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Abstract 15 

 16 

The production of flat organs involves a tight regulation of tissue expansion. During 17 

growth, the cell wall is under mechanical tension and continuous remodelling, 18 

requiring mechanisms to sense and maintain cell wall integrity (CWI). Here we 19 

studied the link between CWI sensing and flatness of Marchantia polymorpha thalli. 20 

We considered FERONIA (FER), a CWI sensor, and assessed its role in the 21 

maintenance of thallus shape. We developed a pipeline to quantify flatness at 22 

multiple scales. We found that both abolishing and increasing FER expression leads 23 

to loss of flatness. Based on experiments that reduce cell wall tension and partially 24 

restore wild-type cell size and thallus morphology, we ascribe loss of flatness to 25 

under- or to over-reaction of plants to mechanical stress. Altogether, our results 26 

support the concept that responses to mechanical stress contribute to the robustness 27 

of morphogenesis 28 

 29 

Introduction 30 

 31 

 Flat organs have evolved multiple times in numerous living organisms from flatworms 32 

to insect wings and plants. In plants, flat leaves have possibly evolved as a way to enhance 33 

light exposure and gas exchanges. The development of such a shape appears to require 34 

spatial regulation of cell proliferation and expansion because mutants disrupting these 35 

processes also commonly disrupt leaf flatness. For example, increased leaf curvature was 36 

observed in leaves of the A. thaliana mutants of the PEAPOD2 (PPD2) and NOVEL 37 

INTERACTOR OF JAZZ (NINJA) genes, via the modulation of the position of the primary 38 

arrest front that separates cell proliferation dominated and and cell expansion dominated 39 

regions in leaves (Baekelandt et al., 2018; Du et al., 2018). Analysis of the jaw-D mutant 40 

also shows abnormal buckling phenotype near the leaf margin as a result of abnormal cell 41 

growth and division patterns (Palatnik et al., 2003; Harline et al., 2022). Similarly, loss of 42 

flatness was observed in the angustifolia-1 (an-1) mutant of Marchantia polymorpha 43 
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(Furuya et al., 2018). The an-1 mutant displays twisting of the thallus (photosynthetic 44 

vegetative organ of Marchantia polymorpha corresponding to the gametophyte) along the 45 

growth axis, and a curled and wavy margin at the antheridiophores (mushroom-shaped 46 

organ containing male gametes). This alteration of flatness was suggested to be the result 47 

of abnormal orientation of cell expansion (Furuya et al., 2018), possibly through the 48 

regulation of cortical microtubule orientation as described in the angustifolia mutants of 49 

Arabidopsis thaliana (Folkers et al., 2002). The Marchantia mutants of auxin response 50 

factor1 (arf1) also show alteration of thallus flatness and alteration of cell growth and 51 

division patterns, via alteration of the patterning of developmental axes by auxin (Kato et 52 

al., 2017; Flores-Sandoval et al., 2015). In Arabidopsis thaliana, ectopic expression mutants 53 

of the ASYMMETRIC LEAVES 2 gene resulted in buckling of the abaxial sepals (Yadav et al., 54 

2024), leading to variations in sepal thickness unlike in other studies where organ 55 

thickness was roughly constant in mutant plants. Together, this shows that organ flatness 56 

may rely on transcription factors and hormone gradients to regulate cell proliferation and 57 

expansion patterns. 58 

Growth results from cell proliferation and expansion. Analysis of spatial variations of 59 

growth in petunia and tobacco leaves shows that flat leaf shape requires coordinated growth 60 

patterns (Mitchison et al., 2016, Alim et al., 2016). Indeed, growth gradients along a thin organ 61 

such as a leaf or a petal may result in conflicting tissue expansion (Coen et al., 2016) and induce 62 

mechanical stress in the tissue as cells with higher growth rates push on their neighbours 63 

(Boudaoud 2010). Such conflicts might be resolved by buckling: the loss of flatness and 64 

acquisition of a wavy shape due to compressive mechanical stress. Therefore, the 65 

development of flat shape requires tight regulation of growth to avoid buckling or folding 66 

(Boudaoud 2010, Palatnik et al., 2003; Sharon et al., 2004, Nath et al., 2003, Yadav et al., 2023, 67 

Harline et al., 2022). More specifically, heterogeneity in growth must be maintained below a 68 

certain threshold to avoid buckling and the production of fractal-like 3D shapes (Sharon et al., 69 

2002; Audoly & Boudaoud 2003; Dervaux and Ben Amar, 2008; Efrati et al. 2009; Gemmer and 70 

Venkataramani 2013), like those of the leaves of ornamental cabbage.  71 

The maintenance of flatness in growing organs suggests that growth heterogeneity is 72 

regulated. It was proposed that responses to mechanical stress induced by such heterogeneity 73 

may control growth and make it more homogeneous (Shraiman et al., 2005). In Arabidopsis 74 

sepals, cortical microtubules reorient circumferentially in cells around fast growing trichomes, 75 

along predicted stress patterns (Hervieux et al., 2017), possibly restraining trichome growth 76 

by guiding cellulose deposition and reinforcing cell walls circumferentially. In the Arabidopsis 77 

shoot apical meristem, KATANIN mediates alignment of cortical microtubules in response to 78 

mechanical stress and modulates the level of local cell-to-cell growth heterogeneity 79 

(Uyttewaal et al., 2012). Interestingly, Arabidopsis mutants of the DEFECTIVE KERNEL1 (DEK1) 80 

gene are defective in activation of a mechanosensitive Ca2+ ion channel (Tran et al., 2017) 81 

while showing crinkled leaves (Johnson et al., 2008). Similarly, reduction of the touch response 82 

in the vernalisation independence 3 (vip3) mutants were also associated with crinkled leaves 83 

(Trinh et al., 2024; Jensen et al., 2016).. Altogether, the perception of mechanical stress 84 

appears as a good candidate mechanism to coordinate cell growth, avoid buckling and 85 

maintain flatness. 86 
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The transmembrane protein FERONIA (FER) of the Catharanthus roseus RLK1-like 87 

(CrRLK1-like) receptor kinase subfamily was shown to prevent brassinosteroid induced cell 88 

growth, possibly as a way to prevent cell burst, consistent with its role in the maintenance of 89 

cell wall integrity (Höfte et al., 2015). feronia mutants also showed alteration of cell size and 90 

cell wall integrity upon salt stress, confirming a possible role in the maintenance of cell wall 91 

integrity (Feng et al., 2018). feronia mutants of Arabidopsis thaliana were found to have 92 

alteration in the calcium ion flux upon mechanical stimuli (Shih et al., 2014), indicating a role 93 

of FERONIA in responses to mechanical stress. The FER protein was also shown to play a 94 

significant role in modulating the penetration capacity of roots into the soil by sensing the 95 

relative hardness of the medium through activation of the transcription factor PIF3 and the 96 

mechanosensing ion channel PIEZO (Xu et al., 2024). Additionally, the capacity to promote 97 

microtubule rearrangement upon mechanical stress generated by single cell laser ablation, 98 

appears altered in the fer mutants (Tang et al., 2022), despite the presence of FERONIA 99 

independent mechanisms promoting cortical microtubule rearrangements (Malivert et al., 100 

