/cals12 mutants, clones selected for their antibiotic resistance were genotyped using the
primer pairs PD40_F1 and PD40_R1, PD40_F2 and PD40_R2, PD40_F3 and PD40_R3, and PD40_F4 and PD40_R4 for PoCALS4;
and PD40_F9 and PD40_R9, PD40_F10 and PD40_R10, PD40_F11 and PD40_R11, PD40_F12 and PD40_R12, and PD40_F13
and PD40_R13 for PoCALS12. Transgenic lines harboring full deletions of PoCALS4 and/or PoCALS12 genomic fragments were
sent for Sanger sequencing to confirm the nature of the deletion and predict the resulting protein sequence. Lines with the most
drastic mutations were retained for phenotypic analyses.

Predicted putative off-target genomic sites were checked by PCR using the primer pairs PD58_chr21-F and PD58_chr21-R,
PD58_chr22-F and PD58_chr22-R, PD58_chr4-F and PD58_chr4-R, PD46_CALS12-Chr27_F and PD46_CALS12-Chr27_R,
PD46_CALS12-Chr13_F and PD46_CALS12-Chr13_R, PD46_CALS12-Chr12_F and PD46_CALS12-Chr12_R, PD46_CALS12-
Chr08_F and PD46_CALS12-Chr08_R. All putative off-targets had a wild-type sequence, indicating a lack of non-specific mutations
at those sites.

Promoter reporter lines were screened by PCR for correct transgene integration into the PIG1 locus using the primer pairs YCL-
152F-AM113F and YCL-153R-AM114R, and YCL-153F-AM114F and YCL152R-AM113R. Lines showing correct transgene integra-
tion were retained for GUS assays.

For the inducible cals3m lines, antibiotic resistant clones were screened by RT-PCR for their response to 1 uM f-estradiol. Clones
showing no or reduced cals3m expression in response to the solvent control DMSO and a strong induction following p-estradiol treat-
ment were retained for further experiments.
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For the icals3m Dendra2 lines, following selection based on zeocin resistance, the lines were first screened by PCR with the primer
pair YCL-58F and YCL-58R to check for the integration of Dendra2 coding sequence. Subsequently, their basal Dendra2 expression
levels were measured, and the lines displaying the brightest fluorescence levels were retained for further analyses. A wild-type line
carrying the pT10G-Dendra2 vector, which was used as a control, has been published elsewhere (a gift from Prof. Tomomichi Fujita).

RT-PCR. To test the expression of the cals3m transgene, total RNA was isolated using the Purelink RNA Mini Kit. RNA was treated
with the ezDNase enzyme prior to reverse transcription with SuperScript IV VILO Master Mix, following the manufacturer’s guidelines.
PCR was subsequently performed with GoTag G2 DNA polymerase using the primer pairs YCL-18F and YCL-18R, YCL-19F and
YCL-19R, and YCL-19F and YCL20R pairs, targeting either the beginning or the end of the cals3m transgene. Expression of PpUBI/
was used as a reference to control for gene expression levels between samples. Thermocycling conditions were: 94°C for 2 min; 94°C
for 30 sec, 58°C for 30 sec, 72°C for 60 sec (25 cycles); 72°C for 5 min. Primer melting temperatures were between 58 and 60°C.
Quantitative RT-PCR
Lateral branches were dissected out with thin tweezers and shoot apices were cut off with micro-scissors. Total RNA was isolated
using the PureLink RNA Mini Kit. RNA was DNase treated with ezDNase enzyme prior to reverse transcription with SuperScript IV
VILO Master Mix following manufacturer’s guidelines. gRT-PCR was performed using a ROCHE Fast Start Universal SYBR Green
master mix and a ThermoFisher StepOnePlus Real-Time PCR System. Thermocycling conditions were: 95°C 10 min; 95°C 10
sec, 60°C 30 sec (40 cycles). Specificity of PCR amplification was checked by melt curve analysis at each run. PoGHL17-1
(Pp3c17_13760.1) and PpUBI (Pp3c12_5760V3.1) genes were respectively amplified using the following primer pairs: PDR4_1F,
PDR4_1R, YCL-12F-R1-UBI and YCL-12R-R1-UBI. Expression level of PpUBI was used as a reference to normalize gene expression
level between conditions, and Ct values were converted into relative expression values using the comparative Ct method.”*
p-estradiol treatment
One-week-old moss colonies grown on BCDAT were immersed in a solution of 1 pM p-estradiol (C1gH240,) for 24 hours in normal
culture conditions before RNA extraction or aniline blue staining. The p-estradiol working solution was prepared from a stock solution
at a concentration of 10 mM by performing a 1:10,000 dilution in deionized water. The control solvent was a 1:10,000 dilution of
DMSO in deionized water.

