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Abstract 25 

Precise organization of growing structures is a fundamental process in 26 

developmental biology. In plants, radial growth is mediated by the cambium, a stem 27 

cell niche continuously producing wood (xylem) and bast (phloem) in a strictly 28 

bidirectional manner. While this process contributes large parts to terrestrial biomass, 29 

cambium dynamics eludes direct experimental access due to obstacles in live cell 30 

imaging. Here, we present a cell-based computational model visualizing cambium 31 

activity and integrating the function of central cambium regulators. Performing 32 

iterative comparisons of plant and model anatomies, we conclude that the receptor-33 

like kinase PXY and its ligand CLE41 are part of a minimal framework sufficient for 34 

instructing tissue organization. By integrating tissue-specific cell wall stiffness values, 35 

we moreover probe the influence of physical constraints on tissue geometry. Our 36 

model highlights the role of intercellular communication within the cambium and 37 

shows that a limited number of factors is sufficient to create radial growth by 38 

bidirectional tissue production.  39 

 40 

Impact statement 41 

Radial plant growth produces large parts of terrestrial biomass and can be 42 

computationally simulated with the help of an instructive framework of intercellular 43 

communication loops.  44 
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Introduction 45 

Stem cells in plants are crucial for their longevity and usually maintained in 46 

meristems, special cellular environments constituting protective niches [1]. At key 47 

positions in the plant body, we find distinct types of meristems that maintain their 48 

activity throughout a plant’s life cycle. Shoot and root apical meristems (SAM, RAM) 49 

are located at the tips of shoots and roots, respectively, driving longitudinal growth 50 

and the formation of primary tissue anatomy in these organs. Moreover, lateral 51 

meristems organized in cylindrical domains at the periphery of shoots and roots 52 

execute their thickening. The cambium is the most prominent among these lateral 53 

meristems [2]. Cambium cells are embedded in two distinct vascular tissues 54 

produced in opposite directions by periclinal cell divisions: xylem (wood) and phloem 55 

(bast) [3, 4]. These tissues carry out fundamental physiological functions: long-56 

distance transport of water and nutrients in case of the xylem and translocation of 57 

sugars and a multitude of signaling molecules in the case of the phloem. Based on its 58 

tightly controlled bidirectionality of tissue production and resulting bipartite 59 

organization, the cambium is a paradigm for bifacial stem cell niches which produce 60 

two tissue types in opposite directions and are found across different kingdoms of life 61 

[5].  62 

 63 

Balancing proliferation and differentiation within meristems is essential. In the SAM 64 

and the RAM this balance is maintained via interaction between the pool of stem cells 65 

and the organizing center (OC) and the quiescent center (QC), respectively, where 66 

the rate of cell division is relatively low. Both domains form a niche within the 67 

meristem instructing surrounding stem cells via regulatory feedback loops [6-10]. In 68 

comparison to apical meristems, functional characterization of cambium domains was 69 
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performed only very recently. During their transition from stem cells to fully 70 

differentiated xylem cells, early xylem cells instruct radial patterning of the cambium 71 

including stem cell activity and, thus, similar to the OC in the SAM, fulfil this role only 72 

transiently [11]. In addition to influence from the early xylem, phloem-derived DNA-73 

BINDING ONE ZINC FINGER (DOF) transcription factors designated as PHLOEM 74 

EARLY DOFs (PEARs) move to cambium stem cells and stimulate their proliferation 75 

in a non-cell autonomous manner [12]. Furthermore, genetically encoded lineage 76 

tracing experiments showed that cell divisions are mostly restricted to individual 77 

bifacial stem cells located in the central cambium feeding both xylem and phloem 78 

production [11, 13, 14]. Altogether these findings defined functional cambium 79 

domains and revealed some of their reciprocal communication.  80 

 81 

Another central and well-established mechanism regulating cambium activity in the 82 

reference plant Arabidopsis thaliana and beyond [15-18] is the action of a receptor- 83 

ligand pair formed by the plasma membrane-bound receptor-like kinase PHLOEM 84 

INTERCALATED WITH XYLEM (PXY), also known as TDIF RECEPTOR (TDR), and 85 

the secreted CLAVATA3/ESR-RELATED 41 (CLE41) and CLE44 peptides. Like the 86 

PEAR proteins [12], CLE41 and CLE44 are expressed in the phloem and thought to 87 

diffuse to dividing cells in the cambium area expressing PXY [16, 19]. Direct binding 88 

of CLE41 to PXY [19-21] promotes the expression of the transcription factor 89 

WUSCHEL RELATED HOMEOBOX 4 (WOX4) [22], which, in turn, is crucial for 90 

maintaining the capacity of cells to proliferate [15, 22, 23]. At the same time, the 91 

PXY/CLE41 module is reported to repress xylem differentiation in a WOX4-92 

independent manner [22, 24]. In this context, PXY stimulates the activity of glycogen 93 

synthase kinase 3 proteins (GSK3s), like BRASSINOSTEROID-INSENSITIVE 2 94 
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(BIN2) [24]. BIN2, in turn, represses the transcriptional regulator BRI1-EMS 95 

SUPPRESSOR 1 (BES1), which mediates brassinosteroid (BR) signaling and 96 

promotes xylem differentiation [24, 25]. In line with the hypothesis of a dual role in 97 

regulating stem cell activity and xylem differentiation, PXY is expressed in the 98 

proximal cambium zone containing developing xylem cells and in the central 99 

cambium zone containing bifacial cambium stem cells [13, 26, 27].  100 

 101 

Distally to the PXY expression domain and oriented toward the phloem, the closest 102 

homolog to PXY, the receptor-like kinase MORE LATERAL GROWTH 1 (MOL1), 103 

represses cambium activity [28, 29]. Although their extracellular domains are highly 104 

similar, PXY and MOL1 cannot functionally replace each other, indicating that MOL1 105 

activity does not depend on CLE41/44 peptides and that distinct signaling loops act 106 

in the proximal and distal cambium domains [29]. The latter conclusion is supported 107 

by the finding that the AUXIN RESPONSE FACTOR5 (ARF5) is expressed in the 108 

proximal cambium and promotes the transition from stem cells to xylem cells by 109 

directly dampening WOX4 activity [26, 30]. ARF5 activity is enhanced by 110 

phosphorylation through the GSK3 BIN2-LIKE 1 (BIL1) which, in contrast to other 111 

GSK3s [24], is inhibited by the PXY/CLE41 module [30].  112 

 113 

As the role of multiple communication cascades between different cambium-related 114 

tissues is beginning to emerge, it is vital to generate a systemic view on their 115 

combined impact on cambium activity and patterning integrated into a dynamic tissue 116 

environment. However, although the cambium plays an instructive role for stem cell 117 

biology, a dynamic view on its activity is missing due to its inaccessibility for live cell 118 

imaging. Computational modeling, in particular agent-based modeling combining 119 
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tissue layout with biochemical signaling processes, can overcome these obstacles 120 

and help analyzing the interplay between cellular signaling processes, cell growth 121 

and cell differentiation in silico that would otherwise be inaccessible. Here, we 122 

present a dynamic, agent-based computational model [31] of the cambium integrating 123 

the functions of PXY, CLE41, and putative phloem-derived signals into a plant-124 

specific modelling framework. As revealed by informative cambium markers, our 125 

model is able to reproduce anatomical features of the cambium in a dynamic manner. 126 

It also allows studying the cambium as a flexible system comprised of multiple 127 

interacting factors, and the effects of those factors on cell division, differentiation and 128 

tissue patterning.  129 
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Results  130 

Establishing a dynamic cambium model 131 

Taking advantage of the almost exclusive radial expansion of mature plant growth 132 

axes, we sought to create a minimal framework recapitulating the 2D dynamics of 133 

radial plant growth. To do so, we first produced a simplified stereotypic 2D-134 

representation of a plant growth axis displaying a secondary anatomy by employing 135 

VirtualLeaf – a framework specially designed for agent-based modeling of plant 136 

tissue growth [32, 33]. To avoid confusion, we refer to factors within the model by an 137 

asterisk: e.g., GENE – refers to the plant gene, whereas GENE* refers to its model 138 

counterpart. Within the model we defined three cell types: Cells designated as 139 

cambium*, cells present in the center referred to as xylem*, and cells present distally 140 

to the cambium* designated as phloem* (Figure 1A). These cell* types were 141 

organized in concentric domains as observed after the establishment of a secondary 142 

organ anatomy [11]. To reduce the risk of losing cambium cells* during our 143 

simulations and allow differential cambium cell* behavior right from the start, we 144 

defined a rather large starting pool of cambium cells*. We then defined rules 145 

determining cell* behavior: i) all cells* grew until they reached a size specific for each 146 

cell* type, ii) cambium cells* divided when they exceeded a certain size, iii) cambium 147 

cells* changed their identity into xylem* or phloem* depending on the conditions 148 

described below (see also supporting information, Supplementary File 1). All 149 

chemical-like factors* implemented in the model had manually chosen cell* type-150 

specific production and degradation rates.  151 

 152 
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To implement context-dependent regulation of cambial cell division and 153 

differentiation, we took advantage of the PXY/CLE41 signaling module [19, 22]: 154 

Phloem cells* produced a factor designated as CLE41* able to diffuse between 155 

cells*, whereas the corresponding, non-diffusing receptor designated as PXY* is 156 

produced in cambium cells* (Figure 1B). Recapitulating the CLE41-dependent 157 

function of PXY, we considered the following reaction: 158 

𝐶𝐿𝐸41∗ + 𝑃𝑋𝑌∗ → 𝑃𝑋𝑌∗                      (1) 159 

Thereby, the presence of both CLE41* and PXY* in a cell turned PXY* into PXYactive* 160 

(Figure 1B). For cambium cells* we described the PXY*-CLE41* interaction by the 161 

following equations: 162 

[𝑃𝑋𝑌∗ ] = [𝑃𝑋𝑌∗] ∙ [𝐶𝐿𝐸41∗] − 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 ∗ ∙ [𝑃𝑋𝑌∗ ]               (2) 163 

[𝑃𝑋𝑌∗] = (  ∙[ ∗ ]) − [𝑃𝑋𝑌∗] ∙ [𝐶𝐿𝐸41∗] − 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 ∙ [𝑃𝑋𝑌∗] (3) 164 

[𝐶𝐿𝐸41∗] =  𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 − [𝑃𝑋𝑌∗] ∙ [𝐶𝐿𝐸41∗] − 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 ∙ [𝐶𝐿𝐸41∗]    (4) 165 

 166 

In these equations, [X*] denoted the concentration of the respective factor in each 167 

cell*. Since PXY-CLE41 signaling was reported to negatively regulate PXY 168 

expression [16], we assumed that the production rate of PXY* is inhibited by 169 

[PXYactive*]. Therefore, the higher [PXYactive*] in a given cell*, the less PXY* was 170 

produced (equation 3). To integrate PXY/CLE41-dependent regulation of cell 171 

proliferation, we let cambium cells* divide only when [PXYactive*] exceeded a certain 172 

threshold. Thereby, the proliferation of cambium cells* was dependent on both, 173 

locally produced PXY* and CLE41* originating from the phloem*. To instruct the 174 

differentiation of cambium cells*, we took advantage of the observation that the 175 
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PXY/CLE41 module represses xylem differentiation [19, 24]. Consequently, we 176 

instructed cambium cells* to change their identity into xylem* as soon as they 177 

reached a certain size and [PXYactive*] became lower than a threshold value 178 

(Supplementary file 1).  179 

 180 

In the resulting Model 1, the growing structure maintained a circular pool of dividing 181 

cambium cells* with a high concentration of PXYactive* while producing xylem cells* 182 

toward the center of the organ (Figure 1C, Video 1, Video 2, Video 3, Video 4). As 183 

expected, when cambium cells* were displaced to the proximal side of the cambium*, 184 

they stopped dividing likely due to low [PXYactive*] (Figure 1C, D, Video 3, Video 4, 185 

Video 5) allowing them to reach a size sufficient for xylem* differentiation. Cell* 186 

division rates were highest close to CLE41* producing phloem cells* (Figure 1D-G, 187 

Video 2, Video 3). Moreover, as PXYactive* negatively affected the production of PXY*, 188 

[PXY*] was particularly low in the distal cambium* region (Figure 1C, F, G. Video 1, 189 

Video 5). This pattern was reminiscent of the exclusive activity of the PXY promoter 190 

in the proximal cambium area observed previously [13, 29]. Thus, although phloem 191 

was not produced, with maintaining a circular domain of cambium cells* and cell* 192 

proliferation and with promoting xylem* production, Model 1 was able to recapitulate 193 

several core features of the active cambium. 194 

 195 

The combination of PXY and SMXL5 promoter reporters reveals cambium 196 

anatomy 197 

To identify rules for phloem formation, we took advantage of findings obtained using 198 

the PXYpro:CYAN FLUORESCENT PROTEIN (PXYpro:CFP) and SUPPRESSOR 199 
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OF MAX2-LIKE 5pro:YELLOW FLUORESCENT PROTEIN (SMXL5pro:YFP) 200 

markers, recently established read-outs for cambium anatomy [13]. PXYpro:CFP and 201 

SMXL5pro:YFP markers label the proximal and distal cambium domain (Figure 2A, 202 

Figure 2—figure supplement 1), respectively, and are therefore indicative of a 203 

bipartite cambium organization. PXYpro:CFP activity indicates the proximal xylem 204 

formation zone whereas SMXL5pro:YFP activity indicates the distal phloem formation 205 

zone. A narrow central zone in which both markers are active hold cambium stem 206 

cells which feed both tissues and also show a high rate of cell divisions in 207 

comparison to xylem and phloem progenitors [13].  208 

 209 

To computationally recapitulate the observed maximum of cell division rates in the 210 

central cambium domain, we sought to inhibit cell* divisions in the distal layers of the 211 

cambium*. Such an effect is, for instance, mediated by the receptor-like kinase 212 

MOL1, which, similarly to SMXL5, is expressed distally to PXY expressing cells and 213 

suppresses cambial cell divisions [29]. Because cells* in the distal cambium* region 214 

were characterized by high levels of PXYactive* (Figure 1C, G, Video 4), we used 215 

PXYactive* to locally inhibit cell* division and, at the same time, to instruct phloem* 216 

formation. Therefore, we modified the rule for cell* differentiation such that, when a 217 

cambium cell* reached a specific size, it differentiated into xylem* if [PXYactive*] 218 

became lower than a threshold value and into phloem* if [PXYactive*] was greater than 219 

the same threshold and the cell was larger (Supplementary File 1). Thereby, our 220 

model followed a classical ‘French flag’ principle of development according to which 221 

concentration gradients of diffusible morphogens pattern surrounding tissues [34]. It 222 

is worth noting that the combined effect of CLE41* on cell* proliferation, on phloem* 223 
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specification and on [PXY*] may also be achieved by distinct phloem-derived factors 224 

mediating these effects individually.  225 

 226 

The computational implementation of these rules (Model 2A) resulted in a 227 

descending gradient of cell* division rates in the distal cambium* domain likely due to 228 

high levels of PXYactive* (Figure 2B-E, Video 6, Video 7, Video 8). The cell* division 229 

rate was highest in the central cambium* domain defined by high [PXY*] and by 230 

moderate [PXYactive*] (Figure 2B-D, Video 8, Video 9, Video 10, Video 11). Also, not 231 

only xylem* but also phloem* was continuously produced and the fate of cambium 232 

cells* was dependent on their position relative to the differentiated tissues*. In the 233 

central cambium* domain, cells* proliferated and constantly replenished the stem cell 234 

pool (Figure 2B, Video 6, Video 7, Video 8). Thus, by incorporating relatively simple 235 

rules, Model 2A comprised major cambium features, including phloem formation. 236 

