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Abstract: 32 

Multicellular organisms grow and acquire their shapes by controlling the differential expansion 

and deformations of their cells. Recent research has addressed the role of the mechanical 34 

properties of cells and tissues in these processes. In the case of plants, it is generally believed 

that growth rate is a function of the mechanical stress exerted on the cell wall, the thin polymeric 36 

layer surrounding cells, involving an effective viscosity. Nevertheless, recent work has pointed 

to the relevance of cell wall elasticity in setting growth rate. To extensively assess this relevance, 38 

we chose to work on the genetically identical small plants produced in Marchantia polymorpha 

and we developed a microfluidic device to study the early growth and elastic properties 40 

of individual plants in a controlled environment with a high-throughput. We characterized the 

effect of osmotic treatment and of abscisic acid on plant growth and mechanics. Overall, we 42 

show that the instantaneous growth rate of individuals is significantly correlated to their bulk 

elastic modulus, with a correlation coefficient that changes with treatments. Our results are 44 

consistent with a framework in which growth rate is determined by elasticity of the wall and a 

chemical rate associated with remodeling of the cell wall or with changes in its composition. 46 

Accordingly, we propose that a tight coupling between mechanics and chemistry of the cell wall 

is key to setting growth patterns during morphogenesis.  48 
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Main Text 50 

 
Introduction 52 

 
Plant growth and morphogenesis are complex multiscale phenomena where both (bio)chemistry 54 

and (bio)mechanics play a fundamental role. While there is little questioning that mechanical 

forces are involved in growth (Boudaoud2010, Huang2018, Echevin2019, Trinh2021, 56 

Coen2023), the relevance of different mechanical properties in growth is still subject to diverging 

views, notably the role of elastic deformations (Coen 2023). Related to this question, modeling 58 

attempts fall into different frameworks, most of them considering either stress (force) or strain 

(deformation) as the main determinant of growth rate (Smithers2019). Stress is a measure of 60 

the physical forces applied on a material, corresponding to a force per unit surface applied to 

the sample. The strain is a measure of said material’s deformation under stress, corresponding 62 

to a relative increase of dimensions of the sample. In the case of an elastic material, the elastic 

modulus is the proportionality constant between stress and strain. In this study we provide 64 

experimental evidence that elastic strain and material elasticity are key to understanding growth 

regulation. 66 

 

The basic mechanism of plant growth involves the resistance of the cell wall, the polymeric thin 68 

layer that surrounds cells, to cell pressure (Boudaoud2010, Huang2018, Echevin2019, 

Trinh2021, Coen2023). The high osmolite concentration inside plant cells creates a differential 70 

of water chemical potential that drives water into the cell, creating a high mechanical pressure 

called turgor that is resisted by the rigid cell wall. The wall's ability to deform under pressure, 72 

characterized by its elasticity or its viscosity, the remodeling of its architecture, the change of its 

composition, controls the growth dynamics along with the regulation of turgor pressure. 74 

 

In most modeling frameworks, the strain rate, or expansion rate, of the cell wall depends on 76 

stress in the wall. This is typically the case of the Lockhart model (Lockhart1965) where the 

growth rate G is proportional to stress 𝝈 in excess of a threshold Y (yield stress), the 78 

proportionality factor being the extensibility 𝜱 which can be physically interpreted as the inverse 
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of a viscosity: G = 𝜱(𝝈-Y). This seminal description spawned a whole class of viscoplastic models 80 

of plant growth (Veytsman1998, Dumais2006, Dyson & Jensen 2010, Barbacci2013). Some of 

those models include the elastic modulus in their mechanical parameters but their final 82 

formulations make the modulus dispensable to describe steady state growth, ending in 

description where viscosity (or extensibility) alone is relevant. 84 

Experimental work was conducted to assess the validity of Lockhart’s model (Green1974, 

Cosgrove1987, Proseus1999) as well as to understand further the biological basis of the relevant 86 

parameters (McQueen-Mason1995, Cosgrove2000) and get an estimation of their value 

(Cosgrove1985, Cosgrove1987). However, it is important to note that the results of the 88 

aforementioned work could also be interpreted outside of this stress derived framework, because 

stress is proportional to elastic strain, a measure of the reversible deformation of the sample 90 

under stress. 