GUS staining and imaging

Gametophores were isolated from colonies grown on BCDAT for 4 weeks and incubated at 37°C in a 100 mM phosphate buffer (pH 7)
containing 10 mM Tris (pH 8), 1 mM EDTA (pH 8), 0.05% Triton X-100, 5 mM potassium ferricyanide, 5mM potassium ferrocyanide,
and 2 mM X-GIcA (5-Bromo-4-chloro-3-indolyl-$-D-glucuronic acid) for 60-105 minutes. Tissues were then de-stained in 70%
ethanol and imaged with a Keyence VHX-900F digital microscope with a 5-50X or a 50-200X objective. Three to four independent
transgenic lines were observed for each genetic construct, and the pictures shown are representative of the GUS signal detected
in the majority of gametophores.

Aniline blue staining and quantification

Aniline blue staining and quantification were performed as described in the detailed protocol by Muller et al.>* In brief, a fresh solution
of aniline blue fluorochrome was prepared by a 1:3 dilution in 0.1 M phosphate buffer (pH 8.5, 97 mM K,HPO,4, 3 mM KH,PO,) from a
stock solution at 0.1 mg/mL aniline blue dissolved in sterile deionized water and stored at 4°C in the dark. Plant tissues were har-
vested from the edge of a 10-14 day old colony grown under standard conditions and immersed in 100 pl of aniline blue working so-
lution for 30 minutes in the dark. Plant tissues were then rinsed with deionized water and aniline blue fluorescence was imaged using a
Leica SP8 microscope confocal microscope (40X water immersion lens, excitation from the Diode 405 nm laser line, and emission
collected at 440-520 nm). Z-stacks were processed with the image analysis Fiji to quantify the intensity of the fluorescence signal as
described in Muller et al.**

HPTS dye diffusion assay in whole gametophores

Plant growth. Moss colonies were initiated from protonemal cultures and cultivated on BCD medium (250 mg/L MgS0O4.7H,0,
250 mg/L KH2PO4 (pH 6.5), 1010 mg/L KNOg3, 12.5 mg/L, FeSO4.7H,0, and 0.001% Trace Element Solution (0.614 mg/L H3BOs3,
0.055 mg/L AIK(SO4),.12H,0, 0.055 mg/L CuS04.5H,0, 0.028 mg/L KBr, 0.028 mg/L LiCl, 0.389 mg/L MnCl,.4H,0, 0.055 mg/L
CoCl,.6H,0, 0.055 mg/L ZnS0O,4.7H,0, 0.028 mg/L Kl and 0.028 mg/L SnCl,.2H,0)), supplemented with 7 g/L agar, 5 g/L sucrose
and CaCl, added to a 1 mM concentration after autoclaving. They were grown for 4 weeks at 23°C under a 16h light/8h dark cycle, at
50-150 pmol.m2.s™" in MLR-352 growth cabinets, and then transferred to the dark at 23°C for an additional 6-8 weeks.

HPTS bead preparation. Sephadex G50 beads were suspended in Milli-Q water to 1.25% (w/v) (0.625 g in 50 mL). After 2 min,
beads were centrifuged for 2 min at 400 x g and the supernatant was removed. A volume of 500 pL of the beads was transferred
to a 2 mL Eppendorf tube and mixed with 500 pL of 10 mM HPTS (8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt). The
HPTS-bead mixture was centrifuged for 1 min at 10,000 x g, and the supernatant was removed. A second round of centrifugation
(2 min at 10,000 x g) was performed, and the supernatant was again discarded.

