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Abstract

Stem cell maintenance in multilayered shoot apical meristems (SAMs) of plants requires
strict regulation of cell growth and division. Exactly how the complex milieu of
chemical and mechanical signals interact in the central zone of the SAM to regulate cell
division plane orientation is not well understood. In this paper, simulations using a
newly developed multiscale computational model are combined with experimental
studies to suggest and test three hypothesized mechanisms for the regulation of cell
division plane orientation and the direction of anisotropic cell expansion in the corpus of
the SAM. Simulations predict that in the Apical corpus, WUSCHEL and cytokinin
regulate the direction of anisotropic cell expansion, and cells divide according to
in-plane tensile stress on the cell wall. In the Basal corpus, model simulations suggest
dual roles for WUSCHEL and cytokinin in regulating both the direction of anisotropic
cell expansion and cell division plane orientation. Simulation results are followed by a
detailed analysis of changes in cell characteristics upon manipulation of WUSCHEL and
cytokinin in experiments that support model predictions. Moreover, simulations predict
that this layer-specific mechanism maintains both the experimentally observed shape
and structure of the SAM as well as the distribution of WUSCHEL in the tissue. This
provides an additional link between the roles of WUSCHEL, cytokinin, and mechanical
stress in regulating SAM growth and proper stem cell maintenance in the SAM.
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Author Summary

A population of stem cells located at the growing tip of plants are critical for continued 1

growth of the stem and formation of all above-ground organs. These cells divide in 2

specific planes resulting in the layered organization of the shoot apical meristem (SAM) 3

stem cell niche. Through a combination of biologically-calibrated computational model 4

simulations, transient genetic perturbation experiments, and quantitative image 5

analysis, we test three possible mechanisms of the regulation of cell division plane 6

orientation and the direction of anisotropic cell expansion in the SAMs of Arabidopsis. 7

Our analysis suggests that the transcription factor-WUSCHEL, plant hormone 8

cytokinin, and mechanical stress regulate patterns of cell expansion and cell division 9

plane orientation in a layer-specific fashion to maintain the layered structure and shape 10

of SAMs which are critical for stem cell homeostasis. 11

Introduction 12

Deciphering how chemical signals and physical forces interact to regulate the overall 13

size, shape, and organizational structure of a growing tissue is a central problem in the 14

development of animals and plants. In contrast to their animal counterparts, plant cells 15

are physically adhered to each other through their shared cell wall and do not move 16

relative to one another during tissue growth and morphogenesis [1–7]. As such, the 17

precise regulation of cell growth and division rates, polarization, and division plane 18

orientation play critical roles in pattern formation and maintaining the size and shape 19

of plant tissues. While recent studies suggest that cell shape and tensile forces alone are 20

sufficient to explain patterns of cell division plane orientation in plant tissues [1, 8–10], 21

most research in this area has been limited to the plant epidermis and does not consider 22

the role of chemical signals in orienting the direction of anisotropic cell expansion and 23

division plane orientation. In this paper, we explore the interplay of chemical signals 24

and mechanical stress in regulating cell division plane orientation and the direction of 25

anisotropic cell expansion in the corpus of the shoot apical meristem (SAM) of 26

Arabidopsis thaliana, as it provides an ideal system for studying cell behavior in a 27

morphogenetic and physiological context. 28

The mechanisms underlying cell division in plants have been studied 29

extensively [1, 8, 9]. At the same time, past studies have primarily focused on shape 30

and/or stress-based rules to predict cell division plane orientation in the epidermal L1 31

and L2 cell layers only. For example, Errera’s rule- which assumes that cells divide 32

along the shortest new wall dividing the mother cell’s volume in half- has been shown to 33

successfully predict cell division plane orientation in tissues with locally spherical shape 34

and homogeneous growth, such as the tunica layers of the central zone of the distal 35

portion of the SAM [1,8, 11,12,73]. However, recent experiments and computational 36

studies indicate that anisotropic stress arising from heterogeneous growth (different 37

between adjacent cells) and saddle-shaped regions of the SAM result in deviations to 38

shape-based division rules [?, 1, 9, 10]. Louveaux et al. [1] explained these deviations by 39

proposing that new cell walls orient along the local maximum of tensile stress on the 40

mother cell wall. In either case, patterns of cell surface expansion in the SAM give rise 41

to changes in cell shape and tensile forces that could influence the positioning of new 42

cell walls. The challenge is to understand how chemical regulators such as the 43

transcription factor-WUSCHEL (WUS) and plant hormone cytokinin (CK) interact 44

with mechanical stress to control cell division plane orientation and maintain the 45

layered organization and shape of actively growing SAMs. 46

In this paper, results from our newly developed, biologically-calibrated, multiscale 2D 47

computational model are integrated with experimental studies and quantitative image 48
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analysis to hypothesize and test three separate mechanisms for how local mechanical 49

cues and global chemical signals interact to maintain proper SAM shape and structure 50

over time. We demonstrate that a 2D model provides an appropriate approximation to 51

test these hypothesized mechanisms. The paper is organized as follows. First, results 52

from experimental studies where we manipulated the levels and spatial patterns of WUS 53

and CK are presented to demonstrate that precise spatial regulation of these chemical 54

signals is critical for maintaining proper size and shape of the SAM. Next, we use these 55

results to suggest three hypothesized mechanisms for how WUS and CK interact with 56

mechanically-transmitted cues to regulate cell growth and division behaviors. The first 57

two mechanisms assume the sole function of WUS and CK in regulating the direction of 58

anisotropic expansion of cells, while the placement of new cell walls during division is 59

determined according to either Errera’s rule or local patterns of in-plane tensile stress 60

on the cell wall. In contrast, the third mechanism assumes dual roles for WUS and CK 61

in directly regulating both anisotropic cell expansion and cell division plane orientation. 62

Next, we present results justifying the use of a two-dimensional (2D) model to 63

simulate a longitudinal section of the central region of a growing SAM. Then, multiscale 64

model simulations are used to test the three hypothesized mechanisms of SAM growth. 65

Through direct comparison with experimental data, we arrive at our main modeling 66

predictions; first, a combined chemical and mechanical mechanism regulates cell division 67

plane orientation in a layer-specific fashion; second, a layer-specific, combined chemical 68

and mechanical mechanism of regulation can maintain the experimentally observed 69

shape and structure of the SAM as well as the distribution of WUS in the tissue. Next, 70

we provide a detailed analysis of experimental studies upon manipulation of WUS and 71

CK demonstrating that experimental results align with model simulation predictions. 72

The paper ends with a Discussion section, where results are summarized and predictions 73

of the model are put in a more general biological context. This section also describes 74

future extensions of the computational modeling environment as well as its current 75

limitations. A general description of the combined multiscale modeling and 76

experimental analysis method we use is provided in Figure 1. 77

Biological Background 78

Located at the growing tip of the plant, the SAM maintains a set of stem cells that 79

gradually divide and are pushed out laterally to differentiate and produce all 80

above-ground organs, all while preserving its characteristic dome-like shape and 81

multi-layered structure. Traditionally, SAMs have been divided into distinct clonal 82

layers and zones [14–16] (Fig. 2 A and Fig. S4 B and C). The tunica consists of the 83

outermost epidermal L1 layer and an inner sub-epidermal L2 layer. Both the L1 and L2 84

are composed of a single layer of cells that divide exclusively anticlinally (perpendicular 85

to the SAM surface) ensuring that each layer remains one cell thick (Fig. 2 A). During 86

development, the L3 cell layer, through periclinal cell divisions, forms into the 87

multi-layered corpus, which we further separated into the apical corpus and basal 88

corpus (Fig. 2 A). As such, rules governing the position of new cell walls are essential to 89

maintain the clonally distinct layers, ensuring proper SAM organization during growth. 90

While anticlines and periclines are traditionally used to quantify the patterning of 91

division plane placement relative to the nearest tissue surface or sub-epidermal cell 92

layers, such definitions would present problems in the present work because we observe 93

considerable variation in SAM shape between some of the more deformed mutant 94

phenotypes (e.g. flat vs. enlarged meristems). Thus, for consistency across mutants, we 95

define periclinal divisions in the corpus as those occurring perpendicular to the 96

apical-basal axis of the SAM, and anticlinal divisions in the corpus as those occurring 97

parallel to apical-basal axis (i.e. perpendicular to periclinal divisions) of the 98

SAM [14] (see Fig. 2 A, Fig. S4 D, and SI section S1B.1 for our reason for shifting away 99
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Fig 1. Combined Multiscale Modeling and Experimental Study Workflow
Outline. Data from experimental studies was used to develop and calibrate submodel
components at distinct scales. Multiscale model simulations were used to test three
hypothesized mechanisms of the regulation of cell division plane orientation in the SAM
Corpus. Results from perturbation experiments were used to support model predictions.

from classical definitions). 100

In addition to this layered organization, the SAM is also subdivided into four 101

distinct functional zones (Fig. S4 C). The central zone (CZ) contains a set of stem cells 102

that span the tunica and L3 cell layer. Within the CZ, stem cell progeny are pushed 103

away laterally into the peripheral zone (PZ) where they begin expression of genes 104

involved in differentiation. The organizing center and rib meristem (RM) consists of 105

stem cell progeny located beneath the CZ. Cells in the RM span the Basal corpus and 106

gradually differentiate along the apical-basal axis to form the stem of the plant. Amidst 107

this process of constant displacement and subsequent differentiation, the relative 108

numbers of cells in each zone are maintained, requiring precise spatial and temporal 109

regulation of both SAM growth and gene expression [17]. 110

Genetic analysis has revealed the importance of several chemical regulators in SAM 111

growth and stem cell maintenance [18–25]. In particular, the homeodomain 112

transcription factor (TF)- WUSCHEL (WUS) and the plant hormone cytokinin (CK) 113

have been shown to regulate SAM size, shape, and the number of stem 114

cells [21,26–29]. WUS expression domain and size is confined to the OC in part through 115

a negative feedback loop by CLAVATA3 which represses radial and apical expansion 116

of WUS expression. In addition, a new regulatory loop has been proposed through 117

CLE40, a PZ diffused signaling peptide, which maintains the WUS domain by 118

promoting WUS expression through an unknown non-cell-autonomous signal [72]. The 119
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Fig 2. Organizational structure of the SAM. (A) Diagram showing a median
longitudinal section of the SAM and depicting three distinct clonal layers. The tunica
encompasses the L1 and L2 cell layers. The corpus is subdivided into the Apical Corpus
and Basal Corpus. Vertical dashed lines represent the outer edges of the region used in
experimental analysis. The horizontal dashed line represents the separation between the
Apical corpus and Basal Corpus. The L1 (blue), L2 (light blue), Apical Corpus (purple),
and Basal corpus (red) cells that fall within the region used for experimental analysis.
These limits were manually determined for each experimental SAM image. (B) Median
longitudinal section of the SAM showing the WUS protein domain
(pWUS::eGFP-WUS) in a 9 day old SAM. (C) Median longitudinal section of the SAM
showing the cytokinin signaling reporter (pTCSn::mGFP5-ER) in a 9 day old SAM.
eGFP-WUS and mGFP5-ER (green) are overlaid on FM4-64 plasma membrane stain
(Red). Scale bars = 20 µm.