 92 

Notably fewer theoretical studies considered elastic strain as the relevant mechanical variable 

to set growth rate (Rojas2011, Boudon2015). Nevertheless, mechanistic considerations on 94 

remodeling of the cell wall led to chemo-mechanical models of cell wall expansion that are 

compatible with such strain-based model of growth (Rojas2011, Ali2016). In this framework cell 96 

wall expansion rate is proportional to elastic strain and so is inversely proportional to elastic 

modulus (for a given turgor pressure). The proportionality prefactor is a time scale that would be 98 

related to the chemistry of the cell wall. Recent experimental work led to progress in the 

measurement of the cell wall mechanical properties and in particular of its elastic modulus 100 

(Milani2013). Some of these studies hint at the importance of elasticity and elastic strain in the 

regulation of growth in the shoot apical meristem of flowering plants. Organ outgrowth was found 102 

to be dependent on cell wall remodeling (pectin methyl-esterification in this case), which was 

associated with a reduction in elastic modulus (Peaucelle2011, Braybrook2013). Within the 104 

shoot apex, domains growing at a slower rate were found to have smaller elastic strain based 

on osmotic treatments (Kierzkowski2012) and higher elastic modulus based on atomic force 106 

microscopy (Peaucelle2011, Milani2011, Milani2014). In the roots of various species the fast 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 18, 2023. ; https://doi.org/10.1101/2023.09.21.558781doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.21.558781
http://creativecommons.org/licenses/by/4.0/


 

 

5 

 

growing regions were measured to have a lower modulus (Petrova2023). Here we investigate 108 

experimentally whether stress or strain is more relevant to set growth rate of plants. 

 110 

The difference in modeling between a viscous approach (based on extensibility) and an elastic 

approach (based on elastic modulus and a chemistry derived time constant) may seem small as 112 

they end up with the same mathematical description of growth dynamics. They however differ 

greatly in terms of underlying mechanisms. Overall, available experimental results do not 114 

discriminate between elastic strain and stress as the main determinant of growth rate. This is in 

part due to the difficulty of measuring mechanical properties and growth characteristics of the 116 

same individuals with a high throughput.  

 118 

In order to overcome this difficulty, we chose Marchantia polymorpha as a model organism, 

using a microfluidic system to grow small plants in the same conditions. While Marchantia plants 120 

provide large numbers of genetically identical progeny by vegetative propagation, microfluidic 

chips enable the observation of a high number of individuals over time (Busch2012, Sakai2019, 122 

Yanagisawa2021). We developed a microfluidic-based approach to characterize mechanical 

properties, giving us access to growth rate and elastic modulus of the same individual plant with 124 

high throughput. 
 126 

Results 
 128 

Ø High-throughput characterization of growth in controlled conditions 

To observe in parallel a large number of individuals in the same conditions, we designed a 130 

microfluidic chip with V-shaped traps (Fig. 1-A) to immobilize 50-100 small Marchantia plants 

(gemmae) during 30h. Gemmae were immersed in liquid growth medium (see methods for 132 

details), which was continuously renewed by slow injection in the chip during the experiments. 

We first optimized the collection of gemmae from the mother plant and ensured that growth of 134 

the gemmae was robust to the choice of experimental conditions (Fig. S1). We tracked gemmae 

growth with a microscope (Fig. 1-B) and retrieved their area using image analysis (see methods). 136 
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We observed an early phase with almost no growth, followed by a phase of approximately 

exponential growth (Fig. 1-C). We characterized this dynamics with two parameters Ts and G, 138 

obtained by a delayed exponential fit of each growth curve up to 15h of exponential growth (see 

methods). Ts is the time between the immersion of plants in solution (a timing called imbibition 140 

for seeds) and the start of exponential growth, G is the increase rate of the exponential. 