HPTS bead application and fluorescence imaging. Single gametophores were sampled from dark-grown colonies and placed verti-
cally on 10 x 10 cm plates containing agar-supplemented BCDAT medium. Gametophore tips were cut off using micro-scissors, and
an HPTS-impregnated Sephadex bead was applied to the stump of each gametophore using fine tweezers. Shoots were incubated
for 2 hours, after which the beads were removed and gametophores were mounted on a microscope slide and covered with a cover-
slip. HPTS fluorescence was imaged using a Leica SP8 confocal microscope (HC PL Fluotar 10x/0.3 1 WD 11 mm lens; excitation at
448 nm; emission collected at 480-560 nm). The distance from the cut site to the front of dye diffusion was measured using Fiji
software.
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Quantification of gametophores branching and geometry

Plant growth. For quantification of gametophore branching patterns, phytomer length and stem diameter, moss colonies were culti-
vated on BCDAT for 5-8 weeks in sterile Magenta GA-7 tissue culture vessels under standard growth conditions, as described
previously.'*"®

Branching patterns. For each genotype analyzed, sixty gametophores were isolated from the rest of the colony and dissected from
the base to the tip to count the phytomer number and plot branch position.

Phytomer length. Thirty-six wild-type gametophores were isolated and dissected from base to tip to count the number of phyto-
mers, excluding the apical elongation zone based on visual clues. Gametophores were then imaged with a Keyence digital micro-
scope (VHX-900F) with a 5-50X objective. The region where phytomers were counted was directly measured using the built-in soft-
ware. The average phytomer length was estimated by calculating the slope of a linear regression (using scipy.optimize.curvefit) of the
gametophore portion length as a function of the associated phytomer number.

Stem diameter. Sixty-nine wild-type individual gametophores were isolated and dissected from base to tip to count the number of
phytomers. The gametophores were then imaged with a Keyence digital microscope (VHX-900F) with a 50-200X objective. Using the
built-in software, three measurements of stem diameter were taken from the apical, middle and basal region along the apical-basal
axis and for each gametophore.

P. patens gametophore feeding with 13Cs-IAA stable isotope

Six-week-old gametophores (approximately 50 mg per replicate) were incubated in 2 ml of liquid BCD medium supplemented with
1uM'3Cg-IAA stable isotope (Cambridge Isotope Laboratories, Tewksbury, MA, USA). Gametophores tissues were collected in three
replicates at specific timepoints (0, 0.5, 2, 6, 12, 24 hours; TO samples were rinsed in the medium for 10 seconds). After incubation,
the medium was removed, and the tissues were placed on a nylon net filter and washed with dH,O to remove residual medium while
draining under negative pressure. The samples were then rapidly re-weighed, flash frozen in liquid nitrogen, and stored at -80°C.
LC/MS analysis

Samples (ca. 20 mg, fresh weight) were homogenized with 1.5 mm zirconium beads using a FastPrep-24 instrument (MP Biomed-
icals, CA, USA) with 100 pl of 1M HCOOH in water. After centrifugation at 30,000 x g and 4°C for 20 minutes and re-extraction, the
combined supernatant was applied to an SPE Oasis HLB 10mg 96-well plate (Waters, Milford, MA, USA). The supernatant was
pushed through the SPE plate using a Pressure+96 manifold (Biotage, Uppsala, Sweden). The 96-well SPE plate was washed three
times with 100 pl of dH2O. Samples were eluted with 100 pl 50% acetonitrile/water (v/v). An aliquot of the SPE eluate was injected into
the LC/MS system. Metabolites were separated on a Kinetex EVO C18 column (2.6 um, 150 x 2.1 mm, Phenomenex, Torrance, CA,
USA). The mobile phases consisted of A) 5 mM ammonium acetate and 2 pM Medronic acid in water and B) 95/5 acetonitrile/water (v/
v). The following gradient program was used: 5% B at 0 min, 7% B at 0.1 to 5 min, 10 to 35% at 5.1 to 12 min, 100% B at 13 to 14 min,
and 5% B at 14.1 min. Analysis was performed on an LC/MS system consisting of a UHPLC 1290 Infinity Il coupled to a 6495 Triple
Quadrupole mass spectrometer. MS analysis was performed in MRM mode. The following MRM transitions were used: 13Cg-1AA (-)
180>136; 13Cg-0xIAA (+) 198>152. Data acquisition and processing were performed using Mass Hunter software B.08.
Plasmodesmata imaging and quantification