Moreover, in qualitative terms, the resulting anatomy* reproduced the anatomy of a 237 

mature Arabidopsis hypocotyl (Figure 2A, E). It is interesting to note, however, while 238 

the cambium domain stays almost perfectly circular in plants, the cambium* in our 239 

simulations displayed a clear front instability suggesting that a stabilizing mechanism 240 

exists which we missed in our model.   241 

 242 

Cambium model explains the effect of ectopic CLE41 expression 243 

To evaluate the predictive power of Model 2, we tested its capacity to simulate the 244 

effects of genetic perturbation of cambium regulation. Ectopic expression of CLE41 245 

by employing the IRREGULAR XYLEM 3/CELLULOSE SYNTHASE CATALYTIC 246 

SUBUNIT 7 (IRX3/CESA7) promoter, which is active in cells undergoing secondary 247 
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cell wall deposition [35-37], substantially alters hypocotyl anatomy [16]. This effect 248 

was confirmed when PXYpro:CFP/SMXL5pro:YFP activities were analyzed in a plant 249 

line carrying also an IRX3pro:CLE41 transgene (Figure 3A, Figure 2—figure 250 

supplement 1, Figure 3—figure supplement 1, Figure 3—figure supplement 2, Figure 251 

3—figure supplement 3, Figure 3—figure supplement 4). The PXYpro:CFP activity 252 

domain had a cylindrical shape including the proximal cambium domain and the 253 

xylem tissue itself in plants with a wild type background (Figure 2A, Figure 3—figure 254 

supplement 1, Figure 3—figure supplement 2, Figure 3—figure supplement 3, Figure 255 

3—figure supplement 4). While in the presence of the IRX3pro:CLE41 transgene, 256 

PXYpro:CFP activity was found in irregularly shaped patches containing 257 

differentiated xylem vessel elements distributed over the whole cross-section (Figure 258 

3A, Figure 3—figure supplement 1, Figure 3—figure supplement 2, Figure 3—figure 259 

supplement 3, Figure 3—figure supplement 4). Moreover, we observed regions 260 

without PXYpro:CFP activity in proximal hypocotyl regions where SMXL5pro:YFP 261 

was active (Figure 3A, Figure 3—figure supplement 1, Figure 3—figure supplement 262 

2, Figure 3—figure supplement 3, Figure 3—figure supplement 4). Besides, a 263 

substantial part of SMXL5pro:YFP activity was detected in the distal regions of the 264 

hypocotyl forming islands of irregular shape sometimes intermingled with 265 

PXYpro:CFP activity (Figure 3A, Figure 3—figure supplement 1, Figure 3—figure 266 

supplement 2, Figure 3—figure supplement 3, Figure 3—figure supplement 4). This 267 

activity pattern was in contrast to the one found in plants without the IRX3pro:CLE41 268 

transgene where SMXL5pro:YFP reporter activity surrounded the PXYpro:CFP 269 

expression domain only from the distal side (Figure 2A, Figure 3—figure supplement 270 

1, Figure 3—figure supplement 2, Figure 3—figure supplement 3, Figure 3—figure 271 

supplement 4). These results indicated that not only the radial symmetry of the 272 
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hypocotyl [16] but also cambium organization depends on the site of CLE41 273 

production.  274 

 275 

To simulate the effect of the IRX3pro:CLE41 transgene in silico, we instructed xylem 276 

cells* to produce CLE41* at the same rate as phloem cells* (Model 2B). Although in 277 

this case xylem* formation was initially repressed possibly due to high levels of 278 

PXYactive* in all cambium* cells (Figure 3B, Video 12, Video 13, Video 14), new xylem 279 

cells* were formed as soon as the distance between existing xylem and phloem cells* 280 

became large enough such that CLE41* levels and, in turn, [PXYactive*] dropped to 281 

permissive levels (Figure 3C, Video 12, Video 13, Video 14). New phloem cells* were 282 

produced close to existing phloem and xylem cells* likely due to high levels of 283 

PXYactive* (Figure 3C, Video 15, Video 16). As a result, Model 2B produced a similar 284 

disruption in cambium* organization, as observed in IRX3pro:CLE41 plants (Figure 285 

3D, Video 12, Video 13, Video 14). Zones with both high [PXYactive*] and low [PXY*], 286 

which were found in the distal cambium* in Model 2A (Figure 2E, Video 16, Video 287 

17), appeared in the organ* center together with individual xylem cells* (Figure 3D). 288 

Moreover, in addition to being produced in distal regions, new phloem cells* were 289 

produced in the central areas of the organ* as demonstrated previously for 290 

IRX3pro:CLE41 plants [16]. Thus, rules determining cambium* polarity implemented 291 

in Model 2 were sufficient to simulate organ anatomy found in wild type and 292 

IRX3pro:CLE41 genetic backgrounds.  293 

 294 

In contrast, a discrepancy between the model logic and the in planta situation was 295 

suggested when we compared a model having reduced PXY* activity with pxy 296 

mutants carrying the PXYpro:CFP and SMXL5pro:YFP reporters. In pxy mutants, the 297 
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xylem tissue did not have a cylindrical shape, but was instead clustered in radial 298 

sectors showing PXYpro:CFP and, at their distal ends, SMXL5pro:YFP activity, 299 

whereas regions in between those sectors had little to no xylem and did not show 300 

reporter activity (Figure 3E, Figure 2—figure supplement 1, Figure 3—figure 301 

supplement 1, Figure 3—figure supplement 2, Figure 3—figure supplement 3, Figure 302 

3—figure supplement 4). Interestingly, PXYpro:CFP and SMXL5pro:YFP activity 303 

domains were still mostly distinct meaning that PXYpro:CFP activity did not expand 304 

further beyond established xylem than in wild type (Figure 3E, Figure 3—figure 305 

supplement 5). This discrepancy indicated that, in contrast to our assumption, the 306 

CLE41-PXY signaling module did not restrict PXY promoter activity in the distal 307 

cambium. Of note, the sharp border between PXYpro:CFP and SMXL5pro:YFP 308 

activity was less pronounced in pxy mutants mostly due to a spread of 309 

SMXL5pro:YFP activity towards xylem tissues (Figure 3—figure supplement 5). The 310 

discrepancy between Model 2 and the situation in plants was confirmed when we 311 

completely eliminated PXY* activity from our model (Model 2C). As expected, this 312 

elimination resulted in the absence of growth due to the full dependence of cell* 313 

divisions on the PXY* function, clearly being at odds with the phenotype of pxy 314 

mutants (Figure 3E). Even when we only reduced PXY* activity (Model 2D), this did 315 

not result in a split of the continuous cambium domain* but abolished phloem* 316 

formation and increased the production of xylem* (Figure 3F).  317 

 318 

Interestingly, the quantification of water transporting xylem vessels, xylem fibers, 319 

which provide mechanical stability, and xylem parenchyma in sections from wild type 320 

and pxy mutant hypocotyls by automated image segmentation revealed that the total 321 

number of xylem cells and the number of xylem vessels was comparable (Figure 3G-322 
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I, Figure 3—figure supplement 6). In contrast, the number of cells classified as fibers 323 

was substantially reduced in pxy mutants whereas the number of cells classified as 324 

parenchyma was increased (Figure 3G-I). These results suggested that during radial 325 

growth, PXY promotes the fiber-parenchyma ratio in the xylem, while the formation of 326 

xylem vessels and the total number of cambium-derived cells produced toward the 327 

xylem is hardly PXY-dependent. 328 

 329 

Multiple phloem-derived factors determine cambium activity 330 

Our observations prompted us to reconsider some features of the model and to 331 

extend our ‘French flag’ approach. As the proximal cell production rate by the 332 

cambium was not PXY-dependent, we made xylem* formation independent from the 333 

control of PXY-active*. Instead, cambium cells* differentiated into xylem cells* when 334 

they reached a specific size and, at the same time, expressed PXY* as a positional 335 

feature. To maintain a population of active cambium cells* in the absence of PXY*, 336 

we introduced a second phloem*-derived factor (PF), reminiscent of the PEAR 337 

transcription factors identified recently [12]. PF* stimulated cell* divisions by 338 

promoting the production of a division factor (DF) in cambium cells* and in phloem 339 

parenchyma* (Figure 4A, Figure 4—figure supplement 1, see below). Cambium cells* 340 

divided only if the concentration of DF* exceeded a threshold value (Supplementary 341 

File 1). DF* production was at the same time stimulated by PXYactive* as its only effect 342 

in cambium cells* (Figure 4A). Thereby, cambial cell* divisions were dependent on 343 

the combined influence of PXYactive* and their proximity to phloem poles* (see below).  344 

PF* was, thus, produced in phloem poles* and the levels in other cells* were 345 

determined by the diffusion and degradation: 346 
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[𝑃𝐹∗ ] = 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 + 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 − 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 ∙ [𝑃𝐹∗ ]        (5) 347 

 348 

DF* production was, in turn, determined as follows: 349 

 [𝐷𝐹∗] = 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 +  ∗([ ∗] ∗ ∗ )( [ ∗] ∗ [ ∗ ]) − 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛      (6) 350 

Where K stands for an empirically defined parameter capping the production 351 

rate of DF*. 352 

 353 

Based on the strong association of xylem sectors with developing phloem cells 354 

(Figure 3E), we further hypothesized that the formation of those sectors in pxy 355 

mutants was dependent on the heterogeneity of cell type distribution in the phloem. 356 

Therefore, phloem cells* from the previous models were split into two cell types – 357 

phloem parenchyma* and phloem poles* (Figure 4A, Figure 4—figure supplement 1). 358 

To achieve the dispersed pattern of phloem poles, cambium-derived cells* fulfilling 359 

the criteria to differentiate into phloem* (see above), differentiated into phloem poles* 360 

by default, unless inhibited by PF*, which was specifically produced in pole cells* 361 

(Supplementary File 1). Thereby, phloem poles* suppressed phloem pole* formation 362 

in their vicinity, expected to result in a patchy pattern of phloem poles as observed in 363 

planta [38]. The inhibition of phloem poles in their immediate environment is 364 

reminiscent to the CLE45/RECEPTOR LIKE PROTEIN KINASE 2 (RPK2) signaling 365 

cascade restricting protophloem sieve element identity to its usual position [39, 40]. It 366 

is worth noting that in our model, CLE41* was still produced in both phloem poles* 367 

and phloem parenchyma* but with a higher rate in phloem poles*. To further achieve 368 

PXY*-independent cambium subdomain separation, phloem parenchyma* and 369 
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phloem poles* were set to express another diffusive signal (RP) which suppressed 370 

PXY* expression in cambium* cells, the role that was played by PXYactive* before 371 

(Figure 4A, Figure 4—figure supplement 1, Supplementary File 1). The role of RP is 372 

reminiscent to the role of cytokinin which inhibits xylem-related features in tissue 373 

domains designated for phloem development [41]. Importantly, cell divisions in the 374 

distal cambium* were not actively repressed anymore but were exclusively 375 

dependent on cell size and the level of DF* (Supplementary File 1). 376 

  377 

The implementation of these principles in silico (Model 3A) resulted again in the 378 

establishment of two cambium* subdomains – the distal subdomain which was 379 

characterized by high concentrations of DF* and the proximal subdomain 380 

characterized by high PXY* concentration (Figure 4B-D, Figure 4—figure supplement 381 

1, Video 18, Video 19, Video 20, Video 21, Video 22, Video 23). Distally, the 382 

cambium* produced phloem parenchyma cells* from which phloem poles* were 383 

continuously formed with a pattern resembling the patchy phloem pattern observed in 384 

plants (Figure 4B, Figure 4—figure supplement 1) [38, 42]. Interestingly, the 385 

localization of PF* production mainly in phloem poles* resulted in increased DF levels 386 

in the vicinity of those poles and, consequently, in locally increased cell* division 387 

rates (Video 20, Video 21). This observation is in line with the observation that 388 

phloem poles drive cell divisions in their immediate environment and that phloem 389 

cells still divide after initial specification [12, 14]. When comparing the radial pattern 390 

of PXYpro:CFP/SMXL5pro:YFP activities and, as an in silico approximation to these 391 

activities, the distribution of PXY* and DF* in our model over time, patterns were 392 

stable in both cases (Figure 4B, Figure 3—figure supplement 1, Figure 3—figure 393 

supplement 2, Figure 3—figure supplement 3, Figure 3—figure supplement 4, Video 394 
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18, Video 22, Video 23). This demonstrated that our model was able to generate 395 

stable radial patterns of gene* activity comparable to the in planta situation.  396 

 397 

By instructing CLE41* production additionally in xylem cells*, we next simulated 398 

CLE41-misexpression by the IRX3 promoter (Model 3B, Figure 4—figure supplement 399 

1, Figure 4E, Video 24, Video 25, Video 26, Video 27, Video 28, Video 29). CLE41* 400 

interacted with PXY* on the proximal cambium* border, which resulted in ectopic DF* 401 

production and phloem-parenchyma* formation in the proximal hypocotyl* regions 402 

(Figure 4E, Video 24, Video 28), similarly as during radial hypocotyl growth in 403 

IRX3pro:CLE41 plants (Figure 3A, Figure 3—figure supplement 1, Figure 3—figure 404 

supplement 2, Figure 3—figure supplement 3, Figure 3—figure supplement 4). Still, 405 

xylem cells* were formed, generating a patchy xylem* pattern resembling the xylem 406 

configuration found in IRX3pro:CLE41 plants (Figure 3A, Figure 4E, Video 24).  407 

 408 

Fully eliminating CLE41* binding to PXY* and therefore PXY* activity but keeping the 409 

positional information of PXY* for xylem cell differentiation (Model 3C, Figure 4—410 

figure supplement 1,) generated a patchy outline of the distal cambium* subdomain 411 

(Figure 4F, Video 30, Video 31, Video 32, Video 33, Video 34, Video 35). While PXY* 412 

was usually the main trigger of cell* divisions in cambium cells* at a certain distance 413 

from phloem poles*, PF* was sufficient for triggering cell divisions next to phloem 414 

poles*. Heterogeneous cambium activity was already observable at early phases of 415 

radial hypocotyl growth in silico and in planta and resulted overall in a reduced tissue 416 

production in both systems (Figure 4F, Figure 3—figure supplement 1, Figure 3—417 

figure supplement 2, Figure 3—figure supplement 3, Figure 3—figure supplement 4, 418 