In total we quantified growth for n = 282 gemmae in N = 4 independent experiments (Fig. 1-EF). 142 

The median growth start time Ts over all experiments is 5.20 hours (4.93 to 5.38 hours for 

individual experiments medians). The variability (expressed as relative average absolute 144 

deviation, see methods for more details on statistical analysis) is of 28% over the complete 

distribution (from 16% to 40% in individual experiments) showing a highly variable time of growth 146 

start. The growth rate G has a median of 0.78 days-1 (0.74 to 0.82 days-1) with a variability of 

19% (17% to 20%) indicating that the growth rate of gemmae is also quite variable. For both 148 

measurements the variability in single experiments is higher than the difference across 

experiment medians (~10%), underlining the fact that the overall variability is representative of 150 

the variation between gemmae and not an artifact of data pooling. Such level of variability within 

a single sample is reminiscent of the germination time of seeds that can be largely variable even 152 

for seeds placed in identical conditions (Bassel2016). 

 154 

 

Ø Measurement of bulk elasticity of individual plants 156 

The microfluidic system that we built also allows for rapid (~1min) change of the medium in which 

the gemmae are developing. We took advantage of this to design a method to measure the 158 

mechanical properties of gemmae. This is based on osmotic steps during which the control 

growth medium is replaced with a hyperosmotic medium (addition of 100mM mannitol to the 160 

control medium). This drives water out of plants and leads to the contraction of the gemmae by 

a few percent in area that can be observed and measured through image analysis (Fig.2-AB). 162 

The reverse step is applied 15 minutes later by refilling the chip with the control medium and the 

inflation of the gemmae is observed and quantified as well. From the curve associated with these 164 

area deformations it is possible to extract a bulk elasticity modulus from the deflation and to 
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quantify deformation irreversibility (see methods for details). The first step appears to stop 166 

gemmae growth during the 15 minutes of treatment but for the return step and inflation we were 

led to account for growth of the gemmae to get a better measurement of recovery strain (Fig. 2-168 

B and methods for details on the fitting). We can thus quantify the elastic modulus (Fig.2-C) as 

well as the irreversibility of the deformation between the two steps (Fig.2-D). In this experiment 170 

(n = 63) we obtained a median bulk elastic modulus of 16.6 MPa with 14% of variability; this 

value of modulus is in the lower range of moduli measured for plants (Boudaoud2010). The 172 

distribution of deformation irreversibility has a mean of 107.7% (p = 5.0e-10 in comparison to 

100% that corresponds to full irreversibility). This slight irreversibility could be ascribed to 174 

potential damage to the cell walls caused by the initial step and contraction, or to fast adaptation 

of the plant during the 15 minutes between the osmotic steps.  176 

To get a better quantification of gemmae elasticity and its variability we examined this experiment 

(Fig.2-CD) together with the controls of the different treatments discussed hereafter (Fig.4), 178 

yielding N = 6 experiments with n = 222 individual plants. The median bulk elastic modulus is 

13.95 MPa (11.9 to 16.6 MPa in individual experiments) and the variability is 16% (11% to 14% 180 

in individual experiments). Contrary to what we observed for Ts	and G, here the global variability 

comes from the difference between the experiments more than from internal variability. 182 

Regarding deformation irreversibility, individual experiments go from 101.7 to 107.7% of 

irreversibility, and are statistically different from 100% in 3/6 experiments. The standard error of 184 

those distributions is between 1.0 and 2.8 % of irreversibility.  

Overall these measurements are very consistent and show that our method is robust. The 186 

observed low level of deformation irreversibility also supports the definition of a bulk elastic 

modulus for gemmae. 188 

Ø Relation between growth rate and elasticity 

We then asked if there was a relationship between the growth rate of a gemmae and its 190 

mechanical properties. The system we designed is well suited to answer such a question, as 

osmotic steps can be performed on a gemmae population after observation of its growth. It is 192 

thus possible to obtain a bulk elastic modulus for gemmae whose growth dynamic has previously 
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been characterized. When first looking at the correlation between G and E in controlled condition 194 

with experiment #2, we found no particular relationship (Fig.S2-B). As the obtained measure of 

elasticity is from a fast deformation (a few minutes) compared to the time scale over which the 196 

area doubling time is computed (several hours), we wanted a more ‘instantaneous’ 

characterization of growth as close as possible in time to the measurement of elasticity. For this 198 

we measured the instantaneous growth rate 
!
"
#"
#$
	from the growth curve and took its average 

value on the last 4 time points (~2 hours, see Fig. S2-A) to define Ginst as the ‘instantaneous’ 200 

growth rate just before the step. We found a correlation coefficient of -0.5 (Spearman’s rho, p = 