Tissue preparation. Seven week-old gametophores were fixed in a solution containing 2.5% glutaraldehyde, 2.5% formaldehyde,
0.18 M sucrose, 1% tannic acid in 0.05 M sodium cacodylate buffer (pH 6.5). The tissues were then post-fixed overnight in 1%
osmium tetroxide, rinsed with water, dehydrated using a graded ethanol series over 4 hours, and embedded in epoxy resin.
Embedded fragments were sectioned using an EM UC6 ultramicrotome with a JUMBO diamond knife. Semi-thin sections (250-
500 nm) were collected at regular intervals on glass slides and stained with toluidine blue in order to locate regions of interest in
the tissues. Ultra-thin sections (80 nm) were then collected on formvar-coated copper grids for transmission electron microscopy
(TEM) and on silica wafers for scanning electron microscopy (SEM). For SEM, sections were first stained with 2% uranyl acetate
for 15 min, washed three times with water, subsequently stained with lead citrate for 6 min, followed by three additional washes
with water. Sections were then mounted onto stubs with double-coated adhesive carbon tabs and sputter-coated (Safematic
compact coating unit) with a 2 nm carbon layer, transparent to electrons, to prevent electron accumulation in the tissues.

TEM and SEM imaging. Gametophore sections were imaged at high resolution using transmission electron microscopy (TEM) (sec-
tions A-E, Figures S2 and S3) or scanning electron microscopy (SEM) (sections F-G, Figures S2 and S3). SEM streamlined both image
acquisition and post-processing (mosaic reconstruction) compared to TEM. Sections for TEM were imaged with a JEOL JEM-1400
microscope, operating at 120kV, at 2nm pixel resolution, equipped with a RIO9 or a Orius camera (Ametek). Mosaic images were
created using GMS3 and IMOD software. Sections for SEM were imaged with a Zeiss Crossbeam 550 microscope operating at
5kV and 500pA. Image acquisition was performed with a BSD detector, at 2-10 nm pixel resolution, driven by the Atlas5 software,
with several tiles covering the entire region of interest to generate a mosaic image. Mosaic images from SEM were reconstructed
using Atlas5.

Plasmodesmata maps. Plasmodesmata were manually counted on TEM and SEM images using the ROl manager in Fiji. The
counts were converted to densities by dividing the plasmodesmata number by the cell wall length and the section thickness
(80 nm). To generate the cell templates for mapping plasmodesmata densities, cell walls were manually drawn from each micro-
scopy image using inkscape, and the drawings were converted into binary images which were segmented using the Python library
timagetk. From the segmented image, an incidence graph representing the cell template was generated using the Python library
cellcomplex.
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Estimation of intercellular diffusivity in protonemal filaments

To quantify intercellular diffusion via plasmodesmata, photoconversion experiments were performed in linear protonemal filaments of
Dendra2-expressing lines. Protonemal tissue was grown in 35 mm glass bottom dishes containing BCDAT medium supplemented
with 0.5% (w/v) glucose. After a 2-day incubation period under continuous light, the tissue was overlaid with a coverglass and incu-
bated for an additional week under unilateral red light.%® Then, 24 h prior to photoconversion, 5 pM p-estradiol or a control solution
containing an equal amount of solvent (0.05% v/v DMSOQ) was added to the tissue. Photoconversion of Dendra2 in the 10th cell from
the apex was performed on a Nikon Ti-eclipse microscope body equipped with a scanhead consisting of two galvano-scanner mir-
rors. Local photoconversion of Dendra2 was achieved by scanning the 405 nm laser light (generated by a 120 mW Omicron LuxX
diode laser operating at 10% of its maximum output) for 150 passes over a pre-defined region of the imaging plane using a 20x
0.75NA Plan Apo VC objective. After a 15-min post-photoconversion waiting period,*® t=0 images were taken using a 10x 0.3NA
Plan Fluor lens and a Yokogawa CSU-X1 spinning disk head. Samples were then returned to incubation conditions and imaged again
16 h post-photoconversion. Green fluorescence of Dendra2 was imaged using 491 nm excitation light, with emission light collected
through a 527/60 bandpass filter. Red Dendra2 fluorescence was imaged using 561 nm excitation light, with emission light collected
through a 595/50 bandpass filter. Image digitization was performed with a Photometrics Prime 95B sCMOS camera equipped with a
1.2x post-magnification lens. All components were operated by MetaMorph software.