2024). Together, this suggests that FERONIA is involved in mechanoperception and 101 

mechanical stress response and that it plays a role in the sensing of mechanical stress induced 102 

by neighbouring cells. Given that FERONIA is a transmembrane protein, and that it can bind 103 

pectin via extracellular Malectin-A (MALA) domains (Feng et al., 2018), it can be hypothesised 104 

that FERONIA can detect variations in the tension of the cell wall and thus behave as a 105 

mechanosensor. Complementary experiments also showed that FER preferentially binds 106 

demethylesterified pectins (Lin et al., 2018), demonstrating that the FER protein can detect 107 

the chemical state of pectin. Furthermore, it was also shown that pectin binding is important 108 

for the acquisition of pavement cell shape in A. thaliana (Lin et al., 2022), demonstrating the 109 

necessity of a physical link to cell wall for complete protein activity. It was also suggested that 110 

the sensing of different states of pectin might be a common mechanism for the regulation of 111 

polar cell expansion (Lin et al., 2018), which indicates the crucial role of FER in touch 112 

perception. The Rapid Alkalinization Factor (RALF) ligand, a 49 amino acid peptide (Ryan and 113 

Pearce, 2004) was found to bind pectin and to promote phase separation of pectin fragments 114 

to induce Pectin-RALF-FERONIA-LORELEI clustering and trigger stress response (Liu et al., 115 

2023). This suggests that FERONIA is involved in the detection of pectin fragments, suggesting 116 

a possible mechanism by which FERONIA could be involved in the surveillance of cell wall 117 

integrity. Over-expression of AtRALF-ligand also resulted in smaller root cells. Together, this 118 

suggests that RALF mediated activation of FERONIA could prevent cell expansion, possibly to 119 

prevent further mechanical stress in the context of compromised cell wall integrity (Liao et al., 120 

2017). In Marchantia polymorpha, a single homologous gene of Arabidopsis AtFER was 121 

identified (Honkanen et al., 2016). Cellular force microscopy measurement of stiffness on the 122 

fer-2 gemmae (small clonal structure involved in asexual reproduction) also suggests either a 123 

softer cell wall or lower turgor pressure. Softer cell wall would explain the presence of burst 124 

rhizoid cells observed in fer-2 and fer-3 mutants and the observation of dead cells in trypan 125 

blue exclusion tests (Mecchia et al., 2022). This suggests that MpFERONIA plays a similar role 126 

to that of AtFERONIA in the surveillance and maintenance of cell wall integrity. The fer mutants 127 

of Marchantia showed visible alteration of flatness, smaller cells and lower Young’s moduli 128 

(Mecchia et al., 2022). Here we consider flatness in relation with FER gene expression level 129 

and mechanical stress.  130 

Three-dimensional reconstructions of Marchantia polymorpha thallus surface using 131 

micro-computed tomography have provided qualitative observation of the overall surface 132 

shape of flatness mutants such as angustifolia-1 (Furuya et al., 2018). Despite satisfactory 133 
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qualitative observations of flatness, the production of quantitative metrics has proven difficult 134 

and often relies on the measurement of curvature (Armon et al., 2014). While the Gaussian 135 

curvature efficiently describes curvature in a single point, it does not efficiently account for 136 

the variations of curvature at different scales. Multiple methods were developed in an attempt 137 

to better describe the complex curvature of leaves and their variations. The directional 138 

curvature of a leaf or curvature index can be approximated by computing the ratio of the 139 

absolute distance of the leaf tip from the base and the distance following the leaf (Liu et al., 140 

2010; Ren et al., 2018). While this metric may broadly describe the overall leaf curvature, it 141 

lacks resolution along the leaf. The buckling of the leaf can be described as the perimeter to 142 

surface ratio (Nath et al., 2003) or as the proximodistal and mediolateral curvatures indexes 143 

taken together (Natarajan et al., 2020), but these methods do not account for the type of 144 

buckling that can be observed. While all the above methods provide sufficient metrics for a 145 

specific type of curvature or flatness defect, they fail to account for surface curvature as they 146 

cannot be used in the absence of a preferential axis of curvature such as observed in 147 

Marchantia polymorpha. Another method was developed that relies on the computation of 148 

the convex hull and overall surface as well as the convex hull and overall volume of the thalli 149 

(Furuya et al., 2019). This method enables efficient assessment of the volume spread of a 150 

thallus within space and proved efficient in discriminating the thallus shape of angustifolia 151 

mutants of M. polymorpha (Furuya et al., 2019). However, the convex score may be difficult 152 

to interpret in the context of flatness analysis, thus creating the need for new specific metrics. 153 

In this paper, we developed new methods to quantify flatness at multiple scales and 154 

investigated the alteration of flatness in the fer-2 mutant and the FERONIA over-expressor 155 

(FER-OE) transgenic line of Marchantia polymorpha in an effort to identify the relevance of 156 

mechanosensing in the development of flat organs. We specifically looked at their response 157 

under osmotic treatments and the application of external mechanical constraints. 158 

Results 159 

Alteration of FERONIA expression induces a multi-scale loss of thallus flatness  160 

 We first asked whether the FERONIA (FER) gene has an influence on thallus flatness. 161 

We noticed that the fer-2 mutant and the FERONIA over-expressor (FER-OE; 162 

proMpEF1::MpFERONIA-mCitrine) transgenic line show an alteration of the overall thallus 163 

shape (fig. 1a). We therefore used 3-dimensional micro computed tomography (μCT) to image 164 

plants, revealing a defect in the maintenance of the thallus flatness in those lines. The fer-2 165 

mutant exhibits an overall alteration of flatness and a tortuous shape while the over 166 

expression transgenic line shows alteration of flatness and hyponastic behaviour (fig. 1b). 167 

From these µCT scans a flatness score was computed. The φ flatness score consists of the 168 

standard deviation of the thallus surface along the z-axis divided by the square root of the 169 

thallus projected area. High values indicate a lack of flatness, and a flat surface has a φ score 170 

of ‘0’. The fer-2 mutant and FER-OE transgenic line show mean values of φ three times higher 171 

(0.18) than that of the wild type (0.06) confirming a consistent defect in flatness (fig. 1c).  172 

To improve our understanding of the alteration of flatness in fer-2 mutant and 173 

transgenic lines, we developed a second metric. The scale dependent flatness score (hereafter 174 

referred to as ‘λ flatness score’ or simply ‘λ’) is calculated as the variation of the orientation 175 

of the average plane within circular regions of radius ‘r’, for a hundred points randomly 176 

selected on the thallus (Eq. 2 and fig 1d). A hundred curves are thus obtained and then 177 

averaged into a single curve characterising the surface of a single thallus. This score is positive 178 
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for dome-shaped surfaces and negative for saddle-shaped surfaces regardless of the 179 

orientation of the curvature and vanishes for flat surfaces (supplementary figure S1). The λ 180 

flatness score is expressed as a function of the radius ‘r’, thus yielding a curvature across 181 

length scales (region sizes). To allow for comparison between genotypes and conditions, ‘r’ is 182 

expressed as the percentage of the average thallus size for each genotype and condition 183 