1.1e-4) (Fig.2-E) between Ginst and the modulus E. We note that this correlation is based on 202 

gemmae for which both growth and elasticity are properly quantified, reducing the number of 

gemmae to n = 55, lower than those observed growing (n = 83, Fig.1-DE) and those 204 

characterized mechanically (n=63, Fig.2-C). This is due to the fact that performing osmotic steps 

implies a fast flow of medium that can push away some gemmae from the observation field.  206 

In the instantaneous case we see a clear decreasing relationship between elastic modulus and 

the growth rate Ginst, in opposition with the absence of correlation with the average growth rate 208 

G (Fig.2-E and S2-B). This significant correlation (p<0.05) shows that being softer goes together 

with faster growth, without indicating any causality of effect between those two parameters. The 210 

fact that the correlation is absent when considering average growth rate suggests that the 

mechanical properties and instantaneous growth rate change together in time during gemmae 212 

growth. 

 214 

Ø Growth in perturbed conditions 

To further probe the relation between modulus and growth rate, we used our system and analysis 216 

pipeline to quantify variations due to classical treatments. We considered the change of growth 

dynamics caused by external physico-chemical constraints or perturbed signaling. For each 218 

condition we used two microfluidic chambers in parallel, one control and one perturbed condition, 

with a common gemmae pool split between them, and repeated the experiment N = 3 times. The 220 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 18, 2023. ; https://doi.org/10.1101/2023.09.21.558781doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.21.558781
http://creativecommons.org/licenses/by/4.0/


 

 

9 

 

aggregated results are presented in Fig.3 and the detailed results per experiment are available 

in Fig.S3. 222 

We started with growth in higher osmoticum because it classically reduces growth. Gemmae 

were observed in control medium permanently supplemented with 100mM of mannitol (Man, 224 

Fig.3-A). This treatment significantly reduces the growth rate of gemmae, with a relative change 

RC = -20% when compared to control (p < 1e-10) and an effect size (see methods) ES = -1.2, 226 

as expected. Another effect of growing in a hyper osmotic environment (Fig. 3-AB) is a largely 

delayed growth start with a relative change RC = 71% (p < 1e-10) and an effect size ES = 3.6 228 

indicating a strong change.  

We then performed chemical treatment using a medium complemented with the abscisic acid 230 

(ABA) phytohormone. ABA is produced when water is lacking and enables plants to adapt to 

water stress (Sakata2013, Kuromori2018). The response to ABA was proposed to induce a delay 232 

in dormancy exit of Marchantia gemmae based on the observation of rhizoids emergence 

(Eklund2018). Based on these results, we used a concentration of 3.5µM ABA. Unexpectedly, 234 

this treatment (Fig. 3-CD) had a small, non-significant decreasing effect on the growth start time 

(RC = -10%, ES = -0.3, p = 0.071). However it had a similar effect on growth rate reduction as 236 

the hyper-osmotic treatment did (RC = -25%, ES = -1.2, p = 1.0e-6), consistent with ABA treated 

plants being smaller in Eklund et al.  238 

Overall those perturbations lead to changes that are easily quantifiable with our system, in 

particular thanks to the facility to observe large numbers of individuals in identical conditions. 240 

 

Ø Mechanics of plants in perturbed conditions 242 

We then moved on to quantify the effect of those treatments on the mechanical properties of the 

gemmae (Fig.4). We performed osmotic steps on gemmae that grew 30h either in +100mM 244 

hyperosmotic medium or with 3.5µM ABA.  

For the gemmae that grew in hyperosmotic medium (Fig.4-AB & S4-AB, N = 3, n = 95 & 80 for 246 

control and treated sample, respectively) we observed a decrease of the elastic modulus when 
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compared to their control (RC = -29%, ES = -2.0, p < 1e-10). In addition, we saw a small 248 

decrease of deformation irreversibility in the treated sample (RC = -4%, ES = -0.7, p = 2.0e-4) 

(Fig.S4-A). A similar correlation between instantaneous growth rate and elasticity was observed 250 

in both the control and treated cases (Fig.4-B & Table S1).  