Video 30, Video 31, Video 32, Video 33, Video 34, Video 35). Thus, by introducing 419 
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both a PXY*-independent pathway stimulating cambium* proliferation and a 420 

dependence of cell* proliferation on the distance to phloem poles*, we were able to 421 

simulate important features of the pxy mutant phenotype (Figure 3E, Figure 4F, 422 

Figure 3—figure supplement 1, Figure 3—figure supplement 2, Figure 3—figure 423 

supplement 3, Figure 3—figure supplement 4). Collectively, we concluded that we 424 

established a computational cambium model sufficiently robust to simulate major 425 

genetic perturbations of cambium regulation. 426 

 427 

Physical properties of cambium-derived cells have the potential to influence 428 

stem cell behavior  429 

Next, we were interested to see whether the established model was able to reveal 430 

organ-wide features of radial plant growth. A characteristic of cambium stem cells is 431 

that they divide mostly in periclinal orientation, which is in parallel to the organ 432 

surface, resulting in the frequent formation of radial cell files (Figure 2A). 433 

Interestingly, although the overall tissue anatomy of the modelled organ* resembled 434 

the in planta situation, cell division orientation in our model outputs was almost 435 

random suggesting that radial cell file formation cannot be explained by the molecular 436 

signaling pathways implemented into the model (Figure 4A). The strong dominance 437 

of periclinal divisions in planta, however, implies the presence of a positional signal 438 

instructing cell division orientation. Because classical observations indicated that 439 

physical forces play a role in this regard [43-45], we tested whether the model was 440 

suited for finding indications for the influence of differential cell stiffness on geometric 441 

features of radial plant growth. 442 

 443 
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To do so, we first determined the relative cell wall thickness in hypocotyl cross 444 

sections using the cell wall dyes Direct Yellow 96 and Direct Red 23 [46] as an 445 

indication. Notably, staining intensities were approximately half as strong compared 446 

to cells of the surrounding tissue (Figure 4—figure supplement 2). Expecting that 447 

staining intensities correlate with cell wall stiffness and by also taking into account 448 

results obtained previously by Atomic Force Microscopy of the cambium region [47], 449 

we assumed that cambium stem cells are half as stiff as surrounding cells and 450 

integrated this feature into our model by expanding VirtualLeaf to allow for the 451 

integration of cell-type specific wall stiffness (see Supporting Information “VirtualLeaf 452 

Simulations” for details). We implemented this information in the Hamiltonian 453 

operator, which is used to approximate the energy of the system and takes both 454 

turgor pressure and cell wall resistance into account. In practice this means that a 455 

higher cell wall stiffness will increase the cell walls’ resistance to being stretched and 456 

will result in slower cell* growth. 457 

 458 

Utilizing this expanded model (Model 4), we investigated the parameter space to find 459 

parameters accurately describing cambium activity not only qualitatively but also 460 

quantitatively. To incorporate realistic tissue ratios and unbiased parameter 461 

identification, we performed an automated parameter search using a previous 462 

characterization of Arabidopsis hypocotyl anatomy [38] as a criterion for parameter 463 

selection. To this end, we evaluated our searched parameter sets to aim for a cell 464 

type distribution of 24, 10 and 65 % for cambium*, xylem*, and phloem cell* number, 465 

respectively. Performing 12,500 simulations resulted in n = 5 parameter sets 466 

(Supplementary File 2), which produced more realistic cell type proportions than we 467 

achieved by our manually selected set before (Figure 4G, Figure 4—figure 468 
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supplement 3). Thus, by taking real cell type proportions as a guideline for parameter 469 

search, we were able to establish a model generating a more realistic morphology as 470 

a solution. Furthermore, by generating several parameter sets that described the 471 

experimentally observed tissue ratios equally well, we demonstrated that even with 472 

differing parameter values the model behavior remained consistent reaffirming the 473 

model structure we had identified with Model 3A and was parameterized in Model 4 474 

(Figure 5A, B, Figure 4—figure supplement 3, Video 36, Video 37, Video 38, Video 475 

39, Video 40, Video 41).  476 

 477 

To next investigate the role of biomechanics in the direction of cell division, we 478 

analyzed the model behavior at different cell wall stiffness values. Specifically, we 479 

were interested in the role of xylem* and epidermis*, the latter being represented by 480 

the relative perimeter stiffness of the outer tissue boundary in VirtualLeaf. Of note, 481 

defining the outer cell* layer as epidermis* was done for simplicity reasons as the 482 

rather complex periderm usually forms the outer tissues of older hypocotyls [48]. 483 

Here, we assumed xylem or epidermis cells* and, in turn, the relative perimeter 484 

stiffness to be more resistant to expansion due to the thickness of their cell walls* 485 

and implemented this behavior in Model 4 as a cellular* property. First we explored 486 

how the variation of the stiffness of xylem cell walls* impacted tissue formation 487 

(Figure 5C, Video 42, Video 43, Video 44, Video 45, Video 46, Video 47), we first 488 

observed that, as expected, increasing cell wall* stiffness led to a xylem*-specific 489 

decrease in cell* size and major axis length (Figure 5—figure supplement 1A, B). In 490 

turn, some cambium cells showed an increase in length as the cell type* with the 491 

closest proximity to xylem cells*. In addition, we observed a general decrease in the 492 

number of cells*, particularly of xylem cells* (Figure 5—figure supplement 1D). We 493 
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explained this effect by a ‘physical’ constraint generated by ‘stiffer’ xylem cells* acting 494 

on neighboring cambium cells* impairing their expansion and, thus, their 495 

transformation into xylem* (Video 42, Video 43, Video 44, Video 45, Video 46, Video 496 

47). Importantly, neither cell area nor cell length was affected in phloem cells* and 497 

the number of cambium cells* stayed constant (Figure 5—figure supplement 1), 498 

suggesting that the general growth dynamics of the model and especially the 499 

behavior of cambium cells* was comparable under the different stiffness* regimes. 500 

When analyzing the same characteristics for the different epidermis* tissue regimes 501 

(Figure 5D, Video 48, Video 49, Video 50, Video 51, Video 52), we found that neither 502 

cell size* nor cell length* were impacted (Figure 5—figure supplement 2). Instead, we 503 

found a decrease in the number of cells* per simulation with increasing cell wall 504 

stiffness, in particular phloem parenchyma* and phloem pole cells*, as the increased 505 

resistance of the outer tissue boundary limited the overall tissue growth resulting in 506 

less cells being produced in the outer parts of the tissue (Figure 5—figure 507 

supplement 2).   508 

 509 

To access the effect of increased stiffness of xylem and epidermis cell walls* on cell* 510 

division orientation, we first defined cell lineages* as groups of cells* having 511 

originated from the same precursor cell* and drew lines between immediate daughter 512 

cells* (Figure 5E, F). We then calculated the goodness of fit (R2) of a linear 513 

relationship between center of mass coordinates of all individual lines as a proxy for 514 

lineage* ‘radiality’ and, thus, for the ratio of periclinal versus anticlinal cell divisions*. 515 

After obtaining the R2 value for each lineage*, we tested for median differences 516 

among r distributions under each stiffness regime (Figure 5G, Figure 5—figure 517 

supplement 3). These comparisons showed that the increase of the xylem* to non-518 
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xylem cell wall* stiffness ratio produced a shift from more “curved” lineages (R2 < 519 

0.25) towards more radial lineages* (R2 > 0.75) (Figure 5G, Figure 5—figure 520 

supplement 3A). We attributed this effect to an increased radial elongation of 521 

cambium cells* with increasing xylem stiffness* (Video 42, Video 43, Video 44, Video 522 

45, Video 46, Video 47) and the preferred cell division* along the shortest axis in 523 

VirtualLeaf [32]. Although the effect of xylem cell* stiffness on lineage radiality was 524 

not on all lineages, as a fraction of them remained less radially oriented even for high 525 

xylem stiffness (Figure 5G), implementing stiffness as a cell property therefore 526 

produced coherent results in terms of the appearance of radial cell files* as an 527 

emergent property of xylem cell* wall stiffness. In contrast, the analysis of different 528 

epidermis cell wall stiffness did not show a clear change in the distribution of lineages 529 

in the range of analyzed stiffness regimes (Figure 5H, Figure 5—figure supplement 530 

3B, Video 48, Video 49, Video 50, Video 51, Video 52) as increasing stiffness limited 531 

tissue growth and therefore the formation of cell lineages. These results remained 532 

consistent for both xylem* and epidermis* stiffness regimes when varying other 533 

parameters determining cell wall dynamics, i.e. the target length of cell wall elements 534 

and the yielding threshold for the introduction of new cell wall segments (Figure 5—535 

figure supplement 4).  536 
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Discussion 537 

Growth and development of multicellular organisms are complex non-linear 538 

processes whose dynamics and network properties are not possible to predict only 539 

based on information on their individual building blocks and their one-to-one 540 

interactions. The rather simple cellular outline along the radial axes of plant organs, 541 

growth in only two dimensions, and the recent identification of central functional 542 

properties [11-13], make radial plant growth an attractive target for a systematic 543 

approach to reveal its intriguing dynamics. Here, we developed a computational 544 

model representing a minimal framework required for radial plant growth using the 545 

VirtualLeaf framework [32]. In particular, we combined an agent-based model of the 546 

tissue layout with an ODE model of the inter-cellular PXY/CLE41 signaling module. 547 

By integrating these two modeling and biological scales, we were able to recapitulate 548 

not only the complex behaviors that arise as consequence of the cellular interactions 549 

[49] but also the interplay between cellular layout and intercellular signaling 550 

dynamics. Therefore, our model allows analyzing fundamental features of plant organ 551 

growth and integrates the PXY/CLE41 module as one central element for cambium 552 

patterning and maintenance. 553 

 554 

Using positional information mediated by morphogenetic gradients of diffusible 555 

chemicals to pattern growing structures is a classical concept in developmental 556 

biology which has stirred a long history of fundamental debates [50]. Initially, we used 557 

the PXY/CLE41 module to generate such a gradient instructing cambium cells* to 558 

differentiate into xylem cells*, to proliferate or to differentiate into phloem cells*. 559 

Repression of cell division in the distal cambium was achieved by implementing an 560 

inhibitory feedback loop of PXY-signaling* on PXY* production. Altogether, this setup 561 
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was already sufficient to maintain stable radial tissue organization during radial 562 

growth and established a maximum of cell division rates in the cambium center as 563 

observed by experimental means [13]. Thus, we conclude that cambium organization 564 

and radial patterning of plant growth axes can be maintained by a distinct pattern of 565 

radially acting morphogens. Such a role was initially proposed for auxin whose 566 

differential distribution, however, seems to be rather a result of tissue patterning than 567 

being instructive for radial tissue organization [51].  568 

 569 

In contrast to expected roles of the PXY pathway in xylem formation based on 570 

experiments during primary vascular development [19, 22, 24], we observed that the 571 

overall amount of proximal tissue production during radial plant growth did not 572 

depend on the PXY function. Automated image analysis including object 573 

classification revealed that neither the number of cells produced toward the organ 574 

center nor the number of vessel elements did change in a pxy mutant background 575 

but rather the ratio between parenchyma and fiber cells. Therefore, in contrast to a 576 

negative effect of PXY/CLE41 signaling on vessel formation in vascular bundles in 577 

leaves [19, 24], vessel formation during radial plant growth is PXY/CLE41-578 

independent. Instead, fiber formation is positively associated with the PXY/CLE41 579 

module. These observations indicated that xylem formation is unlikely to be 580 

instructed by PXY/CLE41 signaling alone and that additional signals are required.  581 

 582 

Moreover, the application of markers visualizing cambium organization showed that 583 

PXY-deficiency leads to cambium disorganization in some regions of the hypocotyl 584 

whereas in other areas, cambium anatomy is maintained. Since such areas are 585 

regularly spaced, this pattern may arise due to factors acting in parallel to 586 
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PXY/CLE41 and which also carry spatial information. Although ethylene signaling 587 

was reported to act in parallel to PXY/CLE41 signaling, spatial specificity does not 588 

seem to be a characteristic property of ethylene signaling [52]. In contrast, PEAR 589 

transcription factors are phloem-derived and stimulate the proliferation of cambium 590 

stem cells presumably in a PXY/CLE41-independent manner [12] and, thus, may act 591 

similarly to the PF* factor we introduced in our model. The ERECTA/EPIDERMAL 592 

PATTERNING FACTOR-LIKE (ER/EPFL) receptor-ligand pathway acting in concert 593 

with the PXY/CLE41 module [53, 54] represents another candidate for playing such a 594 

role. In addition, CLE45 was recently proposed to be expressed in developing sieve 595 

elements, the conducting units of the phloem, and repress the establishment of sieve 596 

element identity in their immediate environment mediated by the RPK2 receptor 597 

protein [39]. The PF* factor in our model combines features of these phloem-derived 598 

molecules. 599 

 600 

In addition to the phloem sending out instructive signals, early xylem cells have been 601 

identified to act as an organizing center of cambium patterning [11]. Although this 602 

finding seems to be at odds with our claim that phloem-derived signals are sufficient 603 

for cambium organization, it is important to consider that we ignored, for example, 604 

upstream regulation of postulated factors like PXY* or CLE41*, which obviously 605 

depends on positional information which could be mediated in plants by auxin or 606 

cytokinin signaling [55]. For simplicity, we also ignored organizing effects of signaling 607 

longitudinally to cross sections as it can, for example expected for polar auxin 608 

transport [56-58] in the context of cambium activity or xylem formation. Although 609 

being considerably more complex, the establishment of 3D models will be crucial 610 

essential for addressing this aspect.     611 
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 612 

In this context, it is interesting to note that we deliberately excluded the transition 613 

from the initially bisymmetric tissue conformation to a concentric tissue organization 614 

as it occurs in hypocotyls and roots [11, 38] from our model. Our rationale was that 615 

the rather complex change in tissue anatomy from a primary to a secondary 616 

conformation in the hypocotyl required more assumptions in our model and would 617 

have spoiled the advantages of a relatively simple anatomy for generating a cell-618 

based computational model. Moreover, the differences in primary anatomy of shoots 619 

and roots before the onset of radial plant growth [11, 59] would have required 620 

different cellular outlines for both cases and, thus, would have hampered the 621 

generality of our approach.  622 

 623 

Interestingly, the front of cambium domains is very stable, i.e. almost perfectly 624 

circular, in planta but this is not the case for our computational simulations. We 625 

believe that instability in the computational models is due to local noise in the cellular 626 

pattern leading to differential diffusion of chemicals* with respect to their radial 627 

position and to a progressive deviation of domains from a perfect circle. Such a 628 

deviation seems to be corrected by an unknown mechanism in planta but such a 629 

corrective mechanism is, due to the absence of a good indication in planta, not 630 

implemented in our models. Analyses of wt and pxy lines at different stages (Figure 631 