(hereafter referred to as the ‘relative scale’). The λ flatness score of multiple thalli can then 184 

be combined into an average curve and its standard error (shaded area) characterising flatness 185 

at multiple scales for a single genotype and growth condition (fig. 1d and e).  186 

Computation of the λ flatness score confirms that wild type thalli can be considered 187 

flat at all scales, with an average λ close to 0. The fer-2 mutant line displays erratic λ values 188 

straying away from that of the wild type and from zero, with noticeably negative and positive 189 

values at relative scales of about 12% and 70 to 100 %, respectively, indicating saddle shapes 190 

at relatively small scales and dome shapes at larger scales. Similarly, the FER-OE transgenic 191 

line displays a positive λ score at about 30% and above 80 %, indicating dome-shaped values 192 

at these two scales, and possibly reflecting the hyponastic phenotype observed in figure 1b at 193 

larger scales (fig. 1d). Similar behaviours were observed when looking at absolute scale values 194 

(supplementary figure S2). Altogether, removing or increasing FER expression alters flatness, 195 

at several scales. 196 

 197 

FERONIA regulates thallus growth through mechanical responses  198 

 199 

 In fer-2 mutant thalli, rhizoids burst (Mecchia et al., 2022), consistent with the role of 200 

FERONIA in cell wall integrity sensing determined in Arabidopsis (Höfter et al., 2015; Feng et 201 

al., 2018). In the fer-2 mutants of Marchantia, turgor pressure (and so mechanical stress) 202 

would be high enough to irreversibly damage the cell wall. We hypothesised that the 203 

alteration of thallus flatness is also partially due to high mechanical stress. To test this 204 

hypothesis, we changed the agar concentration of the growth medium to reduce the 205 

mechanical stress exerted on the cell wall. High agar concentration (2.5%) reduces the water 206 

availability in the medium, and therefore, mechanical tension on the cell wall, by reducing 207 

turgor pressure or by affecting cell geometry (Ghashghaie et al., 1991; Owens and Wozniak, 208 

1991; Verger et al., 2018). Conversely, we also tested the effect of higher mechanical tension 209 

in the cell wall by using a low agar medium (0.6%) (Ghashghaie et al., 1991; Owens and 210 

Wozniak, 1991; Verger et al., 2018).  211 

Consistently with an increased (reduced) cell wall tension, fer-2 thalli are larger 212 

(smaller) when grown on low (high) agar medium (fig. 2a and c), in agreement with the trends 213 

in thallus volumes and weight across conditions (supplementary figure S3). However, the FER-214 

OE transgenic line and the WT line show no significant changes in their overall size, suggesting 215 

that they compensate for the changes in cell wall tension induced by changes in agar 216 

concentration. In particular, this implies that the FER-OE transgenic line conserved the 217 

capacity to adapt to changes in the mechanical status of the plants. 218 

We next examined the cellular basis of changes in plant size upon changes in agar 219 

concentration. It was shown that fer-2 mutants are characterised by the presence of dead cells 220 

(Mecchia et al., 2022). We therefore sought whether changes in fer-2 thallus size could be 221 

ascribed to cell death. We performed a trypan blue exclusion test on 8-day-old mutant thalli 222 

to quantify cell death. We observed no cell death in wild type (fig 2c). In fer-2, the number of 223 

dead cells per unit area is three times lower on low agar medium than on high agar medium 224 

(fig. 2d) (17.48 dead cells/mm2 on 0.6% agar against 52.58 dead cells/mm2 on 2.5% agar 225 
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medium). This would suggest that the increase in thallus size is due to less cell death. However, 226 

cell death occurs during the early developmental phases (Mecchia et al., 2022) and it could be 227 

that a low number of dead cells per unit area is the result of a similar number of dead cells 228 

spread over larger surfaces. To test this hypothesis, the total number of dead cells was 229 

counted in the same individuals. No significant difference can be observed (fig. 2d). Moreover, 230 

the number of dead cells per mm2 (mostly in the range 10-50) is much smaller than the 231 

number of epidermal cells per mm2 (approximately 1250 cells/mm2 for fer-2 grown on 2.5% 232 

agar medium and 1000 cells/mm2 for fer-2 grown on 0.6% agar medium, estimated from the 233 

data shown hereafter), which cannot directly account for 2-fold changes in thallus size. This 234 

suggests that cell death does not explain changes of fer-2 thallus size in response to changes 235 

in agar concentration.  236 

Cell size was then assessed by counting the number of cells within defined surface area 237 

between 100 x 100 μm2 and 200 x 200 μm2, thallus size permitting. In wild-type, cell size 238 

decreased with agar concentration, like thallus size. Interestingly, fer-2 mutants grown on high 239 

or low agar media do not show any significant differences in cell size (Fig 2e), indicating that 240 

the larger fer-2 thalli observed on low agar medium do not result from larger cells.  241 

 242 

The absence of variations in the thallus size and cell size of WT thalli grown on high or 243 

low agar media suggests that the mechanical properties of the cell wall adapt to variations in 244 

turgor pressure to maintain cell growth and cell size. Given the dramatic changes of thallus 245 

size in fer-2 grown on low agar medium, and the lack of variation in cell size between fer-2 246 

grown on high and low agar, we sought whether fer-2 mutants retained some capacity to 247 

adjust their cell wall mechanical properties to changes in turgor pressure. Interestingly, 248 

cellular force microscopy revealed lower stiffness for fer-2 thalli, indicating that cell wall 249 

stiffness and/or turgor pressure are lower in this mutant (Mecchia et al. 2022). We therefore 250 

hypothesised that FERONIA is required to adjust cell wall stiffness or turgor to maintain growth 251 

and flatness when cell wall tension is altered.  252 

 253 

 To test this hypothesis, we grew thalli on high, standard or low agar concentrations 254 

for 7 days, and quantified the cell wall elastic properties by measuring size reduction of the 255 

thallus upon a shift from normal isotonic solution to a hypertonic solution (isotonic solution 256 

supplemented with 250 mM mannitol). Softer cell walls will result in higher size reduction. WT 257 

thalli show size reduction that scales with the agar concentration (4.31% on low agar and 258 