Regarding the effect of ABA treatment (Fig.4-CD & S4-CD, N = 2, n = 64 & 78) we can see a 252 

small, non-significant, decrease of elasticity (RC = -6%, ES = -0.2, p = 0.067). The irreversibility 

is unaffected by ABA treatment (Fig.S4-C). The correlation between elasticity and growth rate is 254 

still present for ABA treated gemmae although with a lower correlation coefficient (Fig.4-D and 

Table S2). 256 

Those results underline the complexity of the link between growth and mechanics. A clear 

correlation between elastic properties of the gemmae and their instantaneous growth rate was 258 

established in reference conditions, and this correlation is conserved with the different 

treatments. However two treatments that affect the average growth rate in similar ways have a 260 

different outcome on changes in mechanical properties. Nevertheless, this complexity can be 

rationalized, see Discussion. 262 
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Discussion  264 

 

We developed a microfluidic system to study the early growth of Marchantia gemmae in a 266 

controlled environment and with a high throughput. The environmental control given by 

microfluidics allowed us to perform osmotic steps on the growing gemmae and thus directly link 268 

their mechanical properties to their growth rate. In the course of 12 independent experiments we 

quantified the growth of 715 individuals and the mechanical properties of 426 individuals. For 270 

284 among those we had access to both measurements, which allowed us to show that there is 

a correlation between bulk elasticity of the gemmae and their instantaneous growth rate, in line 272 

with previous reports of stiffer regions of the shoot apical meristem of tomato growing slower 

(Kierzkowski2012) and softer regions of roots growing faster (Petrova2023) 274 

 

When subjecting the gemmae to water-stress by the means of a permanent hyper-osmotic 276 

environment, a delay in growth start as well as a reduced growth rate were observed, consistent 

with classical observations on plant growth in water-stressed conditions (Neumann1988, 278 

Slama2015). We also found gemmae to be softer after having grown in hyperosmotic medium. 

This was observed for the unicellular algae Chlorella emersonii (Munns1983) and is in line with 280 

early reports of osmotic treatment-induced extensibility variation in maize (Acevedo1971, 

Wakabayashi1997), where the increase of extensibility could be interpreted as a decrease of 282 

elastic modulus. Our results significantly strengthen those observations thanks to a tight control 

of experimental conditions and a large number of individuals probed. The correlation between 284 

instantaneous growth rate and bulk elasticity still holds after growth in a medium with higher 

osmolarity. In addition, given the observed variability of growth rate in time (see Fig.S2-C for a 286 

representative curve), and the variability of mechanical properties across experiments, our 

results suggest that the regulation of instantaneous growth rate is directly linked to mechanical 288 

properties of the plant.  

 290 

When gemmae were treated with abscisic acid (ABA), we observed a reduction in growth rate, 

in line with previous observation of ABA treatment on plant growth (Kutschera1986). Surprisingly 292 

ABA treatment had no visible effect on the timing of growth start. Because ABA treatment has 
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previously been reported to delay dormancy exit in Marchantia polymorpha, as measured by the 294 

first appearance of rhizoids (Eklund2018), this result raises the question of the appropriate 

criterion for dormancy exit definition. We measured a growth start around 5h while the time of 296 

rhizoids appearance is rather at the timescale of a day. We can postulate that the delay in rhizoid 

appearance would rather be due to a slower growth that would make them reach the gemmae 298 

periphery later, than with a delayed dormancy exit. Regarding mechanical properties, growth in 

ABA medium did not affect the bulk elasticity of gemmae, and conserved the correlation between 300 

growth rate and elasticity, albeit with a different correlation coefficient. This shows that even 

though ABA plays a role in water stress regulation it is not involved in the mechanical response 302 

seen when growing gemmae in hyper osmotic medium. If taken together with the observation 

that ABA reduces cell wall extensibility (Kutschera1986), this suggests that ABA rather affects 304 

the dynamics of wall remodeling. 