3—figure supplement 1 and Figure 3—figure supplement 2, Figure 3—figure 632 

supplement 3, Figure 3—figure supplement 4) revealed ‘gaps’ in the cambium 633 

domain already at early stages of pxy development arguing against the possibility 634 

that the pxy anatomy is caused by increased front instability. Although a corrective 635 

mechanism ensuring front stability in planta is difficult to predict, our model now 636 
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allows to test respective ideas like directional movement of chemicals or stabilizing 637 

communication between cells during cambium activity. In this context it is interesting 638 

that increasing epidermis* ‘stiffness’ increased circularity of the growing organ* which 639 

may be administered by the periderm [48], the protective cell layers which we did not 640 

consider in our model. 641 

 642 

Current research on plant mechanical biology indicates how cell mechanical 643 

properties influence cell and tissue morphogenesis. Microtubules, turgor pressure 644 

and cell wall composition are central factors in this regard [60, 61]. Due to the 645 

geometric constraints in a radially growing plant axis, it becomes challenging to 646 

uncouple these factors experimentally and to establish the impact of one factor on 647 

organ patterning during radial plant growth. By expanding VirtualLeaf to allow for the 648 

integration of cell type-specific wall stiffness, we fundamentally increased the 649 

spectrum of potential modeling approaches. In particular, since cell wall stiffness is 650 

accessible by the cellular model throughout simulations, it is now possible to simulate 651 

and analyze e.g. the dynamics of auxin or brassinosteroid-mediated cell wall 652 

loosening [62, 63]. In our cambium model, by modulating exclusively cellular 653 

‘stiffness’, we were able to computationally simplify the ‘physical’ properties and, 654 

thereby, develop a hypothesis how inter-tissue forces influence stem cell behavior 655 

not only cell autonomously, but also in a non-cell autonomous manner. 656 

 657 

Taken together, we envision that the model presented in this study recapitulates the 658 

qualitative and quantitative variation in radial plant growth on multiple levels, found in 659 

different mutants or when comparing different dicotyledonous species [64]. 660 

Remarkable features like the establishment of concentric cambium rings often found 661 
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in the order of Caryophyllales [65] or ‘phloem wedges’ found in the Bignonieae genus 662 

[66] may be recapitulated by adjusting the model’s parameters values or by 663 

introducing additional factors. In the future, the model may help to predict targets of 664 

environmental stimuli inducing changes of cambium activity like seasonal changes 665 

[67] or mechanical perturbation [68], allowing the generation of testable hypotheses. 666 

Thus, our dynamic model will be a useful tool for investigating a process not possible 667 

to observe in real time and partly develops over exceptionally long periods. 668 

  669 
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Material and Methods 670 

 671 

Plant material and growth conditions 672 

Arabidopsis thaliana (L.) Heynh. plants of Columbia-0 accession were used for all 673 

experiments and grown as described previously [23]. pxy-4 (SALK_009542, 674 

N800038) mutants were ordered from the Nottingham Arabidopsis Stock Centre 675 

(NASC). Plant lines carrying IRX3pro:CLE41 and 35Spro:CLE41 transgenes [16] 676 

were kindly provided by Peter Etchells (Durham University, UK). PXYpro:ECFP-ER 677 

(pPS19) and SMXL5pro:EYFP-ER (pJA24) reporter lines expressing fluorescent 678 

proteins targeted to the endoplasmatic reticulum (ER) were described previously [69, 679 

70]. After sterilization, seeds were stratified for 2-3 days in darkness at 4ºC. Plants 680 

were then grown at 21°C and 60 % humidity. To check PXYpro:CFP/SMXL5pro:YFP 681 

activities, 27or 39-day-old seedlings were used. 27-day-old seedlings were grown on 682 

plates in short-day conditions (10 h light and 14 h darkness). 39-day-old seedlings 683 

were grown on soil in short-day conditions for 21 days and then moved to long-day 684 

conditions (16 h light and 8 h darkness) for 18 days. 685 

 686 

Confocal microscopy 687 

Hypocotyls were isolated and cleaned from surrounding leaf material using razor 688 

blades (Classic Wilkinson, Germany). The cleaned hypocotyls were mounted in 7 % 689 

low melting point agar (Sigma-Aldrich, St. Louis, MO, USA) in water and sections 690 

were generated using a vibratome (Leica VT1000 S). For monitoring hypocotyl 691 

development, the developmental gradient in hypocotyls of 27 day-old plate-grown 692 

plants (stages 1-3 shown in Figure 3—figure supplement 1A-C, E-G, I-K and Figure 693 
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3—figure supplement 2 A-C, E-G, I-K) was employed: the lower region close to the 694 

hypocotyl-root boundary was taken as the youngest stage (stage1), the middle region  695 

as stage 2, and the upper region close to the cotyledons as stage 3. As stage 4, 696 

sections from the middle region of 39 day-old plants grown on soil were taken which 697 

are shown in all other images displaying confocal analyses. For Figure 4—figure 698 

supplement 2A, B, 75 µm thick sections from soil-grown 32 day-old plants were 699 

stained for 60 minutes with 0.1 % w/v Direct Yellow 96 (Sigma Aldrich, St. Louis, US, 700 

S472409-1G) diluted in ClearSee [46] (10 % w/v xylitol, 15 % w/v sodium 701 

deoxycholate, 25 % w/v urea), washed three times with ClearSee and mounted in 702 

ClearSee on microscope slides. For other experiments, 60 μm thick sections were 703 

stained for 5 minutes with 0.1 % w/v Direct Red 23 (Sigma Aldrich, St. Louis, US, 704 

212490-50G) diluted in water, washed three times with water and mounted in water 705 

on microscope slides. For analyzing the fluorescent markers, a Leica SP8 or Stellaris 706 

8 (Leica, Germany) confocal microscope was used. Different fluorescence protein 707 

signals were collected in different tracks. YFP was excited at 514 nm and emission 708 

was collected at 522-542 nm. CFP was excited at 458 nm and the signal emission 709 

was collected at 469-490 nm. The Direct Red 23-derived signal was excited at 495 710 

nm and emission was detected at 558-649 nm. The Direct Yellow 96-derived signal 711 

was excited at 488 nm and emission was detected at 500-540 nm. For qualitative 712 

comparisons, 5-10 samples for each sample type were included and repeated at least 713 

twice. Please, be aware that, depending on variations in staining intensity, sometimes 714 

cell walls of vessel elements appear white in the provided images due to the overlap 715 

of signal from Direct Red 23 staining and autofluorescence captured during 716 

PXYpro:CFP detection (see for example Figure 3—figure supplement 2D).  717 

 718 

Ilastik cell type counting 719 
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For cell type classification and quantification, sections were produced from 42 day-720 

old plants as previously described [23]. The xylem area was cropped manually from 721 

histological images of wild type and pxy mutant. The Ilastik toolkit [71] was used for 722 

image segmentation and cell type classification (https://www.ilastik.org). With a 723 

training set, the pixel classification workflow was trained to distinguish cell walls from 724 

the background. After segmentation, the object classifier was then trained to split the 725 

resulting objects into four groups - xylem vessels, xylem fibers, xylem parenchyma, 726 

and unclassified objects. The resulting classifier was then applied to all cropped 727 

images. For each image, cell type data were extracted using python. 11-12 plants 728 

each for wild type and pxy mutants were compared in two independent experiments.  729 

 730 

VirtualLeaf simulations 731 

Simulations were performed as recommended previously [32]. To be able to see 732 

established models in action, the VirtualLeaf software was installed according to the 733 

following instructions described in the Appendix 1 and as described previously [72]. 734 

All simulations within Model 1, Model 2, Model 3, and Model 4 respectively, were 735 

conducted for the same VirtualLeaf time duration and repeated at least ten times to 736 

account for the stochastic nature of the tissue simulations (for details on simulations 737 

in VirtualLeaf, see section “Description of the VirtualLeaf simulations” in the Appendix 738 

1).   Dilution of the modelled variables due to growth has been omitted. 739 

 740 

Splitting the result of VirtualLeaf simulations into bins 741 

After a VirtualLeaf simulation was completed, the resulting xml template was stored. 742 

To analyze the distribution of chemicals* in such a template along the radial axis, we 743 

produced a python script named “Cambium_bins_calculation.ipnb”. Within the script, 744 

it was possible to indicate the path to the xml file, and the script produced two .csv 745 
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files – one with a table containing data about each cell and another with information 746 

about averages across the requested bin number. Cells were sorted into bins based 747 

on the cells’ Euclidean distance from the center of the tissue, which was defined as 748 

the average of the x- and y-coordinates of all the cells in the tissue. 749 

 750 

Parameter estimation and exploration of the parameter space 751 

To estimate the model parameters and, at the same time, investigate the parameter 752 

space, we performed a large set of simulations with randomized parameters to 753 

identify feasible parameter combinations. In particular, we employed a combination of 754 

python and shell scripting to set up the parameter sets, run the simulations and 755 

analyze the results. To generate the parameter sets we followed the tutorial using the 756 

python library xml.etree.Elementree as described [33]. The search intervals were 757 

defined based on the manually determined parameter values of model 3A: The 758 

search interval was set between 1/3 and 3-times the original value. The individual 759 

parameter sets were then simulated for a duration of t_simulated = 2200 steps on a 760 

computing cluster (Linux, 64-bit). The resulting xml leaf was then analyzed based on 761 

tissue size and proportions. Based on in planta observations [38], we determined that 762 

the simulation should result in 24 % cambium, 10 % xylem, and 65 % phloem cells. 763 

As all tissues are equally important, we used a weighted least squares scoring 764 

function to compare the experimentally measured tissue ratios with the model 765 

simulations. We added a term for the total number of cells to favor parameter sets 766 

that resulted in tissue growth. Altogether, this resulted in the following scoring 767 

function: 768 

𝑥 =  10.01 0.1 −  𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 + 10.05676 (0.24 −  𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 )
+ 10.4225 0.65 −  𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 + (1 −  𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙𝑠 3000⁄ )  
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 769 

As we were interested in obtaining simulations with an active cambium we discarded 770 

simulations that resulted in hypocotyls* with less than 300 cells* in total and with 771 

cambium cells less than 30. We further eliminated any parameter sets with 772 

pronounced edge instability. 773 

 774 

Exploration of stiffness 775 

To explore the effects of stiffer (i.e. less flexible) xylem cell walls and epidermis cell 776 

walls as represented by the perimeter stiffness, we slightly modified the VirtualLeaf 777 

code so that it was possible for λL (the “cost” of deviation of the wall element’s length 778 

from the target length) to assume cell type-specific values. More specifically, we 779 

defined a new parameter named 𝑐𝑒𝑙𝑙 𝑤𝑎𝑙𝑙 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠, and set λL = 𝑐𝑒𝑙𝑙 𝑤𝑎𝑙𝑙 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 780 

according to the experimentally determined cell wall thickness as a proxy for cell wall 781 

stiffness. We then ran the model with different ratios of 𝑐𝑒𝑙𝑙 𝑤𝑎𝑙𝑙 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 compared 782 

to the normal parameter value, while maintaining the same tissue configuration used 783 

for the other simulations done within this study. The values chosen for the parameter 784 

were 0.1, 0.5, 1, 5, 10-fold change for both tissues of interest and 50-fold change for 785 

xylem*. We replicated each run 30 times. We further repeated the analysis of 786 

different stiffness regimes while varying other cell wall dynamic parameters by +/- 787 

50%, i.e. the target element for cell wall elements and the yielding threshold for the 788 

introduction of new cell wall elements (for n=10 simulations per parameter 789 

combination). 790 

 791 

To study the proliferation trajectory of cells, we performed for every lineage a linear 792 

regression of the centers of mass for the cells belonging to that lineage, and used the 793 

coefficient of determination (R2) as proxy for proliferation trajectory of the lineage. We 794 
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next tested for median differences among the R2 distribution under each stiffness 795 

regime using the Kruskal-Wallis (KS) test, and performed the Dunn test to determine 796 

differences among groups in case of significant KS. Before performing the KS, we 797 

subsampled the data to maintain the same number of samples across stiffness 798 

values, and bootstrapped the samples to obtain robust median estimators and 799 

confidence intervals. 800 

 801 

Statistical analyses and visualizations of ‘stiffness’ were performed using the R 802 

language for statistical computing and graphics (https://www.r-project.org/), using the 803 

tidyverse family of packages [73], together with the broom (https://cran.r-804 

project.org/web/packages/broom/index.html), FSA (https://github.com/droglenc/FSA), 805 

and boot packages [74, 75]. 806 

 807 

Material availability statement 808 

For each of the models and frameworks described in this paper, we provide code 809 

files at https://github.com/thomasgreb/Lebovka-et-al_cambium-models.  810 

  811 
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Figure 3—figure supplement 1: First example revealing the dynamics of 832 

PXYpro:CFP/SMXL5pro:YFP activities during radial hypocotyl growth in 833 

wild type, IRX3pro:CLE41 and pxy plants. 834 

Figure 3—figure supplement 2: Second example revealing the dynamics of 835 

PXYpro:CFP/SMXL5pro:YFP activities during radial hypocotyl growth in 836 

wild type, IRX3pro:CLE41 and pxy plants. 837 

Figure 3—figure supplement 3: First example revealing the dynamics of 838 

PXYpro:CFP/SMXL5pro:YFP activities during radial hypocotyl growth in 839 

wild type, IRX3pro:CLE41 and pxy plants (color-blind mode). 840 

Figure 3—figure supplement 4: Second example revealing the dynamics of 841 

PXYpro:CFP/SMXL5pro:YFP activities during radial hypocotyl growth in 842 

wild type, IRX3pro:CLE41 and pxy plants (color-blind mode). 843 

Figure 3—figure supplement 5: Close-up revealing the dynamics of 844 

PXYpro:CFP/SMXL5pro:YFP activities in hypocotyls in wild type and 845 

pxy plants. 846 

Figure 3—figure supplement 6: Overview and magnification of sections used for 847 

cell type classification shown in Fig. 3G-I.Figure 3—Source data 1: 848 

Source data for cell type classification using ilastik. 849 

Figure 4—figure supplement 1: Overview of cell types*, regulatory interactions and 850 

expression* profiles in Model 3. 851 
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Figure 4—figure supplement 2: Determination of cell wall thickness across the 852 

radial sequence of hypocotyl tissues. 853 

Figure 4—figure supplement 3: Behavior of the different model parameterizations  854 

(Model 4:2-5) 855 

Figure 5—figure supplement 1: Distribution of cell* properties under different xylem  856 