8.74% on high agar) fig. 2f, indicating that the cell wall stiffness is higher on low agar medium 259 

than on high agar medium. This is consistent with an adjustment of tissue mechanics to 260 

external osmolarity. The fer-2 mutants showed a complete absence of shrinkage variations 261 

across all agar concentrations, showing that fer-2 fails to adapt the mechanical properties of 262 

its cell wall to variations in external osmolarity. Furthermore, size reduction observed in fer-2 263 

thalli is very close to that observed in WT thalli grown on high agar medium, indicating that 264 

fer-2 has abnormally soft cell wall, consistent with the low cell stiffness measured in Mecchia 265 

et al., 2022. The FER-OE transgenic line shows no significant difference in size reduction when 266 

grown on low or high agar medium, although higher variability between samples makes it 267 

more difficult to conclude. This could be consistent with a saturated response of FER-OE to 268 

mechanical tension. Together, these results suggest that FERONIA is involved in the sensing of 269 

mechanical stress and triggers mechanical adaptations, leading to an adjustment of thallus 270 

size independently of cell size or cell death. 271 

 272 
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 273 

Specific regulation of FERONIA is required for the production of flat thalli 274 

 275 

 To test the impact of cell wall tension in the maintenance of flat shape, we further 276 

characterised thallus flatness in plants grown on 0.6%, 1.2% or 2.5% agar medium. Calculation 277 

of the φ score does not indicate significant changes of the flatness of in WT thalli (fig. 3a), 278 

confirming adaptation to changes in cell wall tension. The fer-2 mutant also displays no 279 

variation in flatness φ score. However, further examination of the λ flatness score indicates 280 

flatter surfaces for fer-2 thalli grown on high agar and less flat (curvier) surfaces for thalli 281 

grown on low agar medium (fig. 3c and supplementary figure S4). This suggests that, in the 282 

absence of FER function, higher cell wall tension induces loss of flatness, consistent with the 283 

hypothesis that buckling is induced by mechanical stress. FER-OE thalli show improved φ 284 

flatness score on high agar medium: 0.1 on 2.5% agar compared to 0.18 on 1.2% agar medium 285 

(fig. 3a), as well as lower λ flatness score at all scales (fig. 3d and supplementary figure S4), 286 

suggesting that FER-OE plants lose flatness by over-responding to high cell wall tension. 287 

Altogether, these results suggest that intermediate levels of FERONIA are required to adjust 288 

growth rates and to prevent buckling by responding to mechanical stress. 289 

 290 

 291 

Application of external mechanical pressure partially restores thallus size in fer-2 292 

mutants. 293 

 294 

Given that an increase in agar concentration made fer-2 and FER-OE plants slightly 295 

flatter, we wondered whether direct reduction of cell wall mechanical stress would restore 296 

flatness of fer-2 and FER-OE thalli. We hypothesised that compressing thalli with a film would 297 

reduce the mechanical stress exerted on the cell wall by helping the cell wall to resist turgor 298 

pressure at the contact points between the film and the thallus (fig. 4a). Transparent thin films 299 

of polydimethylsiloxane (PDMS) were selected to allow for gas exchange (Adler et al., 2010) 300 

and reduce other sources of abiotic stress.  301 

Measurement of the thallus surface in the wild type shows that the application of thin 302 

PDMS films significantly reduces the projected surface (about 57% of the projected surface of 303 

thalli grown without film) (fig. 4b and 4c). Significant reductions in weight and volume are also 304 

visible upon application of PDMS films (supplementary fig. S5). Surprisingly in the case of the 305 

fer-2 mutant, the projected surface ratio, the volume, and the weight are at least twice as 306 

large with films (+Film) than without film (Free) (fig. 4b and c, and supplementary fig. S5). No 307 

significant difference was observed in the case of FER-OE size with any metrics. Altogether, 308 

this shows that the application of thin film restores thallus growth in fer-2 mutants (fig. 4d and 309 

supplementary fig. S5). 310 

As for the variations in thallus sizes observed on various agar concentrations, we 311 

sought the cellular basis of the changes in thallus shape grown with and without PDMS films. 312 

We wondered whether this involves cell death, or cell expansion. The number of dead cells 313 

per thallus is not significantly affected by film application in fer-2 mutants. This suggests that 314 

cell death is limited to the early development of the thallus, consistent with the conclusions 315 

from low and high agar experiments. Moreover, as explained earlier, the number of dead cells 316 

appears too small when compared to the estimated number of cells per thallus to explain such 317 

dramatic changes in thallus size. We then examined cell size in these experiments. Wild type 318 

thalli did show a significant decrease of the overall cell size when topped with a film (about 319 
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1664 μm2 without film, and 1388 μm2 with film), whereas the fer-2 mutant thalli shows larger 320 

cells on average when topped with a film (about 797 μm2 without film, and 1174 μm2 with 321 

film) (fig. 4f). This suggests that application of film partially restores cell size in the mutant. 322 

Taken together, these results indicate that the increase in cell size in the fer-2 mutant topped 323 

with a film is the main reason for the improvement of the size the thallus shown in figure 4. 324 

 325 

Application of external mechanical pressure partially restores flatness in fer-2 326 

mutant and FER-OE thalli. 327 

 328 

We then questioned whether application of external mechanical pressure could result in 329 

changes in thallus flatness. Wild-type thalli do not display any significant alteration of flatness 330 

and remain equally flat regardless of the presence of a film (fig. 5a) and their average φ 331 

flatness score remains unchanged (0.06) (fig. 5b). A slight change is noticeable regarding their 332 

λ curvatures for relative r values above 30%, where the natural curvature is altered by the 333 

film, but remains close to zero (fig. 5c and supplementary figure S6). The FER-OE thalli display 334 

very little hyponasty upon the application of the film (fig. 5a). Furthermore, their φ flatness 335 

scores indicate that the application of the film is sufficient to restore flatness down to the 336 

values of the wild type (0.18 without film and 0.06 with film) (fig. 5b). The λ flatness score 337 

indicates a complete loss of curvature at scales above 50 %, which is consistent with the 338 

recovery of a normal hyponastic behaviour (fig. 5e and supplementary figure S6), and a 339 

reduction in curvature around a scale of 30%. Altogether, this suggests that over-reaction to 340 

mechanical stress in FER-OE is tempered by a reduction in wall tension. The fer-2 mutant also 341 

appears flatter upon film application (fig. 5a). Calculation of the φ score also confirms the 342 

restoration of flatness (0.18 without film and 0.08 with a film) (fig. 5d). The application of film 343 

decreases the λ curvature at scales around 30 % and restores flatness for scales above 60 % 344 

(fig. 5d and supplementary figure S6). Altogether, these results indicate that the application 345 

of supplementary mechanical constraints, in the form of a topping thin film, as a way to reduce 346 

cell wall mechanical stress through partial compensation of the turgor pressure, succeeds in 347 

improving the overall flatness of the thalli in both mutant and transgenic lines. 348 

 349 

Discussion 350 

 351 

 In this article we bring understanding in the possible ways by which mechanical 352 

responses influence organ size and shape. We specifically considered the development of flat 353 

organs and developed a new way to quantify flatness (φ and λ flatness scores) of complex 354 

surfaces. These two metrics helped us to analyse and compare the surface of multiple 355 

genotypes and developmental conditions of Marchantia polymorpha. We demonstrate that 356 

the feronia-2 mutant and the FER-OE transgenic lines are altered in the development of flat 357 

thalli and display impaired regulation of the mechanical properties of the cell wall upon 358 

variation of cell wall tension. Finally, we show that application of external mechanical 359 

constraints using PDMS films, which we expect to reduce mechanical stress exerted by turgor 360 

pressure on the cell walls, results in larger cells and restores flatness in the fer-2 mutants.  361 