 306 

Our results on growth and mechanics taken together with previous work support a modeling 

framework where the growth rate is given by (1): G	=	χP/E (Rojas2011), with E is the elastic 308 

modulus, P the turgor pressure and χ is a rate corresponding to cell wall remodeling. It can also 

be expressed as (2): G	 =	 χε	with ε	 =	 P/E the elastic strain. In (1) χ/E is the analog of the 310 

extensibility 𝜱 in Lockhart’s model, but with a different mechanistic interpretation. Instead of 

viewing it as the inverse of a viscosity, as Ortega did when he derived his augmented growth 312 

equation from Maxwell linear viscoelastic model (Ortega1985), we can interpret it as the capacity 

of the wall to remodel itself at a rate 	χ  when under an elastic deformation ε defined by P and E, 314 

as the expression in (2) suggests. We would thus expect a growth rate anticorrelated with the 

elastic modulus, but with a prefactor depending on chemistry of the cell wall and turgor pressure. 316 

This result would not be affected by considering a threshold stress or strain for the cell wall to 

expand.  318 

 

As stated before this leads to a new interpretation of plant growth modulation by osmotic and 320 

ABA treatment: osmotic treatment reduces the modulus E (Acevedo1971) and thus increases 

extensibility 𝜱, while ABA treatment reduces remodeling rate so 𝜱 decreases as well 322 
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(Kutschera1986), assuming other parameters constant. This framework is also in better 

agreement with studies associating elastic strain and growth rate (Kierzkowski2012).  324 

 

In conclusion, we developed an experimental system to look at growth and mechanics in small 326 

plants with the ability to control the growth environment. Through our different treatments we 

have affected both turgor and chemical regulation and shown that the correlation between elastic 328 

modulus and growth rate still holds. Altogether, we believe that our experimental approach and 

results will help overcome the challenges raised by modeling growth of cells and organisms 330 

(Goriely). 
 332 

Materials and Methods 

 334 

v Plant material 

The Tak-1 wild-type accession of M. polymorpha was used in this study. Plants were grown on 336 

medium (0.2%, Gamborg’s B5 media w/ vitamins, Duchefa) mixed with agar (1.2% plant agar, 

Duchefa). Plant growth takes place in a phytotron (Aralab) with 24h lighting (4600 - 5100 lux) at 338 

22°C. The gemmae used for the experiments are taken from branch order 2 gemmae cups (see 

Fig. S1-A (iv)) of 3-5 weeks old plants. 340 

 

 342 

v Chip fabrication 

The chip used to hold the gemmae during the experiment is made of PDMS (Sylgard 184) and 344 

molded in a brass mold. The mold was fabricated by micro-drilling (50µm drill) to allow non 

uniform height of the chamber. The PDMS mix (1:10 ratio) is poured in the mold, degassed for 346 

15 minutes in a vacuum chamber and cured at 70°C for 90 minutes. Once cut out from the mold 

the chip’s inlet and outlet are created using a biopsy puncher. Chip thickness varies from 1mm 348 

(inlet and outlet) to 300µm (trap section) and the total chip volume is 500µL. The gradient in 
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thickness allows the gemmae to enter the chip in any orientation without clogging and to be 350 

gently guided to a horizontal position in the trap section for observation. 

 352 

 

v Experiment preparation 354 

The PDMS chip is bonded to a 76x52x1 mm glass slide using a plasma oven (Harrick Plasma, 

PDC-002). The inlets are connected to glass syringes (10 & 25mL, SGE Trajan) using PTFE 356 

tubing of 1.06 mm inner diameter (Adtech) to allow for the passage of gemmae without clogging. 

The chip is then filled with medium using syringe pumps (Nemesys low pressure module, 358 

CETONI). Gemmae are collected in 1.5 mL tube containing medium with biocompatible 

surfactant (1/1000 dilution, TWEEN 20, Sigma) to avoid aggregation and sticking to the collection 360 

tube and tubing during preparation. They are then transferred to the chip manually using a 5 mL 

syringe (SGE Trajan). The initial medium is washed away after a constant perfusion of medium 362 

is put in place with a flow rate of 8.33µL/min (500µL/hour) and is maintained throughout the 

experiment. For the osmotic step, the flow rate used is 500 µL/min to ensure a fast replacement 364 

of the medium in the whole chip (~1 min). 