QUANTIFICATION AND STATISTICAL ANALYSIS
All statistical tests correspond to Mann-Whitney U two-sided tests unless specified otherwise.

Modeling and implementation

Tissue representation

Both 2D (real and idealized sections) and 3D (idealized gametophore sections) cellular templates were generated using the Python
library cellcomplex (https://mosaic.gitlabpages.inria.fr/cellcomplex/).®® The resulting cell complexes consist of a set of topological
elements of dimension 0 to 3, where higher-dimension elements are defined by the set of their lower-dimensional boundary elements.
For 2D tissues, the faces (elements of dimension 2) represent the cells, each cell wall is defined by one to several edges (elements of
dimension 1) depending on its curvature, and each edge is defined by exactly two vertices (elements of dimension 0), whose coor-
dinates determine the spatial organization of the entire cell complex. For 3D tissues, the elements of dimension 3 represent the cells,
each cell wall is defined by one to several faces depending on its curvature, and each cell edge is defined by one to several graph
edges. Quantitative and qualitative properties may then be assigned to any element of any dimension, such as the cell wall type
(longitudinal or transverse), plasmodesmata densities, source cell identity, phyllid axil cell identity and auxin concentration.

Auxin diffusion equation implementation and solving

To numerically solve the auxin diffusion equation, we used a finite difference scheme and formalized the system in matrix form, incor-
porating no-flux (Neumann) boundary conditions at the tissue boundaries and constant concentration (Dirichlet) conditions in auxin
source cells. We defined a square matrix M with dimensions corresponding to the number N of cells in the tissue, such that

X = MX (Equation 3)

where X is the state variable, which is the vector of size N of auxin concentration in each cell of the tissue. M is defined V(i,j) €
{1,..N}*by M; = 0 ifi € S, otherwise

Pp(dj) A / Vi ifj € N
M = =PIV, p(dy)Ar -6 ifi=] (Equation 4)
JEN;
0 otherwise

with P the plasmodesmata permeability (um3h~1), p(dj) the plasmodesmata density (pm~2) defined depending on the distance of
the cell wall to the closest auxin source (um), AZ" the area of the cell wall (pm?2), V; the cell volume (um?), 5 (h~ 1) the auxin decay rate,

and S the set of auxin source cells. The system equilibrium X* belongs to the kernel of M such that MX* = Oy. The dimension of the
kernel of a matrix is equal to the number of rows in the matrix that consist entirely of zeros. Here, M; = OnVi € S. Thus, the eigen-
value 0 has a multiplicity equal to the size of S, which is the number of auxin source cells. Moreover, for each auxin source celli € S,
there exists a unique eigenvector v; associated to the null eigenvalue that is non null in /, i.e. v;, # 0. Thus, the unique solution that
satisfies the Dirichlet condition in auxin source cells is defined by a linear combination of these vectors, such that

X = Zv,-% (Equation 5)

ies T

Solving of eigenvectors and eigenvalues was done using the Python implemented function numpy.linalg.eig.
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Building an idealized gametophore
To generate a 3D idealized gametophore, we first needed to capture the key properties of cell geometry from the 2D images that we
acquired. For this purpose, we created idealized two-dimensional longitudinal and transverse sections.

Transverse section. To create an idealized transverse section, we used the function circle_voronoi_topomesh from the cellcomplex
library. This function builds a circular Voronoi diagram, a representation commonly used to model cell tissues due to its geometrical
and topological properties. The function takes as inputs the average cell number along the radius of the cell complex and the average
cell diameter. We tested various parameter values and compared the resulting cell complexes to our transverse histological sections
in the mature gametophore region. Key metrics for comparison included the total area of the cell complex, the total number of cells,
the average cell area, and cell wall lengths. Based on these comparisons, we selected a radius of 7 cells and an average cell diameter
of 20 um (Figures S4A-S4C).