 362 

 In this study, the φ score allowed for quick characterisation of thallus surfaces and 363 

revealed consistent alteration of flatness in fer-2 mutant and FER-OE transgenic thalli. This 364 

metric provides an interesting approach to assess overall surface flatness because of its 365 

simplicity and its short computation time (typically less than 20 seconds per sample). 366 
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Furthermore, it also provides 2-D surface resolution when typical measurement of flatness 367 

focuses on unidirectional curvature analysis (Liu et al., 2010; Ren et al., 2018; Natarajan et al., 368 

2020), making the φ score an efficient choice when tackling complex surfaces.  369 

The development of the λ flatness score complemented this approach by providing 370 

scale resolution. Here, this score has provided fine resolution of thallus curvature and flatness 371 

and showed differences in flatness and curvature between fer-2 mutant thalli grown on 2.5% 372 

and 1.2 % agar. This score also provides supplementary characterisation of the curvature and 373 

can discriminate saddle-shaped surfaces from dome-shaped surfaces. The Gaussian curvature 374 

is also able to discriminate between these two types of surfaces but does not directly provide 375 

scores relative to scale. The power of the λ score rests in the fact that it calculates curvature 376 

at all scales in a single run and thus gives a single curve characterising the whole surface. 377 

Computation time remains however longer than that of the φ score (typically about 10-20 min 378 

per sample). Together, these scores provide a fine resolution description of the thallus surface 379 

and allow for the analysis of broad and subtle changes in the surface aspect of Marchantia 380 

polymorpha thalli. 381 

 382 

 The alteration of flatness observed in the mutant and transgenic lines of FERONIA 383 

shows that intermediate levels of FERONIA expression are required for maintenance of 384 

flatness. Since FERONIA has been identified as involved the maintenance of cell wall integrity, 385 

possibly sensing mechanical stress (Mecchia et al., 2024; Xu et al., 2024; ling et al., 2018; Tang 386 

2018, Shi et al., 2014), we suggest that both mechanosensing and cell wall integrity sensing 387 

are required for the maintenance and development of proper organ shape. 388 

 389 

We showed here that modification of agar concentration is sufficient to trigger 390 

modifications in cell wall stiffness in wild type thalli, and that such capacity is lost in fer-2 391 

mutant and FER-OE transgenic lines. This indicates that FERONIA is involved in perception and 392 

or response to cell wall tension. This might occur either through the binding of FERONIA to 393 

pectin (Lin et al., 2022) or by the binding of RALF-Ligand peptides signalling cell wall damage 394 

(Liu et al., 2023). Measurement of tissue mechanics in fer-2 mutant thalli using cellular force 395 

microscopy showed that either Young’s moduli of the epidermal cell wall or turgor pressure 396 

are reduced in the fer-2 mutant (Mecchia et al., 2024). Here, we find that fer-2 is specifically 397 

affected in its cell wall modulus. This supports the hypothesis that FERONIA is necessary to 398 

maintain cell wall stiffness and cell wall integrity.  399 

 400 

Loss of flatness often is the result of buckling, usually caused by deregulated growth 401 

and resulting tissular compressive stress (Sharon et al., 2004, Boudaoud et al., 2010). This 402 

suggests that the lack of flatness observed in fer-2 mutant and FER-OE transgenic lines could 403 

be the result of abnormal tissue growth, consistent with the abnormal cell size observed in 404 

the fer-2 mutants both in this study and in Mecchia et al., 2022. We also found that treatments 405 

that reduce cell wall tension and tissular stress make fer-2 and FER-OE flatter, supporting the 406 

hypothesis that loss of flatness is induced by buckling in these genotypes. Furthermore, it was 407 

shown that brassinosteroids induce accumulation of FERONIA at the plasma membrane, which 408 

results in a feedback loop attenuating brassinosteroid promoted cell elongation (Wolf et al., 409 

2012; Ajeet et al., 2023) thus showing how FERONIA can interact with cell expansion 410 

mechanisms. Together, this suggests that FERONIA is important for the regulation of cell size 411 

and cell expansion.  412 
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Interestingly, none of the treatments applied on the fer-2 mutant thalli successfully 413 

prevented cell death, despite some restoration in flatness and size. This suggests that cell 414 

death is not detrimental to the acquisition of organ shape and that cell death is not responsible 415 

for tissue buckling in this case. However, the cause of cell death remains unclear. The softer 416 

cell wall observed in the fer-2 mutant, reported in both Mecchia et al., 2022 and in this study 417 

suggests that cell death is the result of cell burst. Given that cell burst was reported in the 418 

rhizoid cell (Mecchia et al., 2022), it is plausible that cell death mostly occurs in rhizoid 419 

precursors, consistent with the position of the rhizoid precursor cells and the relatively 420 

constant number of dead cells across fer-2 mutants grown on various media and with or 421 

without films. Other factors than the mechanical yielding of the cell wall may also induce cell 422 

death, but they have not been investigated here. FERONIA is often reported as playing a role 423 

in plant immune response (Gao et al., 2018, Jing et al., 2022, Yang et al., 2020), suggesting 424 

that misregulation of FERONIA expression could cause abnormal immune response resulting 425 

in cell death. The tight regulation of cell expansion and proliferation is crucial to the 426 

maintenance of organ size and shape (Powell and Lenhard 2012). This suggests that the 427 

recovery of normal cell size in the fer-2 mutants topped with films contributes to the 428 

restoration of normal thallus size. Interestingly, FERONIA was found to play a role in 429 

determining cell size by preventing cell wall acidification and attenuating brassinosteroid-430 

induced cell expansion in Arabidopsis thaliana, possibly to prevent cell burst (Chaudhary et 431 

al., 2023). Here, we have discussed flatness in organs such as sepals, leaves, and thalli, all of 432 

which have constant thickness and are relatively thin. A prerequisite is thus the initiation of 433 

thin organs, which may depend on oriented cell divisions and/or on organisation of cortical 434 

microtubules (Zhao et al., 2020; Wallner et al., 2024). Furthermore, changes in thickness have 435 

been correlated with alterations of flatness in the sepals of the asymmetric leaves 2 (as2) 436 

mutants (Yadav et al., 2023) suggesting that flatness requires constant and small thickness. 437 

The importance of coordinated growth between the adaxial and abaxial layers in Arabidopsis 438 

sepals (Yadav et al., 2023) also suggests that alteration of flatness in the fer-2 mutant and FER-439 

OE transgenic lines could result from lack of mechanical feedback between cell layers thus 440 

potentially promoting buckling. 441 

 442 

 In the angustifolia mutants of Marchantia (Furuya et al., 2018), lack of thallus flatness 443 

was associated with abnormal orientation of the cortical microtubules at the apical notches. 444 