 366 

v Media and treatments 

Control medium is 0.2% Gamborg’s B5 media w/ vitamins (Duchefa) in water with pH adjusted 368 

to 5.8. Hyper-osmotic medium is composed of control medium with the addition of 100mM diluted 

solid D-Mannitol (Sigma). The ABA medium is composed of control medium with 3.5µM Abscisic 370 

acid. The ABA powder (Merck) is first diluted in DMSO (Sigma) at 30mM concentration before 

being used to make the ABA medium.  372 

 

v Image acquisition 374 
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Images are obtained at a 16X magnification using a Zeiss Axiozoom V16 and the Zen 3.3 

software. Images are taken every 30 minutes for growth experiments, and every 30 seconds 376 

during osmotic steps. For growth experiments Z-stacks of 3 images, separated by 150 µm, are 

acquired at each position. The Z-stacks are reduced to a single Z image using the Zen post 378 

processing function ‘Extended depth of focus’ and the ‘variance’ method with default parameters. 

For Osmotic steps experiments there is no Z-stack acquisition to have a faster acquisition rate. 380 

 

v Analysis 382 

 

• Image analysis 384 

Videos (tiff image stacks) of individual gemmae are cropped from the original field of view using 

ImageJ. The rest of the analysis is performed using Python, the code is available on demand. 386 

The gemmae are detected in each image in several steps: First the white balance of each video 

is adjusted. Second a 3 channel thresholding is applied on the HSV (hue, saturation, value) 388 

representation of the original RGB image. The threshold values are adjusted manually for each 

experiment, but are the same for all gemmae analyzed within each experiment. Third 390 

morphological operations (binary closing with 5 µm circular elements, followed by binary opening 

with a 30 µm circular element) are used on the created binary mask to recover the shape of the 392 

gemmae. Finally, areas of the gemmae are measured on each image from this reconstituted 

binary mask.  394 

 

• Data fitting 396 

From the image analysis we obtain experimental curves of the gemmae area in time for both the 

growth and osmotic step experiments (Fig. 1-C and 2-B). For the growth curve parameter 398 

extraction we fit the experimental data with a delayed exponential of the form: 

 400 
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𝐴(𝑡 < 𝑇!"#$") = 	𝐴% 402 

𝐴(𝑡 > 𝑇!"#$") = 	𝐴%𝑒("'(!"#$")* 

 404 

It takes into account the delayed start and the exponential nature of growth. As we want to 

compare growth rate for a similar time period for each gemmae, we use an iterative approach. 406 

First the whole area curve is fitted to obtain a first value of Ts. Then the fit is repeated on a time 

window stopping 15h after the Ts previously computed. This yields a new value for Ts that can 408 

be used to define a new time window ending 15h after it. This process is iterated until the value 

obtained for Ts converges with a precision of 0.1 % or it reaches a maximum 10 iteration in which 410 

case the fit is not validated. This ensures a robust definition of Ts	and a value of G representative 

of the initial 15h of growth for all gemmae.  412 

 

For the osmotic steps, each part of the curve (deflation and inflation) is fitted with an evolution 414 

function of the form:  

𝐴+𝑡 < 𝑇!"+,, = 	𝐴% 416 

 

𝐴+𝑡 > 𝑇!"+,, = 	 (𝐴% − 𝐴+-). 𝑒
(!"%&'"

. + 𝐴+- + (𝑡 − 𝑇!"+,) ∗ 𝐵 418 

 

Representing an exponential transition between the two equilibrium states with the addition of a 420 

linear component to take into account the growth during the step.  

 422 
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The elastic modulus is computed for the hyperosmotic step using the formula: 

 424 

𝐸 = 	
𝐴%

|𝐴% − 𝐴+-|
	𝛿𝜋	 

 426 

With 𝛿𝜋 the change in external osmotic pressure. 