WUS protein migrates into adjacent cells to form a concentration gradient (Fig. 2 B and 120

Fig. S4 E). The concentration gradient resulting from this regulation has been shown to 121

stabilize, i.e. it maintains a steady-state distribution within the tissue, and it moves 122

upward with the growing distal portion of the SAM [28,71]. 123

Additionally, CK is perceived by a family of histidine kinase receptors localized in 124

the RM, thus restricting the CK response to these cells as revealed by the CK signaling 125

reporter-pTCSn [30,31] (Fig. 2 C and Fig. S4 F). CK signaling has been shown to 126

stabilize the WUS protein thus regulating the WUS gradient [28]. Consistent with this 127

observation, ectopic activation of CK signaling results in taller SAMs [28]. Despite the 128

central importance of WUS and CK in regulating SAM growth and stem cell 129

maintenance, their precise roles and interaction in controlling cell division plane 130

orientation in the RM is poorly understood. 131

Results 132

WUSCHEL and cytokinin signaling regulate SAM shape and size. Both 133

WUS and CK have been shown to influence shoot growth [26,32]. To test the effects of 134

WUS and CK on SAM size and shape, we analyzed the width and dome height of 7 to 135

10 day old SAMs upon manipulation of WUS and CK in experiments (see Fig. 3 and 136

S2 Text section C for details). First, we found that the dome height of wus-1 null 137

mutants and CK receptor mutants was significantly smaller than wildtype SAMs 138

(p-value = 4.38e-13 and 3.67e-6 respectively), indicating that WUS and CK are required 139
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for maintaining the dome-like shape of the SAM (Fig. 3 B, D, G and H). Next, we 140

found that ectopic misexpression of WUS and CK in the CZ significantly increases both 141

the height and width of SAMs compared to wildtype (Fig. 3 C, E, G and H). Taken 142

together, these results show that the precise spatial regulation of WUS and CK is 143

critical for maintaining proper size and shape of the SAM. 144

WUSCHEL inhibits periclinal cell divisions. In agreement with previous 145

findings, we observed that cells in the epidermal L1 and L2 cell layers of wildtype SAMs 146

divide exclusively in the anticlinal orientation (Fig. 8 A) [33,34]. However, the wus-1 147

mutants revealed the occurrence of periclinal cell divisions in both the L1 and L2 cell 148

layers (Fig. 8 A and C). Our quantification also revealed a slight increase in the number 149

of periclinal cell divisions in the Apical corpus of wus-1 mutants compared to wildtype 150

(Fig. 8 A). Although we detected changes in cell division patterns in the Basal corpus, 151

the wus-1 mutants produce very few cells in this region, resulting in high levels of noise 152

and lack of sufficient data to statistically compare loss of function mutants alone. Thus, 153

we further analyzed the impact of WUS on cell division plane orientation using ectopic 154

misexpression experiments. It has been shown that ectopic misexpression of WUS in the 155

CZ results in extremely low-level accumulation of the protein leading to an enlarged 156

SAM [35]. In these SAMs, our analysis revealed the appearance of periclinal cell 157

divisions in the L2 cell layer. This suggests a correlation between high WUS 158

concentration and the inhibition of periclinal cell divisions (Fig. 8 A and D). 159

Cytokinin promotes periclinal cell divisions. We found that the CK receptor 160

mutants also revealed the occurrence of periclinal cell divisions in the L2 cell layer as 161

well as a slight decrease in the proportion of periclinal cell divisions in the Apical corpus 162

(Fig. 8 A and E). The occurrence of periclinal cell divisions in the L2 cell layer could be 163

due to a decrease in WUS protein levels because CK has been shown to stabilize the 164

WUS protein and maintain the WUS gradient [28]. Surprisingly, the slight decrease in 165

the proportion of periclinal cell divisions in the Apical corpus despite a severe decrease 166

in WUS protein levels suggests an independent role for CK signaling in either promoting 167

periclinal cell divisions or inhibiting anticlinal cell divisions. Similarly, CK receptor 168

mutants produce very few cells in the Basal corpus. Thus, to distinguish between these 169

two possible mechanisms, we ectopically overexpressed type B ARABIDOPSIS 170

RESPONSE REGULATOR1 (ARR1), a transcription factor downstream of CK 171

signaling pathway which activates CK signaling targets. In those enlarged SAMs, we 172

found a statistically significant increase in the proportion of periclinal cell divisions in 173

the L1, L2, and Basal corpus (p-value = 1.72e-3, 3.80e-3, and 6.65e-3 respectively), as 174

well as the consequent appearance of “strips” of cells formed by repeated periclinal 175

divisions in the Basal corpus (Fig. 8 G and Fig. S6). This suggests a correlation 176

between high CK concentration and the promotion of periclinal cell divisions. 177

Experimental observations suggest three separate mechanisms for the 178

regulation of cell division plane orientation and anisotropic cell expansion 179

in the SAM corpus. We hypothesize that our experimental results demonstrating 180

the effects of WUS and CK on SAM size, shape, and cell division plane orientation 181

could be due to their roles in regulating cell growth and division behaviors. However, 182

exactly how WUS and CK interact with mechanically-transmitted cues to regulate cell 183

division plane orientation is unclear. It may be the case that WUS and CK only 184

regulate anisotropic expansion of cells, and the placement of new cell walls is a 185

consequence of cell shape (i.e. Errera’s rule) or mechanical stress. Alternatively, it may 186

be the case that WUS and CK directly regulate both anisotropic expansion of cells and 187

cell division plane orientation. Nonetheless, since CK promotes WUS protein stability 188
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Fig 3. WUS and CK regulate SAM size and shape. Representative median
longitudinal section of vegetative meristems in the (A) wildtype [ler ], (B) wus1-1, and
(D) cre1-12;ahk2-2;ahk3-3 backgrounds. 48 hour Dex induction of (C) ectopic
misexpression of WUS [pCLV3::LhG4; 6xOP::eGFP-WUS-GR] and (E) ectopic
misexpression of CK [pCLV3::LhG4; 6xOP::ARR1-∆DDK-GR] signaling. SAM dome
has been outlined by white-dashed line. Scale bar = 20 microns. Image intensity and
gain were increased in images (A,C, and D). (F) SAM dome height was measured from
the primordia to the distal portion of the SAM and SAM width was measured from the
apical junction of the nearest flanking primordia (see S2 Text section C for details). (G)
Dome height and (H) width were determined for each experimental condition shown in
(A-E). Significance tests in (G-H) were performed using independent t-tests. Asterisks
indicate significance at the following levels: * (p ≤ 0.05), ** (p ≤ 0.01), *** (p ≤
0.0001), **** (p ≤ 0.00001), ns (p > .05).

and affects the WUS gradient [28] and WUS transcription [27], it is experimentally 189

difficult if not impossible to uncouple the effects of these two regulators in controlling 190

cell division plane orientation and the direction of anisotropic expansion of cells. 191
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Testing hypothesized mechanisms of the regulation of SAM 192

growth using a computational model 193

To address this, we developed a detailed, biologically calibrated, multiscale, 194

computational model and used it to test three separate hypothesized mechanisms for 195

how WUS, CK, and mechanical stresses can regulate cell division plane orientation in 196

the corpus of the SAM (for details see the “Model Description” section and S2 Text). 197

The first two mechanisms we tested assume that the sole functions of WUS and CK are 198

in regulating the direction of anisotropic expansion of cells. In the model, the direction 199

of anisotropic expansion of cells is determined by an experimentally-calibrated 200

probability distribution where cells with relatively high levels of WUS are more likely to 201

preferentially expand in the radial direction and cells with relatively high levels of CK 202

are more likely to preferentially expand in the apical-basal direction (see the “Model 203

Description” section for details). We refer to this mechanism of regulation as “the 204

control of anisotropic expansion” (CAE). In simulations assuming the CAE mechanism, 205

we compared simulation output where division plane orientation was determined using 206

either Errera’s rule (CAE-E mechanism), which assumes that cells divide by following 207

the shortest path, or “the mechanical division rule,” (CAE-M mechanism), which 208

assumes that cells divide according to maximum in-plane tensile stress on their cell wall 209

(see Fig. 4 A and the “Model Description” section for details). 210

The third mechanism we tested assumes dual roles for WUS and CK in both 211

regulating anisotropic cell expansion and cell division plane orientation. We refer to this 212

mechanism of regulation as “the control of expansion and division” (CED). In 213

simulations assuming the CED mechanism, the direction of anisotropic cell expansion is 214

determined by relative concentrations of WUS and CK as above, and cell division plane 215

orientation is determined by a second experimentally-calibrated probability distribution 216

where cells with relatively high levels of CK are more likely to divide periclinally 217

(perpendicular to the root-to-shoot axis) and cells with relatively high levels of WUS are 218

more likely to divide anticlinally (perpendicular to the SAM surface) (see Fig 4 A and 219

the “Model Description” section for details). 220

To test the CAE-E, CAE-M and CED mechanisms described above, we simulated 221

growing SAMs under three different experimental conditions where the levels and spatial 222

patterns of WUS and CK were calibrated to be analogous with either wildtype, ectopic 223

misexpression of WUS or ectopic misexpression of CK experiments (see the “Model 224

Description” section). We then compared model simulations directly with experiments 225

using both cell (aspect ratios and orientations) and tissue level metrics (proportion of 226

periclinal divisions, ratio of SAM width to SAM dome height, global curvature of the 227