‘stiffness’ regimes. 857 

Figure 5—figure supplement 2: Distribution of cell* properties under different tissue 858 

boundary (=epidermis*) ‘stiffness’ regimes. 859 

Figure 5—figure supplement 3: Fraction of median relative amount of cell lineages 860 

for parameter sets 2-5. 861 

Figure 5—figure supplement 4: Fraction of median relative amount of cell lineages 862 

at different parameters governing cell wall* dynamics.  863 

 864 

Supplementary File 1:  Table listing cell* behavior rules for Models 1-4. 865 

Supplementary File 2:  Table listing parameter values and chemical thresholds 866 

after parameter estimation. 867 

 868 

Appendix 1: Instructions for implementing VirtualLeaf models. 869 

 870 

Video 1:  Model 1 output, visualizing xylem (red) and phloem (purple), and 871 

accumulation of PXY* (blue) and PXYactive* (green) 872 
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Video 2:  Model 1 output, visualizing CLE41* (yellow) accumulation 873 

Video 3: Model 1 output, visualizing cell divisions (red) 874 

Video 4: Model 1 output, visualizing PXYactive* 875 

Video 5: Model 1 output, visualizing PXY* 876 

Video 6: Model 2A output, visualizing xylem (red) and phloem (purple), and 877 

accumulation of PXY* (blue) and PXY-active* (green) 878 

Video 7:  Model 2A output, visualizing CLE41* (yellow) accumulation 879 

Video 8:  Model 2A output, visualizing cell divisions (red)  880 

Video 9:  Model 2A output, visualizing cell divisions (red) together with PXY* 881 

(blue) and PXY-active* (green) accumulation 882 

Video 10: Model 2A output, visualizing PXYactive* 883 

Video 11: Model 2A output, visualizing PXY* 884 

Video 12:  Model 2B output, visualizing xylem (red) and phloem (purple), and 885 

accumulation of PXY* (blue), and PXY-active* (green) 886 

Video 13: Model 2B output, visualizing CLE41* (yellow) accumulation 887 

Video 14:  Model 2B output, visualizing cell divisions (red) 888 

Video 15:  Model 2B output, visualizing accumulation of PXY* (blue) and PXY-889 

active* (green) 890 

Video 16: Model 2B output, visualizing PXYactive* 891 

Video 17: Model 2B output, visualizing PXY* 892 
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Video 18:  Model 3A output, visualizing xylem (red), phloem parenchyma (light 893 

purple), and phloem poles (dark purple), and accumulation of PXY* 894 

(blue) and the division chemical (DF)* (green) 895 

Video 19: Model 3A output, visualizing CLE41* (yellow) accumulation 896 

Video 20:  Model 3A output, visualizing cell divisions (red) 897 

Video 21:  Model 3A output, visualizing accumulation of PXY* (blue) and PXYactive* 898 

(green) 899 

Video 22: Model 3A output, visualizing PXYactive* 900 

Video 23: Model 3A output, visualizing PXY* 901 

Video 24:  Model 3B output, visualizing xylem (red), phloem parenchyma (light 902 

purple), and phloem poles (dark purple), and accumulation of PXY* 903 

(blue) and the division chemical (DF)* (green) 904 

Video 25: Model 3B output, visualizing CLE41* (yellow) accumulation 905 

Video 26:  Model 3B output, visualizing cell divisions (red) 906 

Video 27:  Model 3B output, visualizing accumulation of PXY* (blue) and PXYactive* 907 

(green) 908 

Video 28: Model 3B output, visualizing PXYactive* 909 

Video 29: Model 3B output, visualizing PXY* 910 

Video 30:  Model 3C output, visualizing xylem (red), phloem parenchyma (light 911 

purple), and phloem poles (dark purple), and accumulation of PXY* 912 

(blue) and the division chemical (DF)* (green) 913 

Video 31: Model 3C output, visualizing CLE41* (yellow) accumulation 914 
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Video 32:  Model 3C output, visualizing cell divisions (red) 915 

Video 33:  Model 3C output, visualizing accumulation of PXY* (blue) and the 916 

division chemical (DF)* (green) 917 

Video 34: Model 3C output, visualizing PXYactive* 918 

Video 35: Model 3C output, visualizing PXY* 919 

Video 36:  Model 4 output, parameter Set 1, visualizing xylem (red), phloem 920 

parenchyma (light purple), and phloem poles (dark purple), and 921 

accumulation of PXY* (blue) and the division chemical (DF)* (green) 922 

Video 37:  Model 4 output, parameter set 1, visualizing CLE41* (yellow) 923 

accumulation 924 

Video 38:  Model 4 output, parameter set 1, cell divisions (red) 925 

Video 39:  Model 4 output, parameter set 1, visualizing accumulation of PXY* 926 

(blue) and the division chemical (DF)* (green) 927 

Video 40: Model 4 output, parameter set 1, visualizing PXYactive* 928 

Video 41: Model 4 output, parameter set 1, visualizing PXY* 929 

Video 42:  Model 4 output, visualizing accumulation of PXY* (blue) and the division 930 

chemical (DF)* (green) implementing a 0.1-fold change in xylem* cell 931 

wall stiffness  932 

Video 43:  Model 4 output, visualizing accumulation of PXY* (blue) and the division 933 

chemical (DF)* (green) implementing a 0.5-fold change in xylem* cell 934 

wall stiffness 935 
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Video 44:  Model 4 output, visualizing accumulation of PXY* (blue) and the division 936 

chemical (DF)* (green) at experimentally determined xylem cell wall 937 

stiffness 938 

Video 45:  Model 4 output, visualizing accumulation of PXY* (blue) and the division 939 

chemical (DF)* (green), implementing a 5-fold increase in xylem* cell 940 

wall stiffness 941 

Video 46:  Model 4 output, visualizing accumulation of PXY* (blue) and the division 942 

chemical (DF)* (green), a 10-fold increase in xylem* cell wall stiffness 943 

Video 47:  Model 4 output, visualizing accumulation of PXY* (blue) and the division 944 

chemical (DF)* (green), a 50-fold increase in xylem* cell wall stiffness 945 

Video 48:  Model 4 output, visualizing accumulation of PXY* (blue) and the division 946 

chemical (DF)* (green) implementing a 0.1-fold change in epidermis* 947 

cell wall stiffness  948 

Video 49:  Model 4 output, visualizing accumulation of PXY* (blue) and the division 949 

chemical (DF)* (green) implementing a 0.5-fold change in epidermis* 950 

cell wall stiffness 951 

Video 50:  Model 4 output, visualizing accumulation of PXY* (blue) and the division 952 

chemical (DF)* (green) at experimentally determined epidermis* cell 953 

wall stiffness 954 

Video 51:  Model 4 output, visualizing accumulation of PXY* (blue) and the division 955 

chemical (DF)* (green), implementing a 5-fold increase in epidermis* 956 

cell wall stiffness 957 
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Video 52:  Model 4 output, visualizing accumulation of PXY* (blue) and the division 958 

chemical (DF)* (green), a 10-fold increase in epidermis* cell wall 959 

stiffness  960 
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Figure legends 1172 

 1173 

Figure 1. Generation of the initial model.  1174 

(A) Tissue template used to run VirtualLeaf simulations. Phloem* is depicted in 1175 

purple, xylem* in red. Cambium cells* are colored according to their levels of PXY* 1176 

and PXY-active*. Cambium* is colored in blue due to the initial level of PXY*. Color 1177 

legend on the right applies to A and C.  1178 

(B) Schematic representation of the biochemical model. Reactions that occur in all 1179 

cell types* are drawn in black. Reactions only occurring in the phloem* are depicted 1180 

in purple, reactions specific to the cambium* are in blue. Crossed circles represent 1181 

production or degradation of molecules. 1182 

(C) Output of simulation using Model 1.  1183 

(D) Visualization of cell division rates* within the output shown in (C). Dividing cells* 1184 

are marked by red color fading over time.  1185 

(E) Visualization of CLE41* levels within the output shown in (C).  1186 

(F) Sorting cells* within the output shown in (C) into bins based on how far their 1187 

centers are from the center of the hypocotyl*. Different colors represent different bins.  1188 

(G) Visualization of the relative chemical levels and division rates in different bins 1189 

shown in (F) averaged over n=10 simulations of Model 1. Each chemical’s bin 1190 

concentration is first expressed as a percentage of the maximum bin value of the 1191 

chemical and then averaged over all simulations. The colored area indicates the 1192 

range between minimum and maximum value of the relative chemical concentration. 1193 

Bin colors along the x-axis correspond to the colors of bins in (F). The shading 1194 

represents the range between minimal and maximal values during simulations. 1195 

 1196 

Figure 2. Implementing phloem formation into the model.  1197 
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(A) Cross-section of a wild type hypocotyl expressing PXYpro:CFP (blue) and 1198 

SMXL5pro:YFP (green). Cell walls are stained by Direct Red 23, mainly visualizing 1199 

xylem (red). Only a sector of the hypocotyl is shown with the center on the left. Scale 1200 

bar: 100 µm. An image version for color-blind readers is provided in Figure 2—figure 1201 

supplement 1. 1202 

(B) Visualization of cell division rates* within the output shown in (C and E). Dividing 1203 

cells* are marked by red color fading over time. 1204 

(C) Sorting cells* within the output shown in (B and E) into bins.  1205 

(D) Visualization of the average relative chemical levels* and division rates* in 1206 

different bins of repeated simulations of Model 2A (n=10). Bin label colors along the 1207 

x-axis correspond to the colors of bins shown in (C). The shading represents the 1208 

range between minimal and maximal values during simulations. 1209 

(E) Output of simulation using Model 2A. Unlike Model 1 (Figure 1C), Model 2A 1210 

produces new phloem cells*. 1211 

 1212 

Figure 3. Comparing the effect of perturbing cambium activity in the model and 1213 

in plants.  1214 

(A) Cross-section of a hypocotyl carrying PXYpro:CFP (blue), SMXL5pro:YFP 1215 

(green) markers, and the IRX3pro:CLE41 transgene. Cell walls are stained by Direct 1216 

Red 23 visualizing mostly xylem (red). Arrowheads point to proximal hypocotyl 1217 

regions where SMXL5pro:YFP activity is found. Arrows indicate distal regions with 1218 

SMXL5pro:YFP activity. Cell walls are stained by Direct Red 23 visualizing mostly 1219 

xylem (red). Only a quarter of the hypocotyl is shown with the center in the upper left 1220 

corner. Scale bar: 100 µm. An image version for color-blind readers is provided in 1221 

Figure 2—figure supplement 1. 1222 
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(B) First frames of Model 2B simulations. Due to the expression of CLE41* by xylem 1223 

cells*, high levels of PXY-active* are generated around xylem cells* already at this 1224 

early stage. Legend in B indicates color code in B, C, D, F. 1225 

(C) Intermediate frames of Model 2B simulations. Newly formed xylem cells* express 1226 

CLE41* and produce high levels of PXY-active* next to them (white arrowheads).  1227 

(D) The final result of Model 2B simulations. Zones of PXY* (blue) and PXY-1228 

active*(green) are intermixed, xylem cells* are scattered, and phloem cells* are 1229 

present in proximal areas of the hypocotyl*.  1230 

(E) Cross-section of a pxy mutant hypocotyl carrying PXYpro:CFP (blue) and 1231 

SMXL5pro:YFP (green) markers, stained by Direct Red 23 (red). The xylem shows a 1232 

ray-like structure. Only a quarter of the hypocotyl is shown with the center in the 1233 

upper left corner. Scale bar: 100 µm. An image version for color-blind readers is 1234 

provided in Figure 2—figure supplement 1. 1235 

(F) Final result of Model 2D simulations. Reducing PXY* levels leads to similar 1236 

results as produced by Model 1 (Figure 1C) where only xylem* is produced.  1237 

(G, H) Comparison of histological cross-sections of a wild type (G) and a pxy (H) 1238 

mutant hypocotyl, including cell type classification produced by ilastik. The ilastik 1239 

classifier module was trained to identify xylem vessels (red), fibers (green), and 1240 

parenchyma (purple), unclassified objects are shown in yellow.  1241 

(I) Comparison of the number of xylem vessels, fibers and parenchyma cells found in 1242 

wild type (blue) and pxy mutants (purple). Welch’s t test was performed comparing 1243 

wild-type and pxy mutants for the different cell types (n = 11-12). ***p < 0.0001, *p < 1244 

0.05. Lines indicate means with a 95 % confidence interval.  1245 

 1246 

Figure 4. An extended model for simulating genetic perturbations of cambium 1247 

activity.  1248 
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(A) Regulatory network proposed based on experimental observations.  1249 

(B) Result of the simulation run for Model 3A. This model implements the network 1250 

interactions described in (A). Color coding at the bottom of Figure 4. 1251 

(C) Outline of cell bins for the results of Model 3A, as shown in (B).  1252 

(D) Visualization of the relative levels of chemicals* and division rates* in different 1253 

bins. Bin colors along the x-axis correspond to the bin colors in (C). The shading 1254 

represents the range between minimal and maximal values during simulations. 1255 

(E) Output of Model 3B simulation. Ectopic CLE41* expression was achieved by 1256 

letting xylem cells* produce CLE41*.  1257 

(F) Output of Model 3C. Simulation of the pxy mutant was achieved by removing the 1258 

stimulation of DF* production by PXY* and hence by removing the effect of PXY* on 1259 

cell division and cambium* subdomain patterning. Because of the network structure, 1260 

PXY* can be eliminated from Model 3 without letting the model collapse (Figure 3F) 1261 

but reproducing the pxy mutant phenotype observed in adult hypocotyls (Figure 4E). 1262 

Be aware that cell* proliferation is generally impaired under these conditions reducing 1263 

overall template growth*. Because the final output covers the same image area, cell 1264 

size seems to be enlarged which, however, is not the case.     1265 

(G) Estimated tissue ratios for five identified parameter sets compared to 1266 

experimental values (‘data’) found for wild type hypocotyls 20 days after germination 1267 

[38] and compared to the final model output before the automated parameter search 1268 

(’Model 3A’) and the implementation of experimentally determined cell wall thickness 1269 

for xylem* and phloem*. 1270 

 1271 

Figure 5. Effect of xylem cell wall stiffness* on the radiality of cambium-derived 1272 

cell lineages*. 1273 

(A) Final output of Model 4 and parameter set 1.  1274 
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(B) Visualization of the relative levels of chemicals* and division rates* in different 1275 

bins. Bin colors along the x-axis correspond to the different bins similarly as in Figure 1276 

4C. The shading represents the range between minimal and maximal values during 1277 

simulations. 1278 

(C, D) Simulation outputs at increasing values of xylem stiffness* (C) and epidermis 1279 

stiffness* (D) with the ratio of stiffness* vs. experimentally determined xylem stiffness 1280 

indicated at the right bottom corner of each example. All the simulations had the 1281 

same starting conditions and ran for the same amount of simulated time. At the 1282 

bottom, there is a magnification of the right region shown in the pictures above, 1283 

respectively. 1284 

(E, F) Examples of the relationship between R2 and the geometry of proliferation 1285 

trajectories (grey arrows) for two different R2 values; dots are cell* centroids, lines 1286 

represent division* events. 1287 

(G, H) Fraction of median relative amount of lineages whose R2 falls within a specific 1288 

range for ten simulations in each condition (n≥70 lineages per simulation) at different 1289 

xylem stiffness* (G) and epidermis stiffness* (H) regimes. In case of significant 1290 

difference among medians, assessed with Kruskal-Wallis (KW significance is p < 2.6 1291 