Longitudinal section. To generate a virtual 3D cylindrical gametophore, we extruded the idealized transverse section over a number
of cell layers. This idealization does not capture the conical shape of the apex and the staggered arrangement of cells. To anticipate
the effect of these simplifications, we created the longitudinal section using a rectangular grid. For this idealization, we estimated the
number of cells in width and height, as well as cell width and length. To maintain consistency with the transverse section, we fixed the
cell width at 20 pm. Cell lengths were measured from the cell complex of the biological longitudinal section by projecting all vertices of
each cell onto the inertia axis of the cell complex and calculating the distance between the two most distant projected points. The cell
geometries in the longitudinal section displayed an elongation pattern, with cells in the apical region measuring 15 pm long and pro-
gressively increasing to a median value of 80 pm. We assumed that this pattern could be described by a step function going from
15 um to 80 pm long cells. Our analyses showed that setting the four most apical cell layers to a length of 15 pm, followed by
nine cell layers with a geometric increase up to 80 um long cells, accurately reproduced the observed cell elongation pattern. Finally,
we set the template width to 11 cells to approximate the biological section width, and the number of cell layers to 14 to approximate
the biological section length (Figures S4D-S4F).

Approximating the distribution of plasmodesmata densities as a continuous function

Our goal was to capture the observed plasmodesmata distribution and model it within our idealized cellular framework. To this end,
we defined a continuous function accounting for two assumptions (based on our results, Figure 2): (i) the distance to the auxin source
is an adequate proxy for the local plasmodesmata density, and (ii) plasmodesmata dilution on longitudinal walls is proportional to the
wall area. This function was denoted as h, wherein

h(dj) for transverse faces
p(dy) = { (Equation 6)

h(dy) A% / A2" for longitudinal faces
where dj is the distance of the cell wall at the interface between cells i and j to the closest auxin source cell, and A% ¢ is the average
transverse cell wall area.

To capture the sigmoidal shape of the plasmodesmata distribution observed, we expressed h as a decreasing Hill function of
coefficient 2

2

h(x;a,K,c) = c+am

(Equation 7)
with ¢ denoting the basal plasmodesmata density, and a and K defining the amplitude and size of plasmodesmata enrichment around
the source, respectively.

Then, we optimized the parameterization of h to reproduce the auxin distribution at equilibrium estimated on the biological tissues.
This approach is more relevant than directly fitting the plasmodesmata distribution for two reasons. First, there is significant variability
in plasmodesmata densities between cell walls. Since diffusion is a smoothing process, comparing its output (the auxin distribution)
rather than its input (the plasmodesmata densities) allows us to capture the essential properties of the plasmodesmata distribution.
Second, our cellular framework is idealized and lacks certain properties of the biological tissue, such as staggered cells and a conical
apex. These topological properties contribute to the effective diffusivity in the tissue. By optimizing the plasmodesmata distribution
on the idealized sections to reproduce the auxin distribution simulated on the biological tissue, we can predict an idealized plasmo-
desmata distribution that compensates for these simplifications.

To accompilish this, we simulated auxin diffusion from meristematic cells on the biological cell templates, assuming a minimum
density of 0.2 CS/um? for all cell walls (i.e., the minimal non-null density calculated among all sections) to ensure complete tissue
connectivity and comparable outputs in model simulations. We subsequently estimated the fitting curve of the resulting auxin distri-
bution, and employed it as a reference. The optimization was performed by screening the parameter space of h for a in [0, 100] with a
step of 1, for K in [0, 50] with a step of 1, and c in [0, 4] with a step of 0.05. For each parameter set, we estimated the auxin distribution
at equilibrium and its corresponding fitting curve, which we then compared to the reference. More precisely, the cost function was
defined as the integral of the absolute difference between the two fitting curves over the tissue length. Fitting curves were estimated
by optimizing the parameterization of the function x < ¢+ (1 — ¢)K?/(x? +K?2), which captures the auxin distribution shape and en-
sures to have the auxin concentration at the source (x = 0) equal to 1 (Figure S5).