This suggests that microtubule orientation is involved in the maintenance of thallus flatness 445 

and raises questions on the possible mechanisms triggered by MpFERONIA in the maintenance 446 

of flatness. However, single cell laser ablations of epidermal cells of the Arabidopsis fer-4 447 

mutants showed normal reorientation of cortical microtubules in the neighbouring cells, 448 

suggesting a FERONIA independent mechanism for the regulation of microtubule 449 

arrangements (Malivert et al., 2022). 450 

 451 

Here we have focused on the mechanical regulation of flatness. It was suggested that 452 

AtKTN1 (Uyttewall et al., 2012) and the VIP3 (Jensen et al., 2016; Trinh et al., 2024) mutants 453 

are involved in the robustness of organ shape development via the promotion of cell growth 454 

and proliferation heterogeneity. Given their involvement in the mechanical perception and 455 

response to mechanical stimuli, and the role of FERONIA in mechanical stress perception, we 456 

raise the question of a possible role of FERONIA in the robustness of flat organ developments 457 

via the maintenance of cell growth heterogeneity. Future work should also reveal whether 458 

and how such mechanical regulation operates with pathways that coordinate growth between 459 
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neighbouring cells and across an organ, possibly ensuring the robustness of morphogenesis of 460 

flat organs.  461 

 462 

Material and Methods 463 

Plant material and growth conditions 464 

The Tak-1 plant was used as wild-type (WT) and propagated by cutting onto 1.2 % agar 465 

(Duchefa Biochemie) solid medium containing 0.2% Gamborg B5 supplemented with vitamins 466 

(Duchefa Biochemie) and incubated under constant light (around 40 μmol.photons.m-2.s-1). 467 

The fer-2 mutant line as well as the proMpEF1::MpFERONIA-mCitrine transgenic line 9 (FER-OE) 468 

were provided by Martin A. Mecchia and were characterised in (Mecchia et al., 2022). Mutant 469 

and transgenic lines of FERONIA were maintained by cutting and grown under the same 470 

conditions as WT, except that the medium was supplemented with 1% sucrose (Sigma Aldrich) 471 

to boost the production of gemmae. 472 

Imaging techniques 473 

Gemmae were photographed at day 15 using the close-up standard setting of a Canon® 474 

camera and imaged by X-ray micro computed tomography (μCT) at day 16 using the Quantum 475 

FX, Perkin Elmer Micro-CT (90 kVp (kiloVolt peak) and 160 mA current for 3 minutes). Various 476 

μCT field views were used depending on the overall size of the thallus: width of 5, 10, 20 and 477 

30 mm for a resolution of 10, 20, 40 and 60 μm, respectively. Optimal field view was used for 478 

each sample. μCT scan surface reconstruction was performed using the ‘volume viewer’ plugin 479 

of ImageJ on raw .tiff stacks of images obtained from Micro-CT scans. 480 

Surface detection and calculation of the flatness scores 481 

Stacks of images were binarised and resliced along the z axis before loading into 482 

MorphoGraphX (https://morphographx.org/). Voxel size was manually corrected to fit 483 

MicroCT scan resolution and a ‘Gaussian blur stack’ with σ comprised between 5 and 30 μm 484 

was implemented before surface detection using the ‘Edge detect’ action. A mesh was then 485 

created by triangulation using the ‘Marching cube surface’ item with a knot-distance of 60 μm. 486 

x,y and z coordinates were then exported in ‘.txt’ format and pre-processed using RStudio 487 

(https://posit.co/). Pre-processes include the correction of the artificial possible tilting of the 488 

thallus using linear regression and filtering for the maximal z-value for each xy coordinate to 489 

avoid artificial walling induced by the surface extraction in MorphographX.  490 

The standard deviation of the Z-coordinates σ was calculated using RStudio after surface 491 

extraction and pre-processing. Projected area was calculated using ImageJ 492 

(https://imagej.net) on Z-projected stacks.  score was calculated as in Eq. (1). 493 

  494 
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The λ flatness-score assesses flatness at the given scale ‘r’ and is computed as an average over 495 

disks of size r. It was calculated for a 100 points selected randomly using Python and is derived 496 

from the x,y and z-coordinates of the normal vector (components nx, ny and nz) to the average 497 

plane approximating the thallus surface calculated for each disk of radius r centred on one of 498 

the 100 random points. The ‘r’ radius was incremented by 30 μm until reaching the square 499 

root of the projected area (2). The λ curvature score was defined as in Eq. (2) 500 

 501 

and was calculated using Python. One ‘λ’ curve was obtained for each of the 100 points of a 502 

surface. The curves were then averaged together for each value of ‘r’. Finally, The average λ 503 

flatness score was once more averaged over all the individuals sharing similar genotypes and 504 

growth conditions. The standard error was then calculated as in Eq. (3) with ‘N’ the number 505 

of individuals and σλ the standard deviation of λ, to account for variability among populations. 506 

(3)  507 

Cell death assays: 508 

Trypan blue exclusion test was used to mark dead cells in 8-day-old gemmae as performed in 509 

(Mecchia et al., 2022), with an incubation time in trypan blue dye between 15 and 30 seconds 510 

to reduce background noise. 511 

Mechanical constraints assay 512 

To apply mechanical constraints on thalli, a thin film of Poly(dimethylsiloxane) (PDMS) was 513 

placed onto 4-day-old gemmae. PDMS films were produced by mixing 12 g of SYLGARD™ 184 514 

Silicone Elastomer Base (or PDMS) and 4g of SYLGARD™ 184 Silicone Elastomer curing Agent 515 

(3:1 ratio). The PDMS and curing agent were then vigorously mixed together and placed in a 516 

vacuum bell for about 30 minutes. The PDMS mix was then spread onto twice-coated 3M™ 517 

NOVEC™ (1720 Electronic Grade Coating) glass slides by spin coating for 30s at 1500 rpm using 518 

a POLOS (by SPS) spin coater. Glass slides were then incubated at 75°C overnight to ensure 519 

complete curing of the PDMS. Films of 2.4 x 2.4cm were then cut out and autoclaved between 520 

Whatman paper discs.  521 

NOVEC ™ coating was performed by rinsing glass slides with NOVEC ™ solution and heating at 522 

110°C on a hot plate for 10 min to evaporate the solvent. This coating process was repeated 523 

twice to ensure minimal adhesion between glass and the PDMS films. 524 

Thallus weight 525 

Gemmae were grown for 17 days on 0.2% Gamborg B5 medium including vitamins and either 526 

0.6%, 1.2% or 2.5% agar. A PDMS film was placed at day 4 to test the effect of external 527 

mechanical constraint on some of the thalli grown on 1.2% agar medium. Thalli were plucked 528 
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from the medium, and the medium was carefully removed from the rhizoids. A New Class MS 529 

Mettler Toledo scale with a precision of 10 μg was used to weigh the plantlets.  530 