SAM surface, spatial distribution of WUS in the tissue and layered structure of the L1 228

and L2 cell layers) to determine the mechanism of WUS and CK-mediated regulation of 229

cell division plane orientation in the corpus of the SAM (see S1 Text for biological 230

relevance of the metrics we used and further details). Results below are based on 20 231

simulations for each of the nine conditions tested. Each simulation begins with an 232

organized array of 50 cells in seven cell layers as shown in Fig. 4 B and we allow each 233

simulated meristem to grow for approximately 40 hours (see S2 Text for details). 234

Typical output from simulations involving each of the three mechanisms under wildtype 235

conditions is shown in Fig 4 C-E. In what follows, we provide a detailed description of 236

the model simulation results used to test the specific hypothesized mechanisms above. 237

Justification for using a 2D model and experimental data from 2D 238

longitudinal SAM sections to study cell behaviors in the central region of 239

the SAM corpus. Our model simulates a two-dimensional (2D) longitudinal section 240

of the central region of a growing SAM (as depicted in Fig.2 A). To calibrate and 241

validate our model, steady-state distributions of WUS and CK as well as specific cell 242
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level features (i.e. cell centroids, aspect ratios, and orientations) across individual cell 243

layers were extracted from confocal microscopy images of longitudinal SAM sections 244

(see S1 Text for details). In what follows, we present experimental results justifying our 245

use of a 2D modeling framework to study cell behaviors in the central region of the 246

SAM corpus. 247

Experimentally observed symmetry in the WUS and CK signaling domains across 248

SAM layers supports the application of a 2D model since it suggests that the apical half 249

of the meristematic dome is radially symmetric, i.e. a longitudinal cut at any angle 250

through the center of the meristem will give the same profile, with respect to the WUS 251

and CK signaling domains within the central region of the SAM [19,28,71]. However, 252

observing cell level features from single longitudinal sections could suffer from 253

misinterpreting cell aspect ratios and orientations. This is especially true for smaller 254

cells or cells whose longest axis occurs outside the longitudinal section being studied. 255

Thus, in order to determine how well longitudinal section data captures the true 256

distribution of cell aspect ratios and orientations in the SAM, we performed two 257

additional analyses. 258

First, we compared the distributions of cell aspect ratios and orientations across 5-10 259

neighboring longitudinal sections for 9 wildtype SAMs (see S1 Text for details). When 260

we restricted our analysis to cells lying within the central region of the corpus, we found 261

no difference in the distributions of cell aspect ratios and orientations between adjacent 262

longitudinal sections. Second, we used 3D reconstruction data to compare 263

measurements from 3D cells to their corresponding 2D cell-sections. To be more specific, 264

we measured the difference in degrees between an elongated cell’s longest axis and the 265

apical-basal axis in 3D using reconstructed data, and performed the analogous 266

measurement in 2D by taking the same cell’s longitudinal sections and measuring the 267

angle their longest axis makes with the apical-basal axis (see S1 Text E for details). Our 268

analysis revealed that for 80% of cells, the difference between its measured orientation 269

in 3D versus 2D was within 15◦. Moreover, we observed that for elongated cells with 270

aspect ratio greater than 1.3, there was a 91% match between the 3D and 2D 271

categorization of a cell as being oriented in either the radial or apical-basal direction 272

(see S1 Text E for details). Additionally, by focusing our analysis on the central region 273

of the corpus of the SAM (depicted by vertical dashed lines in Fig. 2 A), we exclude the 274

differentiation regions on the flanks that break radial symmetry to produce organ 275

primordia. Taken together, these results indicate that the central region of the SAM can 276

be approximated as a 2D ”slice”, or longitudinal section. Moreover, using a 2D model 277

allows us to simulate a large number of cells in very high detail, especially concerning 278

the unique mechanical properties of plant cells (see S1 Text E for more details). 279

Quantifying the direction of anisotropic cell expansion in the SAM. 280

Expansion of plant cells is thought to result from cell walls yielding in response to 281

turgor pressure [6]. Although turgor pressure is non-directional, heterogeneity in 282

mechanical properties of the cell wall can lead to anisotropic cell expansion, i.e. cell 283

expansion occurring preferentially in one axis over the other [36]. Individual cells in our 284

model are assigned a preferred growth direction that is updated dynamically over the 285

course of simulations according to their concentrations of WUS and CK (see the “Model 286

Description” section for details). However, cells in our simulations are also growing and 287

dividing in a multicellular context; thus their resulting direction of anisotropic expansion 288

is an emergent property that depends on local interactions with neighboring cells. 289

We used two main properties of cells to quantify the emergent direction of 290

anisotropic cell expansion in simulations and experiments (see S1 and S2 Text for 291

details). First, we analyzed the distribution of cell aspect ratios to quantify the 292

emergent degree of anisotropic cell expansion. Next, we analyzed the distribution of cell 293
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orientations to determine how WUS and CK impact the emergent direction of 294

anisotropic cell expansion in the SAM (see S1 and S2 Text for details). The orientation 295

of an individual cell indicates the emergent direction of cell expansion relative to the 296

tissue. For example, a cell with orientation equal to 0◦ is elongated in the radial 297

direction, and a cell with orientation equal to 90◦ is elongated in the apical-basal 298

direction. The aspect ratio and orientation of cells reported for all modeling results were 299

computed directly from simulation data (see S2 Text for details). The aspect ratio and 300

orientation of cells reported in experimental results were extracted from confocal 301

microscopy images of median longitudinal sections of the SAM using the Image 302

Processing Toolbox in MATLAB (see S1 Text for details). When comparing cell aspect 303

ratios and orientations between simulations and experiments, we restricted our analysis 304

to elongated cells which we defined to be cells that have aspect ratio > 1.3. This 305

threshold was determined because the 2D anisotropic expansion direction of cells with 306

aspect ratio > 1.3 more closely matches the cells they are taken from in 3D compared to 307

cells with more isotropic (i.e. less elongated) shapes (see section “Justification for using 308

a 2D model and experimental data from 2D longitudinal SAM sections to study cell 309

behaviors in the central region of the SAM corpus.” and S1 Text E for details). 310

WUSCHEL and cytokinin regulate the direction of anisotropic expansion 311

of cells to maintain SAM structure in the Corpus. To test whether it is 312

possible that WUS and CK regulate the direction of anisotropic expansion of cells, we 313

compared the distribution of large cell orientations between wildtype experiments and 314

simulations for the CAE-E, CAE-M, and CED mechanisms. We found that in the 315

Apical and Basal Corpus, all three mechanisms resulted in a distribution of large cell 316

orientations that was not significantly different from experiments (Fig. 4 F).Note that 317

the distribution of cell orientations in the Apical corpus of wildtype experimental SAMs 318

is more uniformly distributed between 0◦ and 90◦ compared to simulation results for all 319

three mechanisms. This suggests that WUS and CK-mediated regulation of the 320

direction of anisotropic expansion is sufficient to maintain experimentally observed 321

patterns of cell growth throughout the Corpus. 322

Non-Errera related divisions are important for production of anisotropic 323

cell shapes in the Corpus. We next sought out to investigate whether the CAE-E, 324

CAE-M, and CED mechanisms could produce experimentally observed cell shapes in 325

the Corpus. To do this, we compared cell aspect ratios between simulations and 326

experiments. In both the Apical and Basal Corpus, we found that the CAE-M and CED 327

mechanisms resulted in experimentally observed aspect ratios of cells, while the CAE-E 328

mechanism did not (Fig. 4 G). Moreover, while the average aspect ratio of cells in 329

CAE-M and CED simulations matched experiments, the average aspect ratio of cells in 330

CAE-E simulations was significantly lower (p-value < 1.0e-32). This indicates that 331

“non-Errera” related divisions are required to maintain experimentally observed 332

anisotropic cell shapes throughout the Corpus (Fig. 4 G). 333

CAE-M and CED mechanisms regulate cell division plane orientation in a 334

layer-specific fashion. Next we tested whether the CAE-E, CAE-M, and CED 335

mechanisms could produce experimentally observed proportions of periclinal divisions in 336

the Corpus. We found that in the Apical Corpus, the CAE-M and CED mechanisms 337

resulted in a proportion of periclinal divisions that was not significantly different from 338

experiments, while the CAE-E mechanism was significantly higher (p-value = 2.93e-4) 339

(Fig. 4 H). In contrast, in the Basal Corpus, we found that only the CED mechanism 340

resulted in a proportion of periclinal divisions that was not significantly different from 341

experiments, while the CAE-E and CAE-M mechanisms were significantly lower 342
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Fig 4. Results of computationally testing three hypothesized mechanisms
of cell division plane orientation in the Corpus of the SAM. (A) Three
hypothesized mechanisms for WUS and CK-mediated regulation of cell division plane
orientation and the direction of anisotropic expansion of cells. (B) Cells are initialized
as circles and allowed to “relax” into more biological cell shapes before growth and
division begin (see SI Text B and D for details on model initial and boundary
conditions). The internal color represents the level of WUS (top) and CK (bottom) in
each cell. (C-E) Final simulation time point after 40 hours of growth reveals differences
in cell shapes and orientations between each of the three mechanisms. The internal
color shows the final levels and spatial patterns of WUS (top) and CK (bottom).
Interactions between cell wall nodes of the same cell govern cell wall mechanical stiffness
and extensibility while interactions between cell wall nodes of neighboring cells
represent cell-cell adhesion mediated through the middle lamella. (F) The distributions
of mother cell orientations for the CAE-E (blue), CAE-M (gold), and CED (green)
mechanisms were not statistically different from wildtype experiments (black) in both
the Apical Corpus (p-value = .5520, .6841, and .8330 respectively) and Basal Corpus
(p-value = .7567, .3103, and .2173 respectively). (G) The distributions of cell aspect
ratios for the CAE-M (gold) and CED (green) mechanisms were not statistically
different from wildtype experiments (black) in both the Apical Corpus (p-value = .4879
and .9521 respectively) and Basal Corpus (p-value = .1724 and .5781 respectively) while
the CAE-E mechanism was significantly different (p-values < 1.0e-32 in both cell
layers). (H) Proportion of periclinal cell divisions in the Apical and Basal Corpus for all
three mechanisms. In the Apical Corpus, the CAE-M and CED mechanisms matched
experiments, while the CAE-E mechanism did not (p-value = 2.93e-4). In the Basal
Corpus, only the CED mechanism matched experiments (p-value = 5.5e-3 and 3.86e-2
for the CAE-E and CAE-M mechanisms respectively).