Optimization on the idealized longitudinal section. To estimate the plasmodesmata distribution at the gametophore apex, we per-
formed the optimization on the idealized longitudinal section, defining the entire first layer of the cell grid as an auxin source. This was
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done using the simulation on the biological tissue with the apical cell set as as an auxin source. Optimal parameters were (32, 7, 3.1).
However, based on a sensitivity analysis to different tissue idealizations (not shown), we set (a,,Ka,ca) to (30, 6,3), which only
marginally affected the results.

Optimization on the idealized transverse section. To estimate the plasmodesmata distribution around the auxin source of a newly
initiated branch, we performed the optimization on the idealized transverse section considering a single epidermal cell as an auxin
source, compared with the simulation on the biological section at the level of a newly initiated branch with the branch apical cell as the
auxin source. However, in this case, we could only compare plasmodesmata densities on longitudinal walls. Therefore, accordingly

with our dilution hypothesis, we optimized the parameters of h(x;a*,K,c*) where X* = X x Af,‘;"ns/Ameg, X = a,K, where Afcmg cor-

responded to the modeled longitudinal cell wall length (i.e., the cell length). The optimal parameter set was (a*,K,c*) = (47,8,0.4),
which we adapted to (ap,Kp,cp) = (188,8,1.6) for 80 pm long cells.

Modeled plasmodesmata densities in the basal region of the gametophore. We assumed that there was no plasmodesmata enrich-
ment at the base of the gametophore (a = K = 0), and that plasmodesmata densities were similar in the basal region compared to
the middle region of the gametophore (¢ = 1.6). Dilution of plasmodesmata densities was modeled similarly to other regions.
Estimation of the Apical Inhibition Zone proper
In our hypothesis framework, due to the apolar nature of auxin diffusion, the apical inhibition zone (AlZ) is determined by inhibition
arising from auxin sources at the apex and at the most apical branch. Thus, the observed AlZ corresponds to arandom variable deter-
mined by the sum of the inhibition reach from the apex (the AlZ proper, denoted AlZ*) and from the latest branch (IBIZ) (Figure S6A). To
extract the distribution of the apical inhibition zone proper (AlZ*), we formalized the problem as follows:

Let Y be the AlZ random variable, X the IBIZ random variable and Y* the AlZ* random variable. We hypothesized that there is a
uniform probability of measuring the AlZ at any time between two consecutive branch initiation events. Under this assumption,
the relationship between the three discrete random variables is given by

Y = Y'+U(0,X) (Equation 8)

where (0, X) denotes the discrete uniform probability distribution from 0 to X. Therefore, assuming X and Y to be independent, the
probability distribution of Y* can be estimated by

P(Y" = y) = ZZZC—( P(Y = y)P(X = x))uéy,,:y* (Equation 9)
y x i=0

This equation considers all possible combinations of the random variables (X, Y, and the uniform variable from 0 to X for each value
of X) and redistributes the frequencies according to the corresponding value of Y*.

The experimental data provided empirical frequencies of apical and inter-branch inhibition zones that were used to estimate the
probability distribution of their respective random variables. We found no evidence of a correlation between the apical and inter-
branch inhibition zone sizes (Figure S6D), justifying the use of the above formula. In wild-type gametophores, the observed apical
inhibition zones were mostly distributed between 15 and 19 phytomers, corresponding to a range of 4 phytomers. Since the IBIZ
size distribution peaks at 4 phytomers, we expected the AlZ* to be centered around 15 phytomers, which was confirmed by the
outcome of the above computation (Figures S6B-S6E). In this study, simulation ouputs for the apical inhibition zone were system-
atically compared with the AlZ*, for both control and transgenic lines.

Optimization of normal parameter distributions to reproduce biological data

To compare the model outputs with biological data, we assumed that /5 and z/a varied stochastically according to normal distri-
butions. We aimed to find the parameterization of the normal distribution of /5 and z/a that would best reproduce the biological
data. We explored mean and variance values for the two parameters. Each parameter set for the normal distribution of parameters
corresponded to a specific distribution of inhibition zone sizes, estimated with 1000 draws. These distributions were then compared
to the biological data using the Wasserstein distance, and the optimal parameter set was defined as the one minimizing this distance.