E-3 for (0, 0.25) interval and p < 9.17e-7 for the (0.75,1) interval), the pairwise 1292 

difference between medians was tested post hoc applying the Dunn test. The post 1293 

hoc results are reported in each box as letters; medians sharing the same letter or do 1294 

not display a letter at all do not differ significantly. 1295 

 1296 

 1297 

Figure 3—figure supplement 1. First example revealing the dynamics of 1298 

PXYpro:CFP/SMXL5pro:YFP activities during radial hypocotyl growth in wild 1299 

type, IRX3pro:CLE41 and pxy plants. 1300 
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(A-D) PXYpro:CFP (blue) and SMXL5pro:YFP (green) activities at different stages of 1301 

wild type hypocotyl development from young (A) to old (D). 1302 

(E-H) PXYpro:CFP (blue) and SMXL5pro:YFP (green) activities at different stages of 1303 

hypocotyl development in IRX3pro:CLE41 plants from young (A) to old (D). 1304 

(I-L) PXYpro:CFP (blue) and SMXL5pro:YFP (green) activities at different stages of 1305 

hypocotyl development in pxy mutants from young (A) to old (D). 1306 

Sections are stained by Direct Red 23 (red). Scale bars: 100 µm. Note that pictures 1307 

D, H and L are also depicted in Figure 2 and Figure 3. A version of this figure for 1308 

color-blind readers is provided in Figure 3—figure supplement 3. 1309 

 1310 

Figure 3—figure supplement 2. Second example revealing the dynamics of 1311 

PXYpro:CFP/SMXL5pro:YFP activities during radial hypocotyl growth in wild 1312 

type, IRX3pro:CLE41 and pxy plants. 1313 

(A-D) PXYpro:CFP (blue) and SMXL5pro:YFP (green) activities at different stages of 1314 

wild type hypocotyl development from young (A) to old (D). 1315 

(E-H) PXYpro:CFP (blue) and SMXL5pro:YFP (green) activities at different stages of 1316 

hypocotyl development in IRX3pro:CLE41 plants from young (A) to old (D). 1317 

(I-L) PXYpro:CFP (blue) and SMXL5pro:YFP (green) activities at different stages of 1318 

hypocotyl development in pxy mutants from young (A) to old (D). 1319 

Sections were stained by Direct Red 23 (red). Scale bars: 100 µm. A version of this 1320 

figure for color-blind readers is provided in Figure 3—figure supplement 4. 1321 

 1322 

Figure 3—figure supplement 3. First example revealing the dynamics of 1323 

PXYpro:CFP/SMXL5pro:YFP activities during radial hypocotyl growth in wild 1324 

type, IRX3pro:CLE41 and pxy plants (color-blind mode). 1325 
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(A-D) PXYpro:CFP (blue) and SMXL5pro:YFP (green) activities at different stages of 1326 

wild type hypocotyl development from young (A) to old (D). 1327 

(E-H) PXYpro:CFP (blue) and SMXL5pro:YFP (green) activities at different stages of 1328 

hypocotyl development in IRX3pro:CLE41 plants from young (A) to old (D). 1329 

(I-L) PXYpro:CFP (blue) and SMXL5pro:YFP (green) activities at different stages of 1330 

hypocotyl development in pxy mutants from young (A) to old (D). 1331 

Sections are stained by Direct Red 23 (red). Scale bars: 100 µm. Note that pictures 1332 

D, H and L are also depicted in Figure 2 and Figure 3.  1333 

 1334 

Figure 3—figure supplement 4. Second example revealing the dynamics of 1335 

PXYpro:CFP/SMXL5pro:YFP activities during radial hypocotyl growth in wild 1336 

type, IRX3pro:CLE41 and pxy plants (color-blind mode). 1337 

(A-D) PXYpro:CFP (blue) and SMXL5pro:YFP (green) activities at different stages of 1338 

wild type hypocotyl development from young (A) to old (D). 1339 

(E-H) PXYpro:CFP (blue) and SMXL5pro:YFP (green) activities at different stages of 1340 

hypocotyl development in IRX3pro:CLE41 plants from young (A) to old (D). 1341 

(I-L) PXYpro:CFP (blue) and SMXL5pro:YFP (green) activities at different stages of 1342 

hypocotyl development in pxy mutants from young (A) to old (D). 1343 

Sections were stained by Direct Red 23 (red). Scale bars: 100 µm.  1344 

 1345 

Figure 3—figure supplement 5. Close-up revealing the dynamics of 1346 

PXYpro:CFP/SMXL5pro:YFP activities in hypocotyls in wild type and pxy 1347 

plants. 1348 
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(A-C) Three examples showing PXYpro:CFP (top, bottom, in magenta) and 1349 

SMXL5pro:YFP (middle, bottom, in green) activities in the cambium zone of wild type 1350 

plants. Scale bar in A: 20 µm. Same magnification in A-F.  1351 

(D-F) Three examples showing PXYpro:CFP (top, bottom, in magenta) and 1352 

SMXL5pro:YFP (middle, bottom, in green) activities in the cambium zone of pxy 1353 

mutants. Note that Direct Red 23 staining (in grey) is only shown in top and middle 1354 

imageds but not in ‘merged’ images at the bottom. Shown are late stages as depicted 1355 

in Figure 3—figure supplement 1C, K and Figure 3—figure supplement 2C, K. 1356 

 1357 

Figure 3—figure supplement 6: Overview and magnifications of sections used 1358 

for cell type classification shown in Fig. 3.  1359 

Original toluidine-stained cross sections (A, D), cross section with cell type-1360 

classifications (B, E) and magnifications of regions indicated by black rectangles in B 1361 

and E (C, F) for wild type (A, B, C) and pxy mutants (D, E, F) are shown. Cell type 1362 

classification was exclusively performed in the xylem area. 1363 

 1364 

Figure 4—figure supplement 1. Overview of cell types*, regulatory interactions 1365 

and expression* profiles in Model 3. Schemes include representations for Model 1366 

3B and C. Color code shown at the bottom of the figure. 1367 

 1368 

Figure 4—figure supplement 2. Determination of cell wall thickness across the 1369 

radial sequence of hypocotyl tissues. 1370 

(A) Cross section of a 4.5 week-old plant stained by Direct Red 23. Radius and 1371 

circumference used by the ‘Radial Profile’ function of the Fiji image analysis tool [76] 1372 

are indicated. Note that the function uses the whole circle area for analysis. 1373 
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(B) Plot of six Direct Red 23-stained cross sections analyzed by the ‘Radial Profile’ 1374 

function of Fiji. Staining intensity and radius were normalized to 1 by dividing 1375 

obtained values by maximum values within respective sample data sets. 1376 

(C) Average intensity profile of Direct Red 23 staining for three sections as shown in 1377 

Figure 2A determined by the ‘Radial Profile’ function of Fiji. Staining intensity and 1378 

radius were normalized to 1 by dividing obtained values by maximum values within 1379 

respective sample data sets.    1380 

 1381 

Figure 4—figure supplement 3. Behavior of the different model 1382 

parameterizations (Model 4:2-5). 1383 

(A) Overview of parameter values of the different parameter sets. Shown are the 1384 

relative values of the estimated parameter compared to the original parameter 1385 

values. Horizontal lines indicate the lower (1/3) and upper (3-fold) boundary (grey) as 1386 

well as the original parameter value (blue). 1387 

(B) Behavior of parameter sets 2-5. Shown is the final output of the simulation, the 1388 

tissue* sorted into bins as well as the average chemical concentration* per bin (for 1389 

n=10 simulations). The shading represents the range between minimal and maximal 1390 

values during simulations. 1391 

 1392 

Figure 5—figure supplement 1. Distribution of cell* properties under different 1393 

xylem ‘stiffness’ regimes.  1394 

(A) Cell* size in arbitrary units  1395 

(B) Major axis lengths of cells* in arbitrary units 1396 

(C) Numbers of nodes (vertexes) per cell* 1397 

(D) Number of cells*  1398 
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among cell types and stiffness values for n=30 simulations under each stiffness 1399 

regime. The blue color highlights the simulation at the experimentally determined 1400 

thickness/stiffness value. The x-axis indicates values of xylem stiffness as the ratio of 1401 

xylem stiffness* vs. experimentally determined thickness/stiffness. A slight horizontal 1402 

displacement of points has been added to enhance visualization. Values for 1403 

individual cells* found in all 30 simulations are displayed in A-C, whereas numbers of 1404 

cells* in each cell type* for each one of the 30 simulations are shown in D. 1405 

 1406 

Figure 5—figure supplement 2. Distribution of cell* properties under different 1407 

tissue boundary (=epidermis*) ‘stiffness’ regimes 1408 

(A) Cell* size in arbitrary units  1409 

(B) Major axis lengths of cells* in arbitrary units 1410 

(C) Numbers of nodes (vertexes) per cell* 1411 

(D) Number of cells*  1412 

among cell types and stiffness values for n=30 simulations under each stiffness 1413 

regime. The blue color highlights the simulation running at normal stiffness level; the 1414 

x-axis indicates values of the relative perimeter stiffness as the fold-change 1415 

compared to the standard parameters. A slight horizontal displacement of points has 1416 

been added to enhance visualization. Values for individual cells* found in all 30 1417 

simulations are displayed in A-C, whereas numbers of cells* in each cell type* for 1418 

each one of the 30 simulations are shown in D. 1419 

 1420 

Figure 5—figure supplement 3. Fraction of median relative amount of cell 1421 

lineages for parameter sets 2-5. 1422 

(A) With increasing xylem* ‘stiffness’ 1423 
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(B) With increasing epidermis* ‘stiffness’ 1424 

 1425 

Figure 5—figure supplement 4. Fraction of median relative amount of cell 1426 

lineages at different parameters governing cell wall* dynamics.  1427 

The model parameters cell walls’ target length and yielding threshold were varied by 1428 

+/-50% and the behavior at different cell wall stiffness values simulated. The 1429 

statistical analysis was done as described before for Figure 5 for n=10 simulations 1430 

each and n≥70 cell lineages per simulation. 1431 

 1432 
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Description of the VirtualLeaf simulations 1 

VirtualLeaf allows for models to combine tissue dynamics, cell behavior dynamics and 2 

biochemical networks that span between cells. The different modeling scales are simulated 3 

iteratively: During each simulation step, the tissue dynamics are simulated first using Monte 4 

Carlo simulations until a stable energy of the Hamiltonian is reached. Only then are the 5 

biological rules applied, with cell division occurring last in order to prevent new cells from 6 

interfering with the simulations.  7 

For a detailed description of the simulation process see Merks et al. (2011, 2013) and 8 

Antonovici et al. (2022). Here, we include a brief overview of tissue simulations in 9 

VirtualLeaf and outline the changes we made for model 4 as well as the biological rules of 10 

the different cambium model versions. The base VirtualLeaf source code is available for 11 

download from https://github.com/rmerks/VirtualLeaf2021. The custom version of 12 

VirtualLeaf that we built for this analysis as well as the models described in this paper are 13 

available at https://github.com/thomasgreb/Lebovka-et-al_cambium-models. 14 

 15 

Tissue simulations 16 

The tissue dynamics are simulated using Monte Carlo simulation dynamics. Briefly, 17 

VirtualLeaf attempts to move all nodes of the model in a random order. A Hamiltonian 18 

operator is used to assess the energy of the system at both the old and the new position of 19 

the node. The movement of nodes is accepted if it minimizes the energy of the system. This 20 

operator considers both the cells’ compression and the resistance of the cell wall elements 21 

to being stretched or compressed (Merks et al. 2011): 22 



Appendix 1, Lebovka et al. 
 

2 
 

𝐻 =  𝜆 (𝑎(𝑖) −  𝐴 (𝑖)) − 𝜆 (𝑙(𝑗) −  𝐿 (𝑗))  

with 𝜆  as the cell’s resistance to compression or expansion, 𝜆  the spring constant for the 23 

cell wall elements, 𝐴  and 𝐿  are the cell’s target area and the cell wall’s target length, 24 

respectively, with 𝑎(𝑖) representing the current cell area and 𝑙(𝑗) the current wall length. For 25 

models 1-3C the standard implementation of the Hamiltonian operator was used.  26 

Cellular growth is implemented in VirtualLeaf as an increase in the cells’ target areas. Until 27 

the maximal cell size is reached, a cell’s target area 𝐴 (𝑖) is increased by a fixed amount in 28 

each simulation step. This results in increasing the contribution of the area compression to 29 

the Hamiltonian operator  30 

For model 4 the calculation of the Hamiltonian was refined to include a more detailed 31 

definition of the second term for the calculation of the cell wall component of the system’s 32 

energetic state:  33 

𝜆  (𝜆 + 𝜆 )2 (𝑙(𝑗) −  𝐿 (𝑗))  

Here, 𝜆 ,  are cell specific spring constants for the cells that share each specific wall 34 

element 𝑗. Specifically,  𝜆  and  𝜆  are relative contributions to the stiffness of the joint cell 35 

wall, where each contribution represents the half of the cell wall secreted by that particular 36 

cell.   To make the cell wall module compatible with earlier VirtualLeaf models, the default 37 

value for  𝜆  is set to “1” such that the expanded calculations result in a multiplication by “1” 38 

and do not affect the calculations of the Hamiltonian. The changes to the code in our 39 

custom version of VirtualLeaf are marked by a comment “Lebovka et al” at the respective 40 

lines of code.  41 
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Take the cellular layout of figure 1 as exemplary situation, where node 5 is being moved. 42 

During the calculations of the cell wall elements, there are three walls to consider: between 43 

nodes 5 and 6, between 5 and 7, and between 5 and 4. As indicated by the arrows, each 44 

cell wall will be considered twice during the calculations for the move of node 5: The cell 45 

wall between node 4 and node 5 will be called once for cell 1 and once for cell 3, taking into 46 

account the specific cell wall thickness specific for each cell. 47 

Altogether, this allows a cell type specific representation of the stiffness of the cell wall 48 

elements and therefore a more realistic representation of tissue structure such as an 49 

increased cell wall thickness and stability of xylem cells. 50 

 51 

Figure 1 - Cell wall calculations during node movement. Node 5 is moved to a new position. During 52 
calculations the change in wall elements between nodes 5 and 6, 5 and 7 as well as 5 and 4 is considered. 53 
The cell specific stiffness of the wall elements is indicated by the thickness of the colored lines – yellow for cell 54 
1, blue for cell 2 and purple for cell 3.  55 

 56 

As all the nodes are moved in a random order, this may cause some variation on the tissue 57 

layout between simulations. As a consequence, the application of cell behavior rules can 58 

vary as well between simulation runs, e.g. as cells divide over the longest axis and not in a 59 
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predetermined direction. To account for these variations between simulations, we simulated 60 

each model, each parameter set and each thickness regime at least ten times.  61 

Cambium Models 62 

Models in VirtualLeaf comprise four different files: (1) the project file, (2) the model header 63 

file, (3) the C++ file containing the model algorithm and (4) the tissue layout. We provide 64 

these four files for the cambium models in the GitHub repository linked above. The model 65 

will further need to be included in the Model.pro file as a subdirectory by including the line 66 