(p-value = 5.5e-3 and 3.86e-2 respectively) (Fig. 4 H). Since both the CAE-M and CED 343

mechanisms matched experimental cell shapes and the proportion of periclinal divisions 344

in the Apical Corpus, it is unclear which of these two mechanisms is likely to control 345

cell division plane orientation there. However, since only the CED mechanism matched 346

the proportion of periclinal divisions in the Basal Corpus, this suggests that chemical 347
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and mechanical signals could regulate cell division plane orientation in a layer specific 348

fashion. Thus, in order to uncouple the role of the CAE-M and CED mechanisms in 349

directing cell division plane orientation in individual cell layers, we studied the effect of 350

each mechanism in simulations where we independently perturbed the levels and spatial 351

patterns of WUS and CK. 352

WUSCHEL and cytokinin directly regulate cell division plane orientation 353

in the Basal Corpus To better understand the mechanism controlling cell division 354

plane orientation in the Basal Corpus, we compared the effect of the CAE-M and CED 355

mechanisms in simulations calibrated to be analogous with ectopic CK experiments. For 356

these simulations, we expanded the spatial distribution of CK only, and we did not 357

change the levels or spatial pattern of WUS (see Fig. 5 A-D and the “Model 358

Description” section for details). We found that only the CED mechanism resulted in 359

the three main properties observed in the Basal Corpus of ectopic CK SAMs. First, the 360

CED mechanism resulted in a drastic increase in the proportion of periclinal divisions 361

compared to wildtype SAMs (Fig. 5 E). Second, the CED mechanism reproduced 362

experimental observations with regard to cell surface expansion patterns in the Basal 363

Corpus (Fig. 5 J and Fig. 5 F-I). Specifically, we found that the distribution of mother 364

cell heights was statistically different from daughter cell heights. We also found that the 365

average width of mother cells was significantly bigger than daughter cells, and we 366

observed no difference in their population variances. These results suggest that if CK 367

induces apical-basal expansion of cells, slight growth occurring in the radial direction 368

(perpendicular to the primary direction of anisotropic expansion) builds over 369

generations causing fully grown mother cells to be primarily oriented in the radial 370

direction. Third, the CED mechanism resulted in clearly defined “strips” commonly 371

found in the Basal Corpus of ectopic CK SAMs in experiments (Fig. 5 J, Fig. 8 G and 372

Fig. S6). These results indicate that dual roles for WUS and CK in both regulating the 373

direction of anisotropic cell expansion and cell division plane orientation is required to 374

maintain the structure of the Basal Corpus. 375

Apical Corpus cells divide according to local patterns of maximum tensile 376

stress on the cell wall. To investigate the mechanism controlling cell division plane 377

orientation in the Apical Corpus, we compared the effect of the CAE-M and CED 378

mechanisms in both ectopic CK simulations and simulations calibrated to be analogous 379

with ectopic WUS experiments. We found that in ectopic CK simulations, only the 380

CAE-M mechanism resulted in a proportion of periclinal divisions that was not 381

statistically different from experiments. For ectopic WUS simulations, we decreased the 382

maximum WUS level to 2/3 wildtype concentrations and expanded its spatial 383

distribution consistent with experiments (see Fig. 6 A-D and the “Model 384

Description” section for details). Similarly to ectopic CK simulations, we found that 385

only the CAE-M mechanism resulted in a proportion of periclinal divisions that was not 386

significantly different from experiments (Fig. 6 E). Thus, since the CAE-M mechanism 387

was the only mechanism that resulted in the correct proportion of periclinal divisions in 388

both ectopic CK and ectopic WUS simulations, these results further indicate the 389

combined role of chemical and mechanical signals in predicting cell division plane 390

orientation in the Apical corpus. In particular, our model simulations suggest the sole 391

functions of WUS and CK are in regulating anisotropic cell expansion in the Apical 392

Corpus, and predict that cells divide according to local patterns of maximum tensile 393

stress on their cell wall. 394

To further test this hypothesis, we quantified the average tensile stress on the cell 395

wall for cells in CAE-E, CAE-M, and CED mechanisms in wildtype, ectopic WUS, and 396

ectopic CK simulations. We found that in the Apical Corpus, the CAE-M mechanism 397
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Fig 5. Quantitative comparison of experimental data with simulation
results for ectopic misexpression of CK. (A) The spatial distribution of CK was
expanded in the deeper layers to be analogous with ectopic misexpression of CK
experiments (see the “Model Description” section for details). (B-D) Final time point of
ectopic CK simulations for all three mechanisms. (E) Proportion of periclinal divisions
for three mechanisms compared to experiments in ectopic misexpression of CK
simulations. Mother and daughter cell height (F) boxplots and (G) distributions for the
CAE-M and CED mechanisms in ectopic CK simulations. Comparison of mother and
daughter cell widths (H) boxplots and (I) distributions for the CAE-M and CED
mechanisms in ectopic CK simulations. Asterisks indicate significance at the following
levels: * (p ≤ 0.05), ** (p ≤ 0.01), *** (p ≤ 0.0001), **** (p ≤ 0.00001), ns (p >.05).
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experimentally observed SAM growth patterns in this region.
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resulted in the minimum average tensile stress for both ectopic WUS and ectopic CK 398

SAMs, while the CAE-M and CED mechanisms showed no difference for wildtype SAMs 399

(Fig. 6 F). Furthermore, we found that in the Basal Corpus, the CED mechanism 400

resulted in the minimum average tensile stress on the cell wall in ectopic CK 401

simulations, while the CAE-M and CED mechanisms were no different in wildtype and 402

ectopic WUS simulations (Fig. 6 G). Strikingly, our findings reveal that layer specific 403

regulation of cell division plane orientation acts to relieve tensile stress on the cell wall. 404
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Fig 6. Quantitative comparisons of experimental data with simulation
results for ectopic misexpression of WUS. (A) Initial levels and spatial pattern of
WUS were calibrated to be analogous with ectopic misexpression of WUS experiments.
The maximum WUS concentration was decreased to 2/3 wildtype concentrations and its
spatial distribution was expanded in the Corpus (see the “Model Description” section
for details). (B-D) Final time point of ectopic WUS simulations for all three
mechanisms. (E) Proportion of periclinal divisions for three mechanisms compared to
experiments in ectopic misexpression of WUS simulations. Average tensile stress on the
cell wall for all three mechanisms in (F) the Apical Corpus and (G) Basal Corpus for
wildtype, for wildtype, ectopic CK, and ectopic WUS simulations. Asterisks indicate
significance at the following levels: * (p ≤ 0.05), ** (p ≤ 0.01), *** (p ≤ 0.0001), ****
(p ≤ 0.00001), ns (p >.05).

Layer-specific, combined chemical and mechanical regulation of cell division 405

plane orientation can maintain SAM structure and shape. Based on our 406

simulation results above (Fig. 4, 5, and 6), we next tested whether a layer-specific, 407

combined chemical and mechanical mechanism regulating cell division plane orientation 408

would maintain SAM structure and shape. To do this, we ran wildtype simulations 409

where cells in the Apical Corpus follow the CAE-M mechanism and cells in the Basal 410

Corpus follow the CED mechanism for division plane placement (Fig. 7 D). We refer to 411

this model of regulation as “the combined CAE-M and CED” mechanism. First, we 412

found that the combined CAE-M and CED mechanism resulted in a distribution of 413

mother cell orientations that was not significantly different from experiments in the 414

Apical Corpus and qualitatively matched experiments in the Basal Corpus (Fig. 7 E). 415

Second, we found that the combined CAE-M and CED mechanism produced 416

experimentally observed distribution of cell aspect ratios in both the Apical Corpus and 417

Basal Corpus (Fig. 7 F). We also found that the proportion of periclinal divisions 418

matched experiments in both the Apical Corpus and Basal Corpus (Fig. 7 G). Finally, 419
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we found that the combined CAE-M and CED mechanism resulted in the smallest 420

amount of deviation from the layered organization of the epidermal L1 and L2 cell layers 421

compared to the CAE-E, CAE-M, and CED mechanisms (Fig. 7 H). This suggests that 422

a layer-specific, combined chemical and mechanical mechanism regulating cell division 423

plane orientation is necessary to maintain the multi-layered structure of the SAM. 424

Next, we investigated whether the combined CAE-M and CED mechanism would 425

result in the correct shape and size of the SAM. While all four mechanisms resulted in 426

experimentally observed SAM size (i.e. average ratio of SAM width to dome height) 427

(Fig. 7 I), our analysis revealed that the combined CAE-M and CED mechanism most 428

closely matched experimentally observed SAM shape (i.e. global curvature) (Fig. 7 J). 429

Notably, while both the CED and combined CAE-M and CED mechanisms most closely 430

matched the experimentally observed distribution of WUS in the radial direction 431

(Fig. 7 K), only the combined CAE-M and CED mechanism resulted in the correct 432

number of high WUS containing cells in the epidermal L1 cell layer (Fig. 7 A-D and L). 433

Proportion of Periclinal Divisions Layered Organization of the Epidermal Cell LayersApical Corpus Basal Corpus Apical Corpus Basal Corpus

D
en

si
ty

D
en

si
ty

Aspect Ratio Aspect RatioOrientation ⁰ Orientation ⁰ Apical Corpus

Wildtype 
Combined 

ns

1.0

0.6

0.8

0.4

0.2

0.0

0.015

0.020

0.010

0.005

0.000 0 50 100 150 0 50 100 150 0 1 2 3 4 0 1 2 3 4

2.5

1.5

2.0

1.0

0.5

0.0

ns

Pr
op

or
tio

n 
of

 P
er

ic
lin

al
 D

iv
is

io
ns 8

6

7

5

4A
m

ou
nt

 D
ev

ia
tio

n 
(R

M
SE

)  

Basal Corpus

G HE F

K LI J

Wildtype 
Combined 

Wildtype 
Combined 

Stem Cell Maintenance

0.9

0.7

0.8

0.6

0.5

0.4

R
el

at
iv

e 
W

U
S 

C
on

ce
nt

ra
tio

n

WUS Distribution

0.62

0.58

0.60

0.56

0.54

0.52D
ia

m
et

er
 D

is
ta

nc
e 

(D
C

Z/
D

P
Z)