The Wasserstein distance is a metric defined between probability measures or distributions. Metaphorically, it considers each dis-
tribution as a pile of earth. The energy to transform one distribution into another depends on the amount of earth to be moved multi-
plied by the distance it has to be moved. The Wasserstein distance, also called the Earth Mover’s Distance, estimates the minimum
energy needed for this transformation.

The problem was formalized as follows: inputs are (1) the observed frequencies of an IZ size @gps = (fy),c y With f, the frequency of
the I1Z size n and (2) the model prediction F : x < F(x) € N which associates an IZ size with any parameter vector x in the parameter

space £2. The aim of the approach is to find the multivariate normal distribution N (x; i, X) such that if @preq = < SN (x;p, 2)dx>
£n neN
with 2, = {x € 2|F(x) = n}, then dw(Ppr e¢Pobs) is Minimized, with dyy the Wasserstein distance. Here, x = (P /5,7 /), such that

_ ([ HPs dz = op;s 0O
we (e )= (%5 0, )

Optimizations were performed by screening the four-dimensional space defined by (155, t:/q:0p/5:0:/a)- Values explored for up,s
spanned over [300,4000] with an approximate discretization step of 85. Values explored for x,,, spanned over [0.01,0.99] with an
approximate discretization step of 0.005. To ensure that the parameter values remained within realistic bounds, the standard
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deviations for each parameter were defined in relation to their respective means, such that only outliers of the corresponding normal
distribution would fall outside the bounds of 2 = [300,4000] x [0.01,0.99]. Outliers were identified using John Tukey’s test, defined
as values outside therange [Q1 — k(Qz — Q1),Qs +k(Qs — Q1)], wherek = 1.5and Q1 and Qg3 are the first and third quartiles of the
distribution. With this constraint, the values explored for 55,5 spanned from 20 to a maximum dependent on 5,5, with a discretization
step of 20. The values explored for ¢,/, spanned from 0.005 to a maximum dependent on y_,, with a discretization step of 0.005.
Predicted IZ size distributions (®,eq) Were estimated from 1000 samples drawn from the corresponding normal distribution using
the Python implemented function scipy.stats.multivariate_normal. Wasserstein distances were computed using the function
scipy.stats.wasserstein_distance.
Estimation of DendraZ2 intercellular diffusivity in protonemal filaments
To quantify the cell-to-cell spread of photoconverted Dendra2 in protonemal filaments, the average intensity of red-fluorescing Den-
dra2 was measured at the moment of photoconversion (t=0h) and at t=16h in regions of interest (ROls) covering the 8" to 12! cells
from the filament tip, with the 10" cell being the ‘donor’ cell where the photoconversion was induced. The background signal inten-
sity, measured immediately adjacent to each cell, was subtracted. Next, for each photoconversion and time point, fluorescence in-
tensities were normalized to the total fluorescence intensity in all five measured cells. To compare the results, we used these signal
intensities to predict the effective diffusivity for each acquisition. For this, we optimized the diffusion coefficient in a simple diffusion
model along a linear file of cells to reproduce the observations at t=16h, using the observations at =0 as the initial condition. The
problem was formalized as follows:

For each sample, given y;(t) the signal intensity measured at cellsi = iy — 2, ...ip+2 attimes t = 0,16, normalized at each time-
point by the sum of the intensities in all cells, with iy the cell where Dendra2 photoconversion is induced, find D such that if x(t) is a
solution of

d)c(:;gt) =D(xi-1(t) — 2x;(t) +Xu1(t)) fori=1,..N

x;(0) = y;(0) fori=iy — 2,...ip+2else0

(Equation 10)

with N = 25, iy = 10 and no-flux boundary conditions (Neumann homogeneous), then Z;"ﬁo _,(xi(t) — yi(t))?, t=16h, is minimized.

The underlying hypotheses are: 1) the degradation rate of the signal intensity is constant across time and space, allowing
normalizing to isolate the sole effect of diffusion, and 2) all cells are of similar size within and between samples. Optimization was
performed using the Python implemented function scipy.optimize.basinhopping. Mann-Whitney U tests were conducted to compare

the resulting sets of predicted diffusivities across the different genotypes and treatments (Figures S9D-S9F).
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