Thallus volume 531 

Thallus volume was extracted from stacks of images obtained using μCT. Stacks were then 532 

opened using ImageJ and cropped to fit thallus. Images were blurred using Gaussian blur with 533 

a radius of 2μm. Background was then removed using a ball radius between 20 and 60 pixels. 534 

Stack was then binarised with automatic threshold calculation. Thallus volume was then 535 

extracted using the 3D OC Options of the analyse menu. Select object counter from the 536 

analysis menu was then used with the statistics and summary options. 537 

Osmotic shifts 538 

Thalli were grown for 7 days on 0.2% Gamborg B5 medium including vitamins and either 0.6%, 539 

1.2% or 2.5% agar. Thalli were then collected and mounted between glass slide and round 540 

cover slip in an isotonic solution of 0.2% Gamborg B5 medium supplemented with vitamins. 541 

Thalli were imaged using the Zeiss Axiozoom V16 with a X 10 zoom. Liquid gamborg solution 542 

was then removed by capillarity and replaced by a hypertonic solution of 250mM mannitol 543 

(Sigma Aldrich) and 0.2% Gamborg B5 liquid solution supplemented with vitamins and liquid 544 

edible red dye (brand: ‘Sainte Lucie’, ingredients: azorubine E122 (1,1%), ponceau red E124 545 

(1%), acidifiers: citric acid E330, preservative: potassium sorbate E202 (0,1%)) (diluted a 100 546 

times) to avoid any confusion between the isotonic and the hypertonic solutions. Thalli were 547 

imaged after 10 min in the hypertonic solution with the exact same setting as with the isotonic 548 

solution. 549 

Cell size measurement  550 

Cell size was calculated by counting the number of cells in 200x200μm quadrats and by 551 

dividing the quadrat area by the number of cells that were counted. Between 12 and 13 552 

quadrats were sampled per WT thallus and three thalli were selected per condition (for a total 553 

of 36 quadrats per condition). Cell size was assessed in a similar way in fer-2 mutant thalli but 554 

smaller thalli occasionally required a smaller quadrat size (127x127μm) to accommodate for 555 

the size of the accessible region and the high variation in surface height. Fewer quadrats were 556 

also often sufficient to cover the entire thallus. Therefore, a fourth thallus was often added to 557 

increase the number of measurements. Hence, cell size was estimated in 5, 7, 12 and 8 558 

quadrats over four thalli for 0.6% agar medium; 7, 4 and 13 quadrats over three thalli for 1.2% 559 

agar medium; 4, 4, 12 and 8 quadrats over four thalli for 1.2% agar medium + PDMS film, and 560 

9, 1, 3 and 4 quadrats over four thalli for 2.5% agar medium. 561 

Statistics 562 

All plots and statistical analyses were performed using RStudio and the ‘ggplot2’ and ‘dplyr’ 563 

packages. Box plots indicate quartiles and medians. When present on graphs, black dots were 564 

separately computed to indicate the mean. Dot plots overlay indicate Y-values and represent 565 

all measurements that were performed. 566 
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Statistical tests were performed either with a non-parametric test of Wilcoxon or a parametric 567 

Student’s t-test. t-tests were performed after verification of the normal distribution of the 568 

samples using a Shapiro-Wilk test, and homoscedasticity using a Fisher F-test. When 569 

comparing multiple samples, parametric and non-parametric pairwise tests were used with a 570 

Bonferroni correction to reduce the detection of false positives. 571 
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 602 

Figure captions 603 

Figure 1: Flatness of Marchantia thalli with or without altered expression of FERONIA. a, b 604 

and c) Pictures and flatness scores of WT, fer-2 mutant and FER-OE transgenic plants; a) 605 

Pictures of 15-day-old thalli. Scale bar = 5 mm; b) µCT scan surface-reconstruction of 16-day-606 

old thalli; c) φ flatness score of 16-day-old thalli (6 WT, 7 fer-2 and 6 FER-OE thalli). Pairwise 607 

Wilcoxon test with Bonferroni correction: **: 0.001 < p-value ≤ 0.01. Black dots indicate the 608 

mean value; d) Cartoon explaining the approach to the calculation of the λ scale-dependent 609 

flatness score (SD-λ flatness score); e) SD-λ flatness score of WT, fer-2 mutant and FER-OE 610 

transgenic plants, plotted in function of length scale r normalised by the square root of the 611 
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average thallus projected area for each genotype (the same individuals as those of c were 612 

analysed). The shaded area corresponds to the standard error. The absence of a shaded area 613 

at high scales indicates that N=1. 614 

 615 

 616 

Figure 2: Effect of changes in agar concentration of culture medium on size, and mechanics 617 

of thalli. Data for WT, fer-2mutant and FER-OE transgenic plants grown on 0.6%, 1.2% 618 

(standard concentration) and 2.5% agar media. a) Macroscopic pictures. Scale Bar = 5 mm; b, 619 

e, d and f) Black dots indicate the mean; b) Measurement of the projected area of 16-day-old 620 

thalli: 6 WT, 7 fer-2 and 6 FER-OE thalli grown on 1.2% agar medium, 8 WT, 8 fer-2 and 8 FER-621 

OE thalli grown on 2.5 % agar medium, and 7 WT, 8 fer-2 and 7 FER-OE thalli grown on 0.6 % 622 

agar medium. A pairwise Wilcoxon test with Bonferroni correction was used: *: 0.01 < p-value 623 

≤ 0.05; **: 0.001 < p-value ≤ 0.01; c) Trypan blue coloration of 8-day-old fer-2 thalli grown on 624 

low, standard, and high agar concentrations –dark blue coloration indicates dead cells (red 625 

arrow heads). Trypan blue coloration exclusion test performed on wild type thalli shows no 626 

visible cell death on standard agar concentration. Scale bar = 250 μm; d) Number of dead cells 627 

per mm2 in 8-day-old thalli (left), and number of dead cells per thallus measured in the same 628 

individuals (right). Pairwise Wilcoxon tests with Bonferroni correction were performed: *: 0.01 629 

< p-value ≤ 0.05; **: 0.001 < p-value ≤ 0.01; e) Cell size measured in 14-day-old thalli; f) Size 630 

reduction in 7-day-old thalli after an osmotic shift in 250mM mannitol for 10mn – larger size 631 

reduction indicates lower cell wall stiffness or higher turgor pressure. A pairwise Wilcoxon test 632 

was performed with a Bonferroni correction: *: 0.01 < p-value ≤ 0.05. 633 

 634 

Figure 3: Flatness in low, standard and high agar concentrations: a) µCT scan surface-635 

reconstruction of 16-day old thalli; b-e) The same individuals were used to calculate the φ and 636 

λ scores as those of figure 2c: 6 WT, 7 fer-2 and 6 FER-OE thalli grown on 1.2% agar medium, 637 

8 WT, 8 fer-2 and 8 FER-OE thalli grown on 2.5 % agar medium, and 7 WT, 8 fer-2 and 7 FER-638 

OE thalli grown on 0.6 % agar medium. b) φ flatness score of 16-day-old thalli. A pairwise 639 