 428 

The deformation irreversibility is computed as: 

 430 

𝐼𝑟𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 = 	
|𝐴% − 𝐴+-|/+0123	!"+,
|𝐴% − 𝐴+-|56$!"	!"+,

	 

 432 

For the ‘instantaneous’ growth rate during growth we computed 

 434 

𝐺𝑅(𝑡) = 	
1

𝐴(𝑡)
𝑑𝐴
𝑑𝑡 (𝑡) 

 436 

from the experimental data using a first order discretization: 

 438 

 

37
3"
B"'()8"'

9
C = 	7("'())'	7("')

"'()'"'
 and 

:
7;"'()("'* <

	= 	 9
7("'())	8	7("')

 440 

 

Where the 𝑡! are the experimental time points. 442 
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• Statistical analysis  444 

The variability for data in figures 1 and 2 as stated in the main text are computed as relative 

average absolute deviation, this means the average absolute deviation (AAD) of the sample 446 

divided by its median:  

𝐴𝐴𝐷 =
1
𝑛	FG𝑥6	 −	𝑥G

2

6=:

	448 

𝑉𝑎𝑟𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 	
𝐴𝐴𝐷

𝑀𝑒𝑑𝑖𝑎𝑛	

To assess the significance (p-value) of the irreversibility level when compared to 100% we used 450 

a one-sided t-test. For statistical analysis and significance (p-values) when comparing two 

samples the statistics used are non-parametric given the non-normal nature of data distribution 452 

in general. When ‘p=0’ is displayed it means that p < 1e-10. The paired sample comparison in 

figures S1, S2, 3, S3, 4, and S4 are done using Wilcoxon ranksum test. For correlations in figures 454 

S1, 2, and 4 we used the Spearman correlation coefficient as we cannot assume linear 

relationships between the compared quantities a priori.  456 

 

In addition to p-values we chose to display the Relative Change (RC) and the Effect Size (ES) 458 

for each sample comparison. The RC is simply the difference between the samples median 

divided by the control median:  460 

𝑅𝐶	 = 	
𝑀𝑒𝑑𝑖𝑎𝑛($+#"+3 − 	𝑀𝑒𝑑𝑖𝑎𝑛>"$?

𝑀𝑒𝑑𝑖𝑎𝑛>"$?
 

 462 
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We computed a non-parametric ES as the difference between the two median divided by the 

average absolute deviation of the control condition:  464 

𝐸𝑆 = 	
𝑀𝑒𝑑𝑖𝑎𝑛($+#"+3 − 	𝑀𝑒𝑑𝑖𝑎𝑛>"$?

𝐴𝐴𝐷>"$?
	

For example, an ES of 0.7 means that the median value of the treated sample is closer to the 466 

control median than the average point in the control sample. This gives a way to quantify the 

difference between two samples while taking into account the variability of the measurements. 468 

Computationally we can also understand the ES as the RC between the samples normalized by 

the variability of the control as defined above: 470 

 

𝐸𝑆 = 	
𝑅𝐶

𝑉𝑎𝑟𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦>"$?
	472 
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 620 

Figure 1. Growth in a microfluidic chip 

A. (i) Microfluidic chip design with V-shaped traps holding several gemmae (small Marchantia 622 

plants) for parallel observation. Scale bar: 5 mm. (ii) Zoom on traps. Scale bar: 1mm. B. Growth 

of a gemma in time. The dashed lines serve as a marker of initial size. Scale bar: 250µm. C. 624 

Areal growth of the gemma represented in B (blue). The magenta dashed line is a delayed 

exponential fit. Fitted points (15h after growth start) are shown in light blue. D. Values of growth 626 

start delay for 4 independent experiments. E. Values of average growth rate on 15h for the same 

experiments as (D).   628 
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Figure 2. Measuring mechanical properties with osmotic steps 630 

A. Illustration of the deformation of a gemmae subjected to an osmotic step (100mM mannitol). 

We show here a portion of the gemmae; the black line represents the contour of the gemmae at 632 

t=0 to underline the deformation. At t = 2 and 3 minutes one can observe a thin white line 

between the black line and the gemmae, corresponding to the contracted area. B. Dynamics of 634 

the area of a gemmae when subjected to an osmotic step followed by a return to control medium. 

The light blue dots are fitted by the blue dashed line and the mauve dots are fitted with the red 636 

line to obtain the elastic modulus and irreversibility. C. Distributions of bulk moduli. D. Distribution 

of irreversibility levels. The red dashed line illustrate the complete reversibility to which the 638 

distribution mean is compared