SAM Shape

1.1

0.9

1.0

0.8

0.7

0.6

0.5

G
lo

ba
l C

ur
va

tu
re

SAM Size

3.4

3.6

3.8

3.2

3.0

2.8

2.6

2.4

W
id

th
/D

om
e 

H
ei

gh
t

CAE-E 
CAE-M 
CED 

Combined
Wildtype

CombinedCombinedC DA BCAE-E CAE-M CED Combined

Low WUS
High WUS

Low WUS
High WUS

Low WUS
High WUS

Low WUS
High WUS

-6 -4 -2 0 2 4 6
Number of Cells from Center 

T = 40 hr T = 40 hr T = 40 hrT = 40 hr

Fig 7. Layer-specific combined chemical and mechanical regulation of cell
division plane orientation maintains proper shape, multi-layered structure
and spatial distribution of WUS in the SAM. (A-D) Typical simulation output
after 40 hours of growth for all four mechanisms (CAE-E, CAE-M, CED, and combined
CAE-M and CED) in wildtype signaling conditions. Cell color highlights distinct
patterns of WUS accumulation in the epidermal L1 and L2 cell layers for each
mechanism (red = high WUS and blue = low WUS). (E-F) The combined CAE-M and
CED mechanism resulted in distributions of (E) mother cell orientations and (F) cell
aspect ratios that matched experiments. (G) The proportion of periclinal cell divisions
in combined CAE-M and CED simulations were found to match experiments. (H) The
combined CAE-M and CED mechanism resulted in the smallest amount of deviation
from a single-cell layer in the epidermal L1 and L2 cell layers. The combined CAE-M
and CED mechanism most closely matched experimentally observed SAM (I) size- the
ratio of SAM width to dome height, (J) shape- global curvature of the SAM surface,
and (K) WUS distribution in the SAM after 40 hrs of growth. (L) The combined
CAE-M and CED mechanism resulted in the correct number of high WUS containing
cells in the epidermal L1 cell layer. (E-L) Experimental wildtype (black), CAE-E (blue),
CAE-M (gold), CED (green), and combined (red) in all panels. See S2 Text for detailed
description of all metrics used in this figure.
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Altered cell characteristics upon manipulations of WUS and CK 434

in experiments support model predictions 435

To test our model prediction that a layer-specific, combined chemical and mechanical 436

mechanism regulating cell division plane orientation can maintain SAM structure and 437

shape, we quantified the effect of WUS and CK on patterns of cell division plane 438

orientation and anisotropic cell expansion in mutant and overexpression experiments. 439

WUS accumulates at its highest level in the Apical Corpus which overlaps with the 440

maximal CK response [27,28] (Fig. 2 B and Fig. S4 E). In contrast, cells in the Basal 441

Corpus accumulate relatively lower amounts of WUS protein and exhibit a lower CK 442

response [28] (Fig. 2 C and Fig. S4 F). Thus, to compare the influence of WUS and CK, 443

we analyzed cell division plane orientation, cell shapes, and the direction of anisotropic 444

cell expansion separately for the Apical Corpus and Basal Corpus (see Fig. 2 A). 445

WUSCHEL induces radial expansion of cells and cytokinin induces 446

apical-basal expansion of cells. Observations of epidermal cell divisions in 447

previously reported time series suggest that due to the small size of SAM cells they 448

need to expand before dividing along a certain axis [19,37]. While the degree of 449

anisotropy of an elongated mother cell reflects anisotropic expansion, the degree of 450

anisotropy of recently divided daughter cells is initially determined by the previous cell 451

division plane orientation rather than its own anisotropic expansion (Fig. 9 A). To 452

account for these two differences, we analyzed the distributions of cell orientations 453

separately for big and small cells. In what follows, we heuristically identify “mother 454

cells” as those with area greater than the average computed for a given meristem, and 455

“daughter cells” to be those with area smaller than the meristem average (see S1 Text for 456

details). Moreover, we defined “elongated cells” to be those cells with aspect ratio ≥ 1.3. 457

This threshold was determined because the 2D anisotropic expansion direction of cells 458

with aspect ratio ≥ 1.3 more closely matches the cells they are taken from in 3D 459
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compared to cells with more isotropic shapes (See section “Justification for using a 2D 460

model and experimental data from 2D longitudinal SAM sections to study cell 461

behaviors in the central region of the SAM corpus.” for details). 462

To understand how WUS influences patterns of cell expansion in the SAM, we next 463

analyzed the aspect ratios, orientations, widths, and heights of cells in ectopic 464

misexpression of WUS experiments (Fig. 9 B-M). First, we found that the distribution 465

of cell aspect ratios was not significantly different from that of wildtype SAMs in either 466

the Apical Corpus or Basal Corpus (Fig. 9 B and C). Next, we found that the 467

distribution of mother cell orientations in the Apical Corpus was significantly different 468

from wildtype (p-value = 5.0e-2) (Fig. 9 D). In particular, our analysis revealed that the 469

majority of mother cells in ectopic misexpression of WUS experiments were oriented in 470

the apical-basal direction (i.e. 90◦), whereas mother cell orientations in wildtype SAMs 471

were more equally distributed between the radial and apical-basal directions (Fig. 9 D). 472

Taken at face value, these results suggest that WUS induces apical-basal expansion of 473

cells. However, this result is inconsistent with our previous conclusion that WUS 474

inhibits periclinal cell divisions (Fig. 8 A). 475

Namely, according to Errera’s rule, an increase in apical-basal expansion of cells 476

would result in an increase in periclinal cell divisions. On the other hand, if WUS 477

overrides shape or stress-based cues to promote anticlinal cell divisions, then a 478

WUS-driven increase in apical-basal expansion of cells followed by a WUS-driven 479

increase in anticlinal cell divisions would result in more “non-Errera” divisions causing 480

highly anisotropic cell shapes compared to wildtype SAMs (Fig. 9 A, bottom row). 481

Since we did not observe a significant difference in the distribution of cell aspect ratios 482

in ectopic misexpression of WUS SAMs compared to wildtype (Fig. 9 B), then it cannot 483

be the case that WUS induces apical-basal expansion of cells. In addition, we observed 484

a similar phenomenon in the Basal Corpus of CK over-expressing SAMs (Fig. 9 E). 485

Namely, we found a dramatic increase in the number of mother cells that were oriented 486

in the radial direction compared to wildtype. However, by similar reasoning as above, 487

since we did not observe a significant difference in the distributions of cell aspect ratios 488

between ectopic misexpression of CK SAMs and wildtype SAMs (Fig. 9 B and C), then 489

it cannot be the case that CK induces radial expansion of cells. 490

Thus, to further investigate how WUS and CK influence the direction of anisotropic 491

expansion of cells, we next analyzed cell widths and heights. We found that upon 492

misexpression of either WUS or CK signaling, the range of cell heights and widths 493

increased (Fig. 9 F-M). This not only reveals that misexpression of either signal leads to 494

an increase in overall cell size, but it also suggests that WUS and CK influence the 495

direction of anisotropic expansion. If it were the case that the direction of anisotropic 496

cell expansion remained fixed upon misexpression of WUS or CK, then the observed 497

changes in patterns of cell division plane orientation discussed previously (i.e. WUS 498

inhibiting periclinal division and CK promoting it) would result in a decrease in the 499

range of either cell heights or widths. For example, if cells primarily expand in the 500

radial direction, then ectopic misexpression of CK leading to an increase in periclinal 501

cell divisions would result in significantly shorter and wider cells (i.e. wide cells that 502

divide periclinally become even wider). Since we did not observe a decrease in the range 503

of cell heights or widths upon misexpression of either signal, our results indicate that 504

the direction of anisotropic expansion is adjusted to induce cell expansion perpendicular 505

to the predominant division plane for each condition, i.e. radial expansion upon 506

misexpression of WUS and apical-basal expansion upon misexpression of CK. 507

Taken together, our analysis of cell aspect ratios, orientations, widths, and heights in 508

ectopic misexpression experiments suggest a trend in cell surface expansion patterns 509

that were not previously observed in wildtype SAMs. Namely, we hypothesize that 510

upon ectopic misexpression of WUS, slight growth occurring perpendicular (apical- 511
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basal) to the primary direction of anisotropic expansion (radial) builds over generations. 512

This would explain the observed increase in the number of mother cells that are 513

oriented in the apical-basal direction under this condition (Fig. 9 D). Similarly, we 514

hypothesize that upon ectopic misexpression of CK, slight growth in the radial direction 515

occurring over generations would explain the observed increase in mother cells that are 516

oriented in the radial direction in this condition (Fig. 9 E). 517

The nuance of this interaction is difficult to resolve experimentally; however, upon 518

inclusion of this mechanism in our computational model we observed the same patterns 519

of anisotropic cell expansion in our simulations confirming this hypothesized mechanism 520

of cell surface expansion in the SAM.
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Fig 9. Ectopic misexpression of WUS and CK signaling influence the
direction of anisotropic expansion of cells. (A) Patterns of cell surface expansion
together with the orientation of cell division have distinct outcomes on the aspect ratios
and orientations of mother and new daughter cells. (B-C) Distributions of cell aspect
ratios in wildtype (black), ectopic misexpression of WUS (teal), and ectopic
misexpression of CK (red) experiments. (D-E) Distributions of mother and daughter
cell orientations in wildtype (black, grey), ectopic misexpression of WUS (teal, cyan)
and ectopic misexpression of CK (red, salmon) experiments are shown separately for all
cells with aspect ratios above 1.3. Cells were segregated into mother and daughter cells
by area. Distributions of mother and daughter cell (F,G) heights and (H,I) widths are
shown separately for wildtype and ectopic misexpression experiments. Additional
analysis of L1 and loss of functions mutants included in Figure S5.

521

Discussion 522

This paper aims to further elucidate the structure-function relationship between the 523

mechanisms driving SAM growth and proper stem cell regulation in plants. Through 524

comparing experimental and model simulation results obtained under multiple 525

perturbation conditions, we confirmed that 1) in the Apical Corpus, WUS and CK only 526

April 19, 2022 18/33



regulate anisotropic expansion of cells and cell division plane orientation is determined 527

based on tensile stress on the cell wall and 2) in the Basal Corpus, WUS and CK 528

regulate both cell division plane orientation and anisotropic expansion. Moreover, 529

experimental results confirm our model prediction that this layer-specific, combined 530

chemical and mechanical mechanism can maintain proper SAM shape, layered structure, 531

and the correct distribution of WUS within the tissue. Hence, the results of this paper 532

provide an additional link between the roles of WUS, CK, and mechanical stress in 533

regulating pattern and shape during SAM morphogenesis. 534

Obtained results also complement several recent studies linking mechanical stress on 535

the cell wall to macroscopic behavior of plant tissues [10,38–40]. Our work provides 536

further mechanistic insight into how stress on individual cell walls could regulate cell 537

division plane orientation in the Corpus. Namely, we found that model simulations 538

assuming cell division plane orientation based on local patterns of tensile stress on the 539

cell wall closely matched experimental data, while simulations assuming cell division 540

plane orientation based on cell shape (i.e. Errera’s rule) did not. This is profound 541

because it suggests that tensile stress caused by growth heterogeneity and other local 542

interactions supersedes cell shape in controlling cortical microtubule orientation which 543

plays a crucial role in cell wall deposition [10,13,38,41]. 544

While our knowledge of exactly how cells sense and interpret mechanical forces prior 545

to cell division remains unclear, it has been demonstrated that microtubules directing 546

microfibrils impact placement of the preprophase band (PPB) (a microtubule and 547

microfilament structure that marks the cell division plane before mitosis) [13, 41, 42]. In 548

addition, coordination of cell division among neighboring cells both within and across 549

clonally distinct layers could be mediated by mechanical cues [19]. Although directly 550

measuring mechanical stress in the internal cell layers of the SAM remains 551

experimentally difficult, the quantitative image analysis of microtubule dynamics has 552

been used to indirectly infer stress patterns in the distal portion of the SAM [10,43]. 553

Thus, similar quantitative approaches could provide a way to verify stress distributions 554

from our computational model predictions to better understand how cells communicate 555

via mechanical cues to regulate cell division plane orientation. 556

Our results also suggest possible feedback between tissue shape/structure and genetic 557

regulators (i.e. regulators controlling cell division rate, cell wall organization, and cell 558

division plane orientation) in determining organ function. Namely, we found that each 559

hypothesized mechanism resulted in a different distribution of WUS within the SAM 560

(Fig. 7 K and L). This suggests that the emergent tissue structure maintained by cell 561

division plane orientations impacts how chemical signals spread throughout a tissue. For 562

example, the non-dividing walls separating the L2 and L3 cell layers are expected to be 563

limited in the number of primary plasmodesmata (PD) that develop during de novo cell 564

wall synthesis, and that could limit apical movement of WUSCHEL. Along these same 565

lines, periclinal cell divisions promoted by cytokinin signaling in the Corpus not only 566

result in the development of multiple cell layers, but they are also expected to increase 567

the number of primary PD along the root-to-shoot axis that could play a key role in 568

facilitating proper WUS diffusion in the SAM. While our understanding of the PD 569

distribution and density in SAMs is limited, earlier experiments have demonstrated the 570

prevalence of symplasmic domains which suggest the regulation of PD distribution in 571

individual SAM layers [44–46]. In addition, other studies have shown that increasing 572

the size of the WUS protein or decreasing aperture of the PD, blocks movement of WUS 573

into the outer cell layers [26,47,48]. Thus, the modeling approach described in this 574

paper will be extended to quantitatively link patterns of cell division plane orientation 575

to regulation of PDs and WUS diffusion in A. thaliana SAMs. 576

In addition to the structural organization of the SAM, the WUS gradient is also 577

regulated by positional signals such as CK, CLAVATA3 -mediated receptor kinase 578
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signaling, and CLE40 [27,28,72]. These chemical signals act on WUSCHEL synthesis, 579

subcellular partitioning, and degradation to establish the concentration gradient with 580

robustness for regulating stem cell homeostasis. It could be the case that this 581

biochemical signaling network is affected by mechanical cues or regulates structural 582

components controlling cell behaviors that lead to proper SAM growth and stem cell 583

maintenance. While the cellular basis of tissue homeostasis has been studied extensively, 584

including in animal systems [49–54], the relationship between signaling pathways and 585

mechanical cues requires further elucidation. Thus, quantitative studies utilizing 586

experiments and multiscale computational models coupling cell mechanics and signal 587

transduction have the potential to reveal important insights about the interplay 588

between biochemical and mechanical processes regulating tissue growth and homeostasis. 589

Current challenges in the development of a coupled model include coupling of our 590

mechanical submodel of SAM growth with a dynamic signaling submodel in time, and 591

calibrating the coupled model using dynamic experimental data. Thus, insights from 592

the current study focusing on understanding how the steady-state distributions of 593

biochemical signaling molecules regulate cell division and tissue growth represent 594

substantial work toward development of a mechanochemical coupled model as a future 595

direction. 596

Materials and Methods 597

Model Description 598

To study the interplay between chemical regulators and mechanical stresses in directing 599

underlying cell behaviors and maintaining SAM structure and shape, we developed a 600

detailed, multiscale, 2D computational model and calibrated it using experimental data. 601

The model uses the subcellular element (SCE) computational framework to simulate a 602

two-dimensional (2D) longitudinal section of the central region (as depicted in Fig.2 A) 603

of a growing SAM (see Fig. 4 for typical simulation output and S2 Text for details on 604

model initial and boundary conditions). The SCE modeling approach is a 605

well-established, coarse-grained simulation framework for determining the impact of 606

local biophysical and biochemical processes on emergent cell and tissue scale properties 607

of growing or deforming multicellular tissues [55–66]. 608

The novel, 2D, multiscale, SCE model described in this paper represents cells using 609

two types of nodes- internal/cytoplasmic and external/cell wall nodes- that interact via 610

different potential functions. Such biologically calibrated interactions between nodes 611

simulate mechanical properties of plant cell walls facilitating novel predictions of how 612

cell wall mechanics can help regulate the direction of anisotropic expansion of cells, and 613

cell division plane orientation (see Fig. 1, Fig. 10, and S2 Text for details). Furthermore, 614

an important distinction between our previous modeling approach [55] and the 615

computational model presented in this paper, is the introduction and detailed testing of 616

novel hypothesized mechanisms regulating cell division plane orientation and the 617

modification of cell wall properties leading to anisotropic cell surface expansion (see 618

S2 Text for details). Both of these processes are thought to play an important role in 619

emergent cell and tissue level properties of the SAM. In what follows, we provide a 620

detailed description of the development, calibration, and implementation of SCE 621

submodel components at distinct scales and how they are coupled to run multiscale 622

simulations of SAM growth. 623
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Submodel of mechanical properties of cells and cell-cell 624

interactions 625

Individual cells are modeled as possessing a heterogeneous collection of wall nodes and
internal nodes (shown here in Fig. 10 A-B) which interact via potentials as in
Banwarth-Kuhn et al. [55]. In particular, each cell i has Ni wall nodes W j

i (for

j = 1, . . . Ni) and Mi internal nodes Iji (for j = 1, . . . ,Mi). The potential functions E
in Eq 1-2 represent specific biological features of plant cells (described in further detail
below) and are used in the model to calculate the displacement of each internal or cell
wall node at each time step based on their interactions with neighboring nodes. The
Langevin equations of motion used in the model are as follows:

ηi
d

dt
W j
i =−

Mi∑
k=1

∇EIW (W j
i , I

k
i )−∇EWWS(W j

i ,W
j±1
i ) (1)

−
∑
cells l

Nl∑
k=1

∇EWWD(W j
i ,W

k
l )−

∑
adhesion

neighbors of cell k

∇EAdh(W j
i ,W

k)

ηi
d

dt
Iji =−

Mi∑
k=1

∇EII(Iki , I
j
i )−

Ni∑
k=1

∇EIW (W k
i , I

j
i ), (2)

where ηi is a cell’s damping coefficient. The Morse potential functions EII and EIW

together represent coarse-grained cytoplasmic forces and resulting turgor-pressure of
cells. The Morse potential function EWWD represents volume exclusion of neighboring
cells. Pairwise linear spring interactions (EAdh) between cell wall nodes of adjacent cells
function as a coarse-grained model for cross-linking of pectin molecules in the middle
lamella. The potential function EWWS governs interactions between cell wall nodes of
the same cell and is used to represent mechanical stiffness and extensibility of the
primary cell wall. These functions comprise both linear and rotational spring potentials,
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as well as Morse potentials, given by:

EWWS(W j
i ,W

j+1
i ) =

1

2
klin

[(∣∣∣W j+1
i −W j

i

∣∣∣− `)2 +
(∣∣∣W j−1

i −W j
i

∣∣∣− `)2]︸ ︷︷ ︸
Linear spring potential

+
1

2
kbend (θ − θeq)

2︸ ︷︷ ︸
Rotational Spring Potential

,

(3)

EIW (W k
i , I

j
i ) =

U IW exp

−
∣∣∣W k

i − I
j
i

∣∣∣
ξIW

−W IW exp

−
∣∣∣W k

i − I
j
i

∣∣∣
γIW


︸ ︷︷ ︸

Turgor Pressure

,

EWWD(W j
i ,W

k
l ) =

UWWD exp

−
∣∣∣W j

i −W k
l

∣∣∣
ξWWD

−WWWD exp

−
∣∣∣W j

i −W k
l

∣∣∣
γWWD


︸ ︷︷ ︸

Volume Exclusion

,

EAdh(W j
i ,W

k) =
kAdh

2

(∣∣∣W j
i −W

k
∣∣∣− `Adh

)2
︸ ︷︷ ︸

Cell-Cell Adhesion

,

EII(Iki , I
j
i ) =

U II exp

−
∣∣∣Iki − Iji ∣∣∣
ξII

−W II exp

−
∣∣∣Iki − Iji ∣∣∣
γII


︸ ︷︷ ︸

Cytoplasm Pressure

where W j±1
i denotes the positions of the nodes adjacent to node W j

i , and θ is the angle 626

formed by W j
i and W j±1

i . Ranges for the parameters kbend,klin,θeq, and ` were 627

calibrated based on the modulus of elasticity, sizes, and shapes of cells measured in 628

experiments (see section “Dependence of cell growth direction polarization and direction 629

of anisotropic expansion on competing signals” and S2 Text A for details on sensitivity 630

analysis and calibration of these parameters). The Morse parameters ξ∗, γ∗, U∗ and 631

W ∗ were chosen based on coarse graining resolution and discussed in [55,68]. In 632

simulations, the exact values used for these parameters are dynamic and change in 633

response to a probability distribution function parameterized by the amount of signal 634

(WUS and CK) present in the cell at a given time (see the section “Dependence of cell 635

growth direction polarization and direction of anisotropic expansion on competing 636

signals” for details). The explicit parameter values for all other potential functions were 637

calibrated in previous work [55,68]. 638

Each simulation represents 40 hours of tissue growth. The Euler numerical scheme 639

was used for solving Eqs 1 and 2. The time step ∆t was chosen to be 0.4 seconds to 640

maintain stability of the numerical scheme. Growth rates and cell cycle lengths are 641

discussed in more detail in the section “Chemical signal distribution submodel controls 642

growth of cells”. 643

Chemical signal distribution submodel controls growth of cells 644

The concentrations of WUSCHEL ([WUS]) and cytokinin ([CK]) for individual cells are 645

assigned using the experimentally-calibrated exponential functions given in Eqs 4 and 5. 646

While multiple feedback loops are known to regulate WUS and CK at both the 647

transcriptional and protein levels, their net effect has been shown to result in 648

steady-state distributions of WUS and CK in the SAM [28,71]. Thus, Eqs 4 and 5 in 649
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Fig 10. Two-dimensional multi-scale model of SAM growth and
maintenance. Simulated cells are represented by two collections of nodes: cell wall
nodes (solid black dots in the red region in A and B) and internal nodes (solid dark blue
dots in the blue region in A and B). (A) Adjacent wall nodes of the same cell are shown
interacting via linear and rotational springs given by EWW that represent mechanical
stiffness and extensibility of the primary cell wall. Pairs of internal nodes and internal
and cell wall nodes of the same cell are shown interacting via Morse potential functions
given by EII , EIW that represent cell turgor-pressure. (B) Wall nodes of neighboring
cells may form adhesion partners and interact via a linear spring potential given by
EAdh that represents the adhesive properties of the middle lamella. Wall nodes of
adjacent cells enforce cell-cell volume exclusion via Morse potentials given by EWWD.
The division process in the model is demonstrated in C-E, with the cell on display
dividing in response to in-plane tensile stress. The heat map shown in C-E represents
in-plane tensile stress tensile stress on each node where warmer colors represent nodes
under higher tensile stress, and cooler colors represent nodes under lower tensile stress.
(C) A simulated cell nearing mitotic phase. (D) A pair of simulated cells shortly after
division. Cytoplasm nodes are redistributed within the daughter cells and adhesion
partners of each wall node are updated. (E) The same cells as in D after an elastic
relaxation phase occurs.

the model were calibrated based on the steady-state distributions of WUS and CK 650

measured from experimental images as in [55], by neglecting the mechanism underlying 651

the establishment of such gradients. These functions describe the concentrations of 652

WUS and CK as being distributed with radial symmetry about a dynamically 653

determined point, the signal center, which represents the middle of the signals’ 654

expression domains. Values of [CK] in L1 and L2 are maintained at 0, since in wildtype 655

SAMs these cells do not show CK responsiveness, which is likely due to the limitation of 656

the CK reception system [30,31]. Concentrations for WUS, as well as concentrations for 657

CK in the corpus, are independently calculated using the expressions: 658

[WUS] = [WUS]0 exp (−µWUS(rWUS · αWUS)) ; (4)

[CK] = [CK]0 exp (−µCK(rCK · αCK)) , (5)

where rWUS and rCK are the distance from the centroid of each cell to the WUS and CK 659

signal centers, respectively. 660

In experiments, the WUS and CK expression domains are located below the apex of 661

the SAM, heuristically described as being located two and three times the length of the 662

average cell diameter beneath the apex of the SAM, respectively (Fig. 11 B and C). We 663

established the signal center locations for WUS and CK similarly in simulations, setting 664

them as two and three times the average diameter of the tunica cells, respectively, 665

directly below the centroid of the central L1 cell (Fig. 11 A). The signal centers are 666

updated dynamically throughout the course of simulations to ensure that the center of 667

the WUS and CK expression domains in simulations maintain their position relative to 668

the growing distal portion of the SAM, as observed in experiments. Parameters µWUS, 669

µCK, [WUS]0, and [CK]0 were fitted to experimental wildtype data in [55] for αWUS = 1 670
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Fig 11. Chemical signaling submodel of the SAM. (A) Schematic of model
signal expression domains of WUSCHEL and cytokinin. (B-C) Wildtype SAM
longitudinal section image. Cell walls (red) outline the dome-shape of the SAM;
reporters (green) indicate presence of the WUSCHEL protein (B) and cytokinin
reporter (C). (B-C) Contrast was manually increased in the red channels for visibility.
Scale bars are 10µm. (D) Cell growth direction polarization vvv is dependent upon
signaling. Wall nodes of a model cell polarized in direction vvv are illustrated. The angle
θj between vvv and the vector connecting W j

i to W j+1
i are used to partition the wall

nodes into sides (red) and ends (blue).

and αCK = 1. Parameters [WUS]0, [CK]0, αWUS, and αCK were then perturbed to simulate 671

under/over-expression or ectopic distribution of signals corresponding to experimental 672

mutant conditions. 673

In simulations, individual cell cycle lengths (the amount of time between two 674

successive divisions of an individual cell) are dynamically assigned based on the current 675

WUS concentration of individual cells as in [55]. The cell cycle length is chosen using a 676

normal distribution parameterized by [WUS], and calibrated using experimental data 677

(data from [19]; calibration method as in [55]). New cytoplasm nodes are added linearly 678

in time until the cell divides upon having 30 internal nodes. The process of division is 679

detailed in the section “Dependence of cell division plane orientation on chemical 680

regulators and in-plane tensile stress”. 681

Dependence of cell growth direction polarization and direction 682

of anisotropic expansion on competing signals 683

Cells in the SAM experience turgor-pressure driven expansion, and the orientation and 684

level of alignment of microfibril bundles within the cell wall can promote preferential 685

cell expansion along one axis of a cell [6, 36, 67]. We refer to this phenomenon as growth 686

direction polarization , which we capture by making the stiffness and equilibrium angle 687

of the cell wall’s rotational springs heterogeneous across wall nodes in a cell (Fig. 11 D). 688

Cells that are growing on the simulation boundary grow isotropically, so the rotational 689

spring parameters are chosen to be uniform. All other cells do so anisotropically, 690

detailed below. 691

Model signals of WUS and CK compete to direct cell growth direction polarization, 692

where CK promotes growth direction polarization in the apical-basal direction and 693

WUS promotes growth direction polarization in the radial direction. Each cell’s growth 694

direction polarization is signal-determined as in the section “Stochastic antagonistic 695

signaling between WUSCHEL and cytokinin”. We then set the stiffness and equilibrium 696

angle of the rotational spring for EWWS (see Eq 3) heterogeneously across the cell’s 697

wall nodes, representing microfibril-bound wall nodes (sides) and freely growing wall 698

nodes (ends) as in Fig. 11. The side nodes (red) have a much stiffer rotational spring, 699

kbendhigh , whose equilibrium angle is set to π (flat), while the ends (blue) have a much 700

looser rotational spring, kbendlow , whose equilibrium angle set to prefer a circular 701

arrangement - i.e. π(Ni−2)
Ni

where Ni is the number of wall nodes possessed by cell i. 702
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The explicit values of the rotational spring stiffness coefficients, kbendhigh and kbendlow , 703

were determined via a sensitivity analysis optimizing the range of observed areas and 704

aspect ratios of individual cells in single-cell simulations to the range of areas and 705

aspect ratios measured in wildtype experiments [68] (see Table S1 for exact parameter 706

values and S2 Text for more details on sensitivity analysis studies). 707

Dependence of cell division plane orientation on chemical 708

regulators and in-plane tensile stress 709

When model cells complete a mitotic cycle (i.e. reach 30 internal nodes), they divide. 710

Layer 1 and 2 cells are always prescribed to divide with a plane normal to the SAM 711

surface as observed in experiments. To do this, we defined anticlinal division planes to 712

be perpendicular to the line segment connecting its in-layer neighbors’ cell centers. In 713

the corpus, each simulated meristem follows one of four hypothesized mechanisms 714

determining the position of the planes of division. The individual mechanisms are 715

described in the following subsections. 716

Following the choice of division plane, two daughter cells are formed. These daughter 717

cells are created out of the mother’s original wall nodes and redistributed cytoplasm 718

nodes, as well as new cell wall nodes along the division plane which represent the new 719

cell wall and middle lamella. These newly formed cells are adhered to one another 720

(Fig. 10 C-E). 721

Cell division based on Errera’s Rule (CAE-E mechanism). Errera’s rule 722

states that the division plane chosen for a cell should result in the shortest possible cell 723

wall [69]. This method selects the plane passing through the pair of nodes that 724

minimizes the distance
∥∥∥W j

i −W k
i

∥∥∥ while evenly dividing the cell’s area 725

(0.9 ≤ A1

A2
≤ 1.11). 726

Cell division based on in-plane tensile stress (CAE-M mechanism). The
in-plane tensile stress S on a cell wall element W j

i is calculated as the average
mechanical force exerted on it by its neighbors in the tangential direction, as follows:

Si,j =
1

2
·

∥∥∥∥∥∥Projτ

 W j
i −W

j−1
i∥∥∥W j

i −W
j−1
i

∥∥∥klin
(∥∥∥W j

i −W
j−1
i

∥∥∥− `)
∥∥∥∥∥∥

+
1

2
·

∥∥∥∥∥∥Projτ

 W j
i −W

j+1
i∥∥∥W j

i −W
j+1
i

∥∥∥klin
(∥∥∥W j

i −W
j+1
i

∥∥∥− `)
∥∥∥∥∥∥ ,

(6)

where denote τ as a unit vector tangent to the surface of the cell, W j
i is the node’s 727

location as 2D a vector, and ` and klin are the equilibrium length and stiffness of the 728

linear spring part of EWWS (see Eq 3). We then calculate S(W j
i ) for all wall nodes in 729

the cell and select location of the maximally stressed wall node as one point on the 730

division plane. The second node defining the division plane is chosen so that the cell 731

area divides evenly (0.9 ≤ A1

A2
≤ 1.11). We observe in simulations that the distribution 732

of in-plane tensile stress along the cell wall is smooth, and the largest variation in stress 733

is near cell wall junctions. In most cases, the node experiencing maximal tensile stress is 734

indicative of a local region of high tensile stress around that node, demonstrating that a 735

single-node based selection method is sufficient for the CAE-M mechanism. While our 736

model is in 2D, an analogous approach could be used for a 3D model as described in 737

S2 Text E. 738
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Cell division based on chemical signals (CED mechanism). Under this 739

mechanism, cells under relatively high levels of CK are more likely to divide periclinally, 740

and cells under the influence of WUS will likely divide anticlinally. The anticlinal versus 741

periclinal behavior of the cell is determined by the probability distribution described in 742

the section ”Stochastic antagonistic signaling between WUSCHEL and cytokinin”. If 743

the cell divides periclinally, the cell area divides evenly (0.9 ≤ A1

A2
≤ 1.11) with a 744

horizontal plane; otherwise it divides anticlinally - that is, evenly divided and with a 745

vertical plane. 746

Layer-specific combined chemical signaling and mechanical mechanism. In 747

this mechanism, cells whose lineage are traced back to the third and fourth layers of the 748

initial conditions divide according to the CAE-M mechanism, as in the section “Cell 749

division based on in-plane tensile stress (CAE-M mechanism)”. Cells in layers below 750

that divide according to the CED mechanism, as in the section “Cell division based on 751

chemical signals (CED mechanism)”. 752

Stochastic antagonistic signaling between WUSCHEL and 753

cytokinin. 754

Two novel hypothesized mechanisms we tested using our model include 1) whether 755

WUS and CK can regulatecell growth direction polarization and 2) how WUS and CK 756

regulate cell division plane orientation. Thus, in our model, cell behavior is influenced 757

by WUS to expand and divide anticlinally and by CK to expand and divide periclinally. 758

However, we assume that every cell responds to these competing signals with some 759

uncertainty - abstractly representing any heterogeneity in the cells’ sensitivity to the 760

signal. To represent this, we use the relative signal - the ratio of WUS signal in a cell to 761

the CK signal in a cell - to parameterize the probability distribution used to determine 762

cells’ behavior. 763

More specifically, noise in the competition between WUS and CK is modeled by
considering the ratio λ = [CK]/[WUS] as a parameter for a probability mass function:

Prob(Cell follows periclinal behavior) =
1

1 +
(
KHill

λ

)NHill
;

Prob(Cell follows anticlinal behavior) = 1 −

[
1

1 +
(
KHill

λ

)NHill

]
.

KHill was calculated by imposing that the midpoint between the signaling domains 764

(section Chemical signal distribution submodel controls growth of cells) have equally 765

probable anticlinal and periclinal behavior, and as such 766

KHill := [CK]/[WUS]
∣∣
x=Signal Center

. The value of NHill was fitted experimentally to 767

experimentally observed anticlinal-periclinal division ratios under wildtype conditions. 768

Data and Code Availability. 769

All study data are included in the article and supporting information. Computational 770

model code is available at https://github.com/ICQMB/Combined-signaling-and- 771

mechanical-mechanism-maintains-the-structure-and-shape-of-the-SAM. 772

Plant growth and genotypes. 773

Plants were grown on 0.5X MS media in plates at 25◦C under continuous light for 7-8 774

days. The null mutants in this study: WUS null mutant - wus1-1 [29] and cytokinin 775
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triple receptor mutant - cre1-12; ahk2-2; ahk3-3 [32] have been previously described. 776

Transgenic plants containing fluorescent reporters for the WUS protein 777

pWUS::eGFP-WUS [26] and cytokinin signaling reporter pTCS::mGFP-ER [30,31] have 778

also been previously described. A two component system, consisting of a LhG4 779

transcription factor driven from CLAVATA3 promoter constitutively activating the 780

6xOP promoter, and a dexamethasone (Dex) inducible rat glucocorticoid receptor (GR) 781

were used for ectopic misexpression of the WUS protein 782

pCLV3::LhG4;6xOP::eGFP-WUS-GR [21] and CK signaling 783

pCLV3::LhG4;6xOP::ARR1-∆DDK-GR [28]. For induction of ectopic expression, 784

seedlings were transferred to 0.5X MS plates containing 10 µM Dex (Sigma) for 48 785

hours. 786

Imaging 787

Seedlings were embedded in molten 4% agarose and then chilled in an ice bath. 788

Longitudinal hand-dissections, using polished blades (FEATHER), were done through 789

the seedling and the supporting agarose. Samples were then submerged in plasma 790

membrane stain, FM4-64, for 10 minutes and imaged with a 40x objective lens on the 791

Zeiss LSM 880 and Leica SP5 confocal microscopes. For 3D analysis of cells, the 792

inflorescence meristems were stained with FM4-64 and confocal cross sections were 793

obtained by acquiring z-stack on the Zeoss LSM 880. FM4-64 staining was activated 794

with 561 nm - Zeiss or 543 nm - Leica SP5 and collected with Airyscan detector - Zeiss 795

or collection window 600-650 nm - Leica SP5. eGFP and mGFP were activated with 796

488 nm and collected between 525-550 nm. Metrics to calculate cell and tissue values 797

from imaging analysis and simulations are detailed in SI appendix. 798

Additional materials and methods used in this study are described in the SI Appendix. 799

Statistical Analysis. 800

Statistical tests were implemented using the statannot package in python [70]. 801

Statistical analyses of the data (p-values and type of test) are presented in the Results 802

section. 803

Supporting information 804

S1 Text. Experimental Analysis Details. 805

S2 Text. Extended Model Description. 806

S1 Fig. Verification of 2D section analysis as a proxy for 3D. (A-B) The 807

principal direction of elongation for both 2D sections (A) and 3D cells (B) are shown in 808

blue. The direction of apical-basal axis (taken to be the Z axis) is shown in red, and the 809

angle between them are the azimuthal angles, which we use to classify cells as 810

anticlinally or periclinally expanded. The 3D cell and section are taken from a z-stack 811

image of a wildtype SAM. The units of the axes are in microns. The origin point of 812

both the 2D and 3D axes are arbitrary. (C) The difference between the 2D and 3D cell 813

azimuthal angles taken from 3D cells and their longitudinal section is shown on the 814

vertical axis. The horizontal axis is the aspect ratio of the cell sections, with larger 815

values representing more dramatically elongated cell sections. The threshold chosen for 816

aspect ratio ≥ 1.3 is indicated by the vertical red line, and the tolerance of 15◦ is shown 817

as a horizontal line. Cell sections analyzed in the 2D experimental analysis are those 818

cells to the right of the vertical line. The aspect ratio threshold of 1.3 was chosen to 819
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include a significant portion of data, while ensuring cell sections were elongated enough 820

to well-represent the behavior of the 3D cell. 821

S2 Fig. Initial Conditions. 50 model cells and the adhesion connections between 822

neighboring wall nodes are shown (A), and a magnified single cell (B). Cells on the left 823

and right sides of the simulated tissue domain are the boundary cells which do not 824

divide, but otherwise obey the same rules as other cells. Cells in the bottom most layer 825

are considered part of the stem, and have a much higher damping to provide a 826

foundation for the expansion of the SAM. The heat map shows the distribution of 827

[WUS] by cell from high concentration (red) to low (blue). 828

S3 Fig. Aspect ratio and orientation of cells. Nodes W s1

i and W s2

i (highlighted 829

nodes) are chosen to evenly divide the cell area with minimal segment length. The 830

perpendicular bisector is formed and nodes nearest are taken to be the long axis 831

W l1

i and W l2

i (highlighted nodes). The growth direction angle θ of cell i is the positive 832

acute angle between the horizontal and the long axis. Aspect ratio is also calculated 833

from the lengths of the long and short axes. Orientation is measured in the same way as 834

for experimental images described above. Image was rendered via simulation output, 835

and the heat map shows tensile stress calculated by node as in equation (6). 836

S4 Fig. Multiple levels of SAM organization. (A) An annotated longitudinal 837

section through a wildtype shoot apical meristem (SAM) and organ primordia. Clonal 838

layers (B) and distinct functional zones (C) of the SAM. (D) Annotated cell walls from 839

inferred daughters cells after division. Anticlinal cell divisions are shown in yellow and 840

periclinal cell divisions are shown in cyan. (E) Overlay representing the nuclear WUS 841

protein distribution (green). (F) Overlay representing TCS reporter of cytokinin 842

signaling (purple). (G) Four features used to determine cell division plane orientation. 843

S5 Fig. WUS and CK misexpression and loss of function mutants 844

influence the direction of anisotropic expansion of cells. (A) Aspect ratio and 845

(B) orientation of L1 and L2 cells in from wildtype, ectopic misexpression of WUS 846

[pCLV3::LhG4; 6xOP::eGFP-WUS-GR] and ectopic misexpression of CK [pCLV3::LhG4; 847

6xOP::ARR1-∆DDK-GR]. (C-F) Cell layer specific aspect ratio and orientation of cells 848

from wildtype, wus1 mutants [wus1-1 ] and cytokinin triple receptor 849

mutants[cre1;ahk2;ahk3 ]. Cell height (G) and width (H) of L1 and L2 cell layers for 850

each experimental condition. Significance was determined by t-test for each 851

experimental condition compared to wildtype. Asterisks indicate significance at the 852

following levels:****p < 0.0001. 853

S6 Fig. Cytokinin signaling increases periclinal cell divisions in basal 854

Corpus. Consecutive periclinal division lead to the formation of strips in wildtype 855

(black) and ectopic misexpression of cytokinin (red). 4-cell strips are caused by three 856

sequential periclinal divisions and 10-cell strips are caused by nine sequential periclinal 857

division. Significance was determined by student T-test for ectopic misexpression of CK 858

signaling compared to wildtype. Asterisks indicate significance at the following levels 859

****p < 0.0001. 860

S1 Table. Main parameter values for simulations. Parameters that varied in 861

in-silica perturbation experiments. 862
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