“Model_folder \” as one of the entries below “SUBDIR = \”. 67 

 68 

1. Model.pro 69 

This is a C++ project file containing the configuration settings and pathways for the 70 

necessary directories.  71 

 72 

2. Model.h 73 

This is a C++ header file containing a line with the following structure: “virtual QString 74 

DefaultLeafML(void) {return QString("hypo7.xml");}”. The line indicates where VitualLeaf 75 

should search for an xml file that describes the structure of the tissue template (called 76 

“leaf”) used for the model to run upon. In this particular example, the name of the xml 77 

template is “hypo7.xml”. VirtualLeaf will go to the folder in which you installed the software 78 

and will look for this file in the subfolder “../data/leaves”. In our case, a Windows machine 79 

was used. Therefore, the full path looked like this: “C:\VirtualLeaf2021-main\data\leaves” 80 

and this folder contained a file “hypo7.xml”. Please note that paths will be different 81 

depending on the operating system being used. 82 
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 83 

 84 

2. Model.cpp 85 

A C++ file containing the model algorithm to reproduce the output described in this study. 86 

Each model contains specific rules for cell behavior and biochemical equations specific to 87 

the cell types defined in the leaf.xml file. The cell behavior rules are listed in the sections 88 

OnDivide and CellHousekeeping while the biochemical model is listed in the section 89 

CellDynamics. Cell-to-cell transport is considered in the section CelltoCellTransport with 90 

reactions at cell walls having their specific section WallDynamics, though the latter was not 91 

used in any of the Cambium models. 92 

 93 

2.1 Cell behavior models 94 

All cells in the cambium models follow specific behavioral rules governing cell growth, cell 95 

division and cell differentiation (Supplementary File 2). Generally, cells grow until a maximal 96 

size is reached, unless other behavior rules are triggered. Cell division and differentiation 97 

require not only a minimal cell size but also additional conditions regarding chemical 98 

concentrations. Unless otherwise specified, all cell behavior rules are applied as long as the 99 

specific conditions are met.  100 

 101 

2.2 Biochemical Model 102 

Model 1 & 2 103 

In cambium* and xylem* cells, CLE41 dynamics are a combination of the diffusion of 104 

CLE41*, the binding to PXY* and the degradation of CLE41*: 105 
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𝑑𝑑𝑡 [𝐶𝐿𝐸41∗] =  𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 − [𝑃𝑋𝑌∗] ∙ [𝐶𝐿𝐸41∗] − 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 ∙ [𝐶𝐿𝐸41∗] 
In phloem* cells, there is an additional term in the equation describing the production of 106 

CLE41*: 107 

𝑑𝑑𝑡 [𝐶𝐿𝐸41∗] =  𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 + 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 − [𝑃𝑋𝑌∗] ∙ [𝐶𝐿𝐸41∗] 
−𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 ∙ [𝐶𝐿𝐸41∗]     108 

PXY* is produced in cambium* cells and negatively regulated by bound PXY*: 109 

𝑑𝑑𝑡 [𝑃𝑋𝑌∗] = 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛(1 + 𝑠𝑢𝑝𝑝𝑟𝑒𝑠𝑠 𝑟𝑎𝑡𝑒 ∙ [𝑃𝑋𝑌∗ ]) − [𝑃𝑋𝑌∗] ∙ [𝐶𝐿𝐸41∗] 
−𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 ∙ [𝑃𝑋𝑌∗] 

In the other cell types* in turn, free PXY* is governed by CLE41* binding to PXY* as well as 110 

the degradation of the receptor: 111 

𝑑𝑑𝑡 [𝑃𝑋𝑌∗] = −[𝑃𝑋𝑌∗] ∙ [𝐶𝐿𝐸41∗] − 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 ∙ [𝑃𝑋𝑌∗] 
The ODE describing the dynamics of bound PXY* is identical for all cell types*. Here, bound 112 

PXY* is produced by the association of CLE41* and PXY and later degraded: 113 

𝑑𝑑𝑡 [𝑃𝑋𝑌∗ ] = [𝑃𝑋𝑌∗] ∙ [𝐶𝐿𝐸41∗] − 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 ∗ ∙ [𝑃𝑋𝑌∗ ] 
 114 

Model 2B 115 

In model 2B CLE41* is also produced in xylem cells*, such that the ODE now reads as 116 

follows: 117 
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𝑑𝑑𝑡 [𝐶𝐿𝐸41∗] =  𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 + 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 − [𝑃𝑋𝑌∗] ∙ [𝐶𝐿𝐸41∗] 
−𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 ∙ [𝐶𝐿𝐸41∗]     118 

Model 2C & D 119 

In model 2C and D the production of PXY* in cambium cells is eliminated (C) or strongly 120 

reduced (D). As such, the ODE for PXY* in model 2D is now: 121 

𝑑𝑑𝑡 [𝑃𝑋𝑌∗] = 0.1 ∙ 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛(1 + 𝑠𝑢𝑝𝑝𝑟𝑒𝑠𝑠 𝑟𝑎𝑡𝑒 ∙ [𝑃𝑋𝑌∗ ]) − [𝑃𝑋𝑌∗] ∙ [𝐶𝐿𝐸41∗] 
−𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 ∙ [𝑃𝑋𝑌∗] 

For model 2C the production term is set to “0”, fully eliminating PXY* production in cambium 122 

cells*. 123 

 124 

Models 3 & 4 125 

In models 3 and 4 we expanded the biochemical network to include additional chemicals 126 

suppressing PXY expression (RP*), a dedicated division factor as well as phloem derived 127 

factors promoting the division factor and suppressing phloem pole formation (PFdiv* and 128 

PFpole*, respectively). While the ODEs for CLE41*, free PXY* and bound PXY* remain 129 

mostly unchanged, we refined the ODE for PXY* to make the production of PXY* 130 

independent of PXYactive*: 131 

𝑑𝑑𝑡 [𝑃𝑋𝑌∗] = 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛1 + 𝑠𝑢𝑝𝑝𝑟𝑒𝑠𝑠 𝑟𝑎𝑡𝑒 ∙ 𝑅𝑃∗ − [𝑃𝑋𝑌∗] ∙ [𝐶𝐿𝐸41∗] 
−𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 ∙ [𝑃𝑋𝑌∗] 
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We also set the production rates of CLE41* to be higher in phloem poles* than in phloem 132 

parenchyma*. 133 

The factor suppressing PXY expression (RP*) diffuses and is degraded throughout the 134 

tissue but is only produced in phloem cells. We therefore get in the following equation for 135 

phloem cells: 136 

𝑑𝑑𝑡 [𝑅𝑃∗] = 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 + 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 − 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 ∙ [𝑅𝑃∗] 
In all other cell types, this ODE is simplified to include only the diffusion and degradation of 137 

RP*. 138 

For the second phloem-derived factor, PF*, two chemicals were defined in the biochemical 139 

model on account of the different functions in the model reminiscent of different signaling 140 

components in planta: promoting the production of the division chemical reminiscent of the 141 

PEAR transcription factors (PFdiv*) and suppressing phloem pole formation reminiscent of 142 

the CLE45/ RPK2 signaling module (PFpole*). The respective ODEs for both PFdiv* and 143 

PFpole* in phloem poles* are therefore: 144 

𝑑𝑑𝑡 [𝑃𝐹∗ ] = 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 + 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 − 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 ∙ [𝑃𝐹∗ ] 
𝑑𝑑𝑡 𝑃𝐹∗ = 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 + 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 − 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 ∙ 𝑃𝐹∗  

In all other cell types, these ODE are simplified to include only the diffusion and degradation 145 

of PFdiv* and PFpole*. 146 

Last, we included a factor promoting the division of cambium* and phloem parenchyma* 147 

cells (DF*). Generally, the division chemical DF* is degraded in tissues: 148 

𝑑𝑑𝑡 [𝐷𝐹∗] = 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 − 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 ∙ [𝐷𝐹∗] 
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Only, in phloem parenchyma* and cambium* cells this chemical is also produced: 149 

𝑑𝑑𝑡 [𝐷𝐹∗] = 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 ∙ ([𝑃𝐹∗] + 100 ∗ [𝑃𝑋𝑌∗ ])𝐾 + [𝑃𝐹∗] + 100 ∗ [𝑃𝑋𝑌∗ ] + 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛  

−𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 ∙ [𝐷𝐹∗] 
Model 3B 150 

In model 3B CLE41* is also produced in xylem cells*, such that the ODE now reads as 151 

follows: 152 

𝑑𝑑𝑡 [𝐶𝐿𝐸41∗] =  𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 + 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 − [𝑃𝑋𝑌∗] ∙ [𝐶𝐿𝐸41∗] 
−𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 ∙ [𝐶𝐿𝐸41∗]     153 

 154 

Model 3C 155 

In model 3C, the implementation of the pxy mutant was two-fold, as we needed PXY* in the 156 

model for the positional information during xylem cell* differentiation. First, the production of 157 

PXY*active was set to zero. And second, the DF* production only depended on DF*: 158 

[𝐷𝐹∗] = ∙([ ∗]) [ ∗] + 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛  −𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 ∙ [𝐷𝐹∗] 159 

 160 

Diffusion 161 

Generally, we defined the diffusion flux 𝑝ℎ𝑖 according to Fick’s law, i.e. based on the 162 

concentrations of neighboring cells and the length of the shared cell wall element 163 𝑝ℎ𝑖 =  𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ∙  𝑙𝑒𝑛𝑔𝑡ℎ  ∙ (𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  − 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  ), 164 
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so that the change in cell 1 is equal to 𝑝ℎ𝑖 and the change in cell 2 is equal to −𝑝ℎ𝑖. To 165 

ensure mass conservation, we included an additional factor correcting for different cell 166 

sizes: 167 𝑑(𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  )𝑑𝑡 =  𝑎𝑟𝑒𝑎  𝑎𝑟𝑒𝑎 ∙ 𝑝ℎ𝑖 
𝑑(𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  )𝑑𝑡 = − 𝑎𝑟𝑒𝑎  𝑎𝑟𝑒𝑎 ∙ 𝑝ℎ𝑖 

With 𝑎𝑟𝑒𝑎  defined as the sum of the sizes of cell 1 and cell 2. 168 

  169 

In model 1 only CLE41 diffuses between cells with no restrictions regarding to cell types. In 170 

models 3 and 4 we also considered the diffusion of RP*, PFdiv*, PFpole* and DF*, all of which 171 

were calculated according to the equation above and without restrictions regarding to cell 172 

types. 173 

 174 

3. Leaf.xml 175 

A file containing the description of a tissue template as described before (Merks et al. 176 

2011). The software uses this file to construct a tissue template and to run a given model.  177 

 178 

In order to run or modify a provided model, follow the following instructions. 179 

a. Create a new model with the desired name (e.g. “my_cool_model”) as described (Merks 180 

et al. 2011). 181 

b. After a new model was created, there should be a folder “../src/Models/my_cool_model” 182 

in your VirtualLeaf folder. In our case, the full path looked like this: “C:\VirtualLeaf2021-183 

main\src\Models\ my_cool_model”. 184 

c. In your “../src/Models/my_cool_model” folder locate “my_cool_model.h” and 185 

“my_cool_model.cpp” files. Using a text editor replace the content of those files by the 186 
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content of the respective files from the model you are interested in (files provided in this 187 

paper are called “Model1.h” and “Model1.cpp”). Please note that you should only replace 188 

the content of the files and not the files themselves. After you have completed this step, 189 

your files should still be named “my_cool_model.h” and “my_cool_model.cpp”. 190 

d. Open the files “my_cool_model.h” and “my_cool_model.cpp” using a text editor and 191 

replace every instance of “Model1” by “my_cool_model” in the text. Save the changes. 192 

e. Locate the “../data/leaves” folder and add the provided xml file defining the tissue 193 

template (in our case, the tissue template is called “hypo7.xml’). The resulting full path to 194 

the file had the following structure in our case: “C:\VirtualLeaf2021-195 

Main\data\leaves\hypo7.xml”. 196 

f. Compile the model as described (Merks et al. 2011, Antonovici et al. 2022).  Please note 197 

that each time you introduce changes into the code, you should recompile the model and 198 

re-start VirtualLeaf. 199 

g. Now you can run VirtualLeaf. Go to the “../bin’ folder and run the “VirtualLeaf” file. In our 200 

case the full path looked like this: “C:\VirtualLeaf2021-main\bin\VirtualLeaf ”. 201 

The new model will appear under the “Models” section with the corresponding name. 202 

Please note that the name of the model that will be shown is not the same as 203 

“my_cool_model”. Instead, it will show whichever name was indicated in the 204 

“my_cool_model.cpp” file in this line: // specify the name of your model here; return QString( 205 

"Model 1 - pxy only" )”. In this case, there will be a new model called “Model 1 - pxy only” in 206 

the VirtualLeaf folder under the “Models” section. 207 

  208 
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Figure 1. Generation of the initial model. 
(A) Tissue template used to run VirtualLeaf simulations. Phloem* is depicted in purple, xylem* in red. Cambi-
um cells* are colored according to their levels of PXY* and PXY-active*. Cambium* is colored in blue due to 
the initial level of PXY*. Color legend on the right applies to A and C.
(B) Schematic representation of the biochemical model. Reactions that occur in all cell types* are drawn in 
black. Reactions only occurring in the phloem* are depicted in purple, reactions specific to the cambium* are 
in blue. Crossed circles represent production or degradation of molecules.
(C) Output of simulation using Model 1. 
(D) Visualization of cell division rates* within the output shown in (C). Dividing cells* are marked by red color 
fading over time. 
(E) Visualization of CLE41* levels within the output shown in (C). 
(F) Sorting cells* within the output shown in (C) into bins based on how far their centers are from the center 
of the hypocotyl*. Different colors represent different bins. 
(G) Visualization of the relative chemical levels and division rates in different bins shown in (F) averaged over 
n=10 simulations of Model 1. Each chemical’s bin average is calculated and then expressed as a percentage 
of the maximum bin value of the chemical. Bin colors along the x-axis correspond to the colors of bins in (F).
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Figure 2. Implementing phloem formation into the model. 
(A) Cross-section of a wild type hypocotyl expressing PXYpro:CFP (blue) and SMXL5pro:YFP (green). Cell 
walls are stained by Direct Red 23, mainly visualizing xylem (red). Only a sector of the hypocotyl is shown 
with the center on the left. Scale bar: 100 µm. 
(B) Visualization of cell division rates* within the output shown in (C and E). Dividing cells* are marked by 
red color fading over time.
(C) Sorting cells* within the output shown in (B and E) into bins. 
(D) Visualization of the average relative chemical levels* and division rates* in different bins of repeated 
simulations of Model 2A (n=10). Bin label colors along the x-axis correspond to the colors of bins shown in 
(C). 
(E) Output of simulation using Model 2A. Unlike Model 1 (Figure 1C), Model 2A produces new phloem cells*.