Wilcoxon test with Bonferroni correction was used: *: 0.01 < p-value ≤ 0.05. Black dots indicate 640 

the mean value; c, d, and e) λ flatness score plots in function of the relative scale for each 641 

growth condition and genotype. Shaded area represents the standard error. The absence of 642 

shaded area for high relative scales indicates that N=1; c) WT; d) fer-2, e) FER-OE. 643 

 644 

Figure 4: Effect of thallus compression by PDMS film on thallus size, cell size, and cell death. 645 

a) Cartoon showing how a topping PDMS film can contribute to the reduction of mechanical 646 

stress on the cell wall. Blue arrows show the turgor pressure exerted on the cell wall. Brown 647 

arrows show the cell wall resistance to the inner turgor pressure. Grey arrow shows the 648 

mechanical pressure exerted by the PDMS film on the cell wall at contact points; b-f) 649 

Qualitative and quantitative analyses of plants grown with (+Film) and without film (Free). b) 650 

Macroscopic pictures of 15-day-old thalli; c, d, and f) Black dots indicate the mean value. c) 651 

Projected surface of 16-day-old thalli: 6 WT, 7 fer-2 and 6 FER-OE thalli grown without film, 8 652 

WT, 8 fer-2 and 7 FER-OE thalli grown with film. WT: a t-test was performed: *: 0.01 < p-value 653 

≤ 0.05; fer-2: a t-test was performed: ***: p-value ≤ 0.0001, FER-OE a Wilcoxon test was 654 

performed: *: 0.01 < p-value ≤ 0.05; d) Trypan blue coloration exclusion test performed on 8-655 

day-old fer-2 thalli grown on low, standard, and high agar concentrations – dark blue 656 

coloration indicates dead cells (red arrow heads). Scale bar = 500 μm; e) Number of dead cells 657 

counted in 8-day-old thalli; f) Cell size measured in 14-day-old thalli. A t-test was performed 658 
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to compare WT samples and a Wilcoxon test was used to compare fer-2 mutant samples *: 659 

0.01 < p-value ≤ 0.05. 660 

 661 

 662 

Figure 5: Effect of thallus compression on flatness. a) µCT scan surface reconstruction of 16-663 

day-old thalli; c-e) Quantification of flatness in thalli grown with (+ Film) and without (Free) a 664 

topping PDMS film. The same 16-day-old thalli were analysed as those of fig 4d: 6 WT, 7 fer-2 665 

and 6 FER-OE thalli grown without film, 8 WT, 8 fer-2 and 7 FER-OE thalli grown with film; b) 666 

φ flatness score of 16-day-old thalli. fer-2: a t-tests was performed: ***: p-value ≤ 0.0001. FER-667 

OE: a Wilcoxon-test was performed: *: 0.01 ≤ p-value ≤ 0.05. Black dots indicate the mean 668 

value; c, d and e) Plot of the λ flatness score in function of the relative scale for each growth 669 

condition and genotype. Shaded area represents the standard error. The absence of shaded 670 

area for high relative scales indicates that N=1; c) WT; d) fer-2, e) FER-OE. 671 

 672 

Supplementary figure S1: λ flatness score computed on flat, dome shaped, saddle shaped and 673 

wavy computed generated surfaces.  674 

 675 

Supplementary figure S2: λ flatness score of WT, fer-2 and FER-OE 16-day-old thalli (number 676 

of thalli per condition is the same as in figure 1e); The absence of shaded area at high scales 677 

indicates that N=1. 678 

 679 

Supplementary figure S3: Measurement of thallus weight and volume in thalli grown on 0.6, 680 

1.2 and 2.5% agar medium;a and b) Black dots indicate the mean.; a) Volume of 16-day-old 681 

thalli (number of thalli analysed per condition is the same as in figure 2e)(Statistics: WT: 682 

pairwise Wilcoxon test with Bonferroni correction was performed **: 0.01 > p-value ≥ 0.001; 683 

fer-2: pairwise Wilcoxon test with Bonferroni correction was performed: **: 0.01 > p-value ≥ 684 

0.001; ***: 0.0001 > p-value; FER-OE: pairwise t-test with Bonferroni correction were 685 

performed . *: 0.05 > p-value ≥ 0.01; **: 0.01 > p-value ≥ 0.001; b) Weight of 17-day old thalli 686 

(pairwise Wilcoxon test was performed with Bonferroni correction ***: 0.0001 > p-value). 687 

Number of thalli analysed: (16 WT grown on 0.6% agar medium; 37 WT thalli grown on 1.2% 688 

agar medium, 15 WT thalli grown on 0.6% agar medium; 16 fer-2 grown on 0.6% agar medium; 689 

40 fer-2 thalli grown on 1.2% agar medium, 15 fer-2 thalli grown on 0.6% agar medium; 15 690 

FER-OE grown on 0.6% agar medium; 32 FER-OE thalli grown on 1.2% agar medium, 16 FER-691 

OE thalli grown on 0.6% agar medium. 692 

 693 

 694 

Supplementary figure 4: λ flatness score of thalli grown on 0.6, 1.2 and 2.5% agar medium; a) 695 

λ flatness score of WT Marhcantia polymorpha; b) λ curvature of the fer-2 mutants; c) λ 696 

flatness score of the FER-OE transgenics. a-c) The number of thalli analysed is the same as that 697 

of figure 2f, g and h, respectively. The absence of shaded area at high scales indicates that N=1 698 

 699 

 700 

Supplementary figure S5: Measurement of volume and thallus weight from thalli grown with 701 

and without PDMS films; a) Volume of 16-day-old thalli. The number of thalli analysed is the 702 

same than that of figure 4e and d; statistics: WT and fer-2: Wilcoxon test: * ó 0.05 > p-value ≥ 703 

0.01; **: 0.01 > p-value ≥ 0.001, FER-OE: t-test: *: 0.05 > p-value ≥ 0.01; b) Weight of 17-day 704 

old thalli. t-tests, non-parametric Wilcoxon tests and pairwise tests with a Bonferroni 705 
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correction were used to assess the relevance of the measured differences. Statistics: WT: a t-706 

test was performed, fer-2: a Wilcoxon test was performed. ***: 0.0001 > p-value. Black dots 707 

indicate the mean. 37 WT thalli without and 19 WT thalli with films were analysed, 40 fer-2 708 

thalli without and 23 fer-2 thalli with films were analysed and 32 FER-OE thalli without and 15 709 

with film were analysed. 710 

 711 

 712 

Supplementary figure S6: λ flatness score of thalli grown with and without PDMS films; a) λ 713 

flatness score of WT Marchantia polymorpha; b) λ flatness score of the fer-2 mutants; c) λ 714 

flatness score of the FER-OE transgenics. The number of individuals analysed is the same as 715 

that of figure 4f, g and h, respectively. The absence of shaded area at high scales indicates that 716 

N=1. 717 

 718 
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