division rate

B



Figure 2—figure supplement 1. 
(A) A hypocotyl cross section from a wild type plant not carrying any transgene, which was stained and imaged in 
the same way as for example the section shown in Figure 2A. The signal detected in the outermost cell layer apply-
ing the microscope settings used for detecting PXYpro:CFP activity (in blue) originates from autofluorescence 
possibly due to suberin deposition in that cell layer. Scale bar: 100 µm.
(B-D) Images shown in Figures 2A, 3A and 3E, respectively, in which the red colour was replaced by magenta. 
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Figure 3. Comparing the effect of perturbing cambium activity in the model and in plants. 
(A) Cross-section of a hypocotyl carrying PXYpro:CFP (blue), SMXL5pro:YFP (green) markers, and the 
IRX3pro:CLE41 transgene. Cell walls are stained by Direct Red 23 visualizing mostly xylem (red). Arrowheads 
point to proximal hypocotyl regions where SMXL5pro:YFP activity is found. Arrows indicate distal regions with 
SMXL5pro:YFP activity. Cell walls are stained by Direct Red 23 visualizing mostly xylem (red). Only a quarter 
of the hypocotyl is shown with the center in the upper left corner. Scale bar: 100 µm.  
(B) First frames of Model 2B simulations. Due to the expression of CLE41* by xylem cells*, high levels of 
PXY-active* are generated around xylem cells* already at this early stage. Legend in B indicates color code in 
B, C, D, F.
(C) Intermediate frames of Model 2B simulations. Newly formed xylem cells* express CLE41* and produce 
high levels of PXY-active* next to them (white arrowheads). 
(D) The final result of Model 2B simulations. Zones of PXY* (blue) and PXY-active*(green) are intermixed, 
xylem cells* are scattered, and phloem cells* are present in proximal areas of the hypocotyl*. 
(E) Cross-section of a pxy mutant hypocotyl carrying PXYpro:CFP (blue) and SMXL5pro:YFP (green) mark-
ers, stained by Direct Red 23 (red). The xylem shows a ray-like structure. Only a quarter of the hypocotyl is 
shown with the center in the upper left corner. Scale bar: 100 µm. 
(F) Final result of Model 2D simulations. Reducing PXY* levels leads to similar results as produced by Model 
1 (Figure 1C) where only xylem* is produced. 
(G, H) Comparison of histological cross-sections of a wild type (G) and a pxy (H) mutant hypocotyl, including 
cell type classification produced by ilastik. The ilastik classifier module was trained to identify xylem vessels 
(red), fibers (green), and parenchyma (purple), unclassified objects are shown in yellow. 
(I) Comparison of the number of xylem vessels, fibers and parenchyma cells found in wild type (blue) and pxy 
mutants (purple). Welch’s t test was performed comparing wild-type and pxy mutants for the different cell 
types (n = 11-13). ***p < 0.0001, *p < 0.05. Lines indicate means with a 95 % confidence interval. 11-12 plants 
each for wild type and pxy mutants were compared.
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Figure 3—figure supplement 1. First example revealing the dynamics of PXYpro:CFP/SMXL5pro:YFP activities 
during radial hypocotyl growth in wild type, IRX3pro:CLE41 and pxy plants.
(A-D) PXYpro:CFP (blue) and SMXL5pro:YFP (green) activities at different stages of wild type hypocotyl development 
from young (A) to old (D). (E-H) PXYpro:CFP (blue) and SMXL5pro:YFP (green) activities at different stages of hypoco-
tyl development in IRX3pro:CLE41 plants from young (E) to old (H). (I-L) PXYpro:CFP (blue) and SMXL5pro:YFP 
(green) activities at different stages of hypocotyl development in pxy mutants from young (I) to old (L). Sections are 
stained by Direct Red 23 (red). Scale bars: 100 µm. Note that pictures D, H and L are also depicted in Figure 2 and 
Figure 3. A version of this figure for color-blind readers is provided in Figure 3—figure supplement 3.



Figure 3—figure supplement 2. Second example revealing the dynamics of PXYpro:CFP/SMXL5pro:YFP activi-
ties during radial hypocotyl growth in wild type, IRX3pro:CLE41 and pxy plants.
(A-D) PXYpro:CFP (blue) and SMXL5pro:YFP (green) activities at different stages of wild type hypocotyl development 
from young (A) to old (D). (E-H) PXYpro:CFP (blue) and SMXL5pro:YFP (green) activities at different stages of hypoco-
tyl development in IRX3pro:CLE41 plants from young (E) to old (H). (I-L) PXYpro:CFP (blue) and SMXL5pro:YFP 
(green) activities at different stages of hypocotyl development in pxy mutants from young (I) to old (L). Sections are 
stained by Direct Red 23 (red). Scale bars: 100 µm. A version of this figure for color-blind readers is provided in Figure 
3—figure supplement 4.
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Figure 3—figure supplement 3. First example revealing the dynamics of PXYpro:CFP/SMXL5pro:YFP activities 
during radial hypocotyl growth in wild type, IRX3pro:CLE41 and pxy plants (color-blind mode).
(A-D) PXYpro:CFP (blue) and SMXL5pro:YFP (green) activities at different stages of wild type hypocotyl development 
from young (A) to old (D). (E-H) PXYpro:CFP (blue) and SMXL5pro:YFP (green) activities at different stages of hypoco-
tyl development in IRX3pro:CLE41 plants from young (E) to old (H). (I-L) PXYpro:CFP (blue) and SMXL5pro:YFP 
(green) activities at different stages of hypocotyl development in pxy mutants from young (I) to old (L). Sections are 
stained by Direct Red 23 (red). Scale bars: 100 µm. Note that pictures D, H and L are also depicted in Figure 2 and 
Figure 3.



Figure 3—figure supplement 4. Second example revealing the dynamics of PXYpro:CFP/SMXL5pro:YFP activi-
ties during radial hypocotyl growth in wild type, IRX3pro:CLE41 and pxy plants (color-blind mode).
(A-D) PXYpro:CFP (blue) and SMXL5pro:YFP (green) activities at different stages of wild type hypocotyl development 
from young (A) to old (D). (E-H) PXYpro:CFP (blue) and SMXL5pro:YFP (green) activities at different stages of hypoco-
tyl development in IRX3pro:CLE41 plants from young (E) to old (H). (I-L) PXYpro:CFP (blue) and SMXL5pro:YFP 
(green) activities at different stages of hypocotyl development in pxy mutants from young (I) to old (L). Sections are 
stained by Direct Red 23 (red). Scale bars: 100 µm. 
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Figure 3—figure supplement 5. Close-up revealing the dynamics of PXYpro:CFP/SMXL5pro:YFP activities in 
hypocotyls in wild type and pxy plants.
(A-C) Three examples showing PXYpro:CFP (top, bottom, in magenta) and SMXL5pro:YFP (middle, bottom, in green) 
activities in the cambium zone of wild type plants. Scale bar in A: 20 µm. Same magnification in A-F. (D-F) Three exam-
ples showing PXYpro:CFP (top, bottom, in magenta) and SMXL5pro:YFP (middle, bottom, in green) activities in the 
cambium zone of pxy mutants. Note that Direct Red 23 staining (in grey) is only shown in top and middle imageds but 
not in ‘merged’ images at the bottom. Shown are stages as depicted in Figure 3—figure supplement 1C, K and Figure 
3—figure supplement 2C, K. 
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Figure 3—figure supplement 6: Overview and magnifications of sections used for cell type classifi-
cation shown in Fig. 3. 
Original toluidine-stained cross sections (A, D), cross section with cell type-classifications (B, E) and mag-
nifications of regions indicated by black rectangles in B and E (C, F) for wild type (A, B, C) and pxy mutants 
(D, E, F) are shown. Cell type classification was exclusively performed in the xylem area.  
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Figure 4. An extended model for simulating genetic perturbations of cambium activity. 
(A) Regulatory network proposed based on experimental observations. 
(B) Result of the simulation run for Model 3A. This model implements the network interactions described 
in (A). Color coding at the bottom of Figure 4.
(C) Outline of cell bins for the results of Model 3A, as shown in (B). 
(D) Visualization of the relative levels of chemicals* and division rates* in different bins. Bin colors along 
the x-axis correspond to the bin colors in (C).
(E) Output of Model 3B simulation. Ectopic CLE41* expression was achieved by letting xylem cells* 
produce CLE41*. 
(F) Output of Model 3C. Simulation of the pxy mutant was achieved by removing the stimulation of DF* 
production by PXY* and hence by removing the effect of PXY* on cell division and cambium* subdomain 
patterning. Because of the network structure, PXY* can be eliminated from Model 3 without letting the 
model collapse (Figure 4F) but reproducing the pxy mutant phenotype observed in adult hypocotyls 
(Figure 4E). 
(G) Estimated tissue ratios for five identified parameter sets compared to experimental values (‘data’) 
found for wild type (Col-0) hypocotyls 20 days after germination [38] and compared to the final model 
output before the automated parameter search (’Model 3A’) and the implementation of experimentally 
determined cell wall thickness for xylem* and phloem*.
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Figure 4—figure supplement 1: Overview of cell types*, regulatory interactions and 
expression* profiles in Model 3. Schemes include representations for Model 3B and C. 
Color code shown at the bottom of the figure. 
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Figure 4—figure supplement 2: Determination of cell wall thickness across the radial sequence of hypoco-
tyl tissues.
(A) Cross section of a 4.5 week-old plant stained by Direct Yellow 96. Radius and circumference used by the 
‘Radial Profile’ function of the Fiji image analysis tool [76] are indicated. Note that the function uses the whole circle 
area for analysis.
(B) Plot of staining intensities from six Direct Yellow 96-stained cross sections analyzed by the ‘Radial Profile’ func-
tion of Fiji. Staining intensity and radius were normalized to 1 by dividing obtained values by maximum values 
within respective sample data sets. Intensity profiles were binned in 10 equal parts and the median intensity of 
single samples was calculated, indicated as dots. The boxplot shows the variation among the samples and the 
mean of the dataset of each bin.
(C) Average intensity profile of Direct Red 23 staining as shown in Figure 2A from three individual sections deter-
mined by the ‘Radial Profile’ function of Fiji. Staining intensity and radius were normalized to 1 by dividing obtained 
values by maximum values within respective sample data sets.  
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Figure 4—figure supplement 3: Behavior of the different model parameterizations (Model 3D:2-5).
(A) Overview of parameter values of the different parameter sets. Shown are the relative values of the estimated 
parameter compared to the original parameter values. Horizontal lines indicate the lower (1/3) and upper (3-fold) 
boundary (grey) as well as the original parameter value (blue).
(B) Behavior of parameter sets 2-5. Shown is the final output of the simulation, the tissue* sorted into bins as well as 
the average chemical concentration* per bin (for n=10 simulations). The shading represents the range between 
minimal and maximal values during simulations.
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Figure 5. Effect of xylem cell wall stiffness* on the radiality of cambium-derived cell lineages*.
(A) Final output of Model 4 and parameter set 1. 
(B) Visualization of the relative levels of chemicals* and division rates* in different bins. Bin colors along the x-axis 
correspond to the different bins similarly as in Figure 4C. 
(C, D) Simulation outputs at increasing values of xylem stiffness* (C) and epidermis stiffness* (D) with the ratio of 
stiffness* vs. experimentally determined xylem stiffness indicated at the right bottom corner of each example. All the 
simulations had the same starting conditions and ran for the same amount of simulated time. At the bottom, there is a 
magnification of the right region shown in the pictures above, respectively.
(E, F) Examples of the relationship between R2 and the geometry of proliferation trajectories (grey arrows) for two 
different R2 values; dots are cell* centroids, lines represent division* events.
(G, H) Fraction of median relative amount of lineages whose R2 falls within a specific range for ten simulations in each 
condition (n≥70 lineages per simulation) at different xylem stiffness* (G) and epidermis stiffness* (H) regimes. In case 
of significant difference among medians, assessed with Kruskal-Wallis (KW significance is p < 1.01E-5 for (0, 0.25) 
interval and p < 1.04E-7 for the (0.75,1) interval), the pairwise difference between medians was tested post hoc apply-
ing the Dunn test. The post hoc results are reported in each box as letters; medians sharing the same letter or do not 
display a letter at all do not differ significantly.
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Figure 5—figure supplement 1: Distribution of cell* properties under different xylem ‘stiffness’ regimes 
A) Cell* size in arbitrary units 
B) Major axis lengths of cells* in arbitrary units  
C) Numbers of nodes (vertexes) per cell*
D) Numbers of cells* 
among cell types and stiffness values for n = 30 simulations under each stiffness regime. The blue color highlights 
the simulation at the experimentally determined stiffness value. The x-axis indicates values of xylem stiffness as the 
ratio of xylem stiffness* vs. experimentally determined stiffness. A slight horizontal displacement of points has been 
added to enhance visualization. Values for individual cells* found in all 30 simulations are displayed in A-C, whereas 
numbers of cells* in each cell type* for each one of the 30 simulations are shown in D.
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Figure 5—figure supplement 2: Distribution of cell* properties under different tissue boundary 
(=epidermis*) ‘stiffness’ regimes
(A) Cell* size in arbitrary units 
(B) Major axis lengths of cells* in arbitrary units
(C) Numbers of nodes (vertexes) per cell*
(D) Number of cells* 
among cell types and stiffness values for n = 30 simulations under each stiffness regime. The blue color highlights 
the simulation running at normal thickness level; the x-axis indicates values of the relative perimeter thickness as 
the fold-change compared to the standard parameters. A slight horizontal displacement of points has been added to 
enhance visualization. Values for individual cells* found in all 30 simulations are displayed in A-C, whereas numbers 
of cells* in each cell type* for each one of the 30 simulations are shown in D.



Figure 5—figure supplement 3: Fraction of median relative amount of cell lineages for parameter sets 2-5.
(A) With increasing xylem* ‘stiffness’
(B) With increasing epidermis* ‘stiffness’

A

B

parameter set 2 parameter set 3 parameter set 4 parameter set 5

xylem wall stiffness* 

epidermis stiffness*

xy
le

m
ep

id
er

m
is



Figure 5—figure supplement 4: Fraction of median relative amount of cell lineages at different parame-
ters governing cell wall* dynamics. The model parameters cell walls’ target length and yielding threshold 
were varied by +/-50% and the behavior at different cell wall stiffness values simulated. The statistical analysis 
was done as described before for Fig. 5 for n=10 simulations each and n≥70 cell lineages per simulation.
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Appendix-figure 1 - Cell wall calculations during node movement. Node 5 is moved to a new position. 
During calculations the change in wall elements between nodes 5 and 6, 5 and 7 as well as 5 and 4 is 
considered. The cell specific stability of the wall elements is indicated by the thickness of the colored lines 
– yellow for cell 1, blue for cell 2 and purple for cell 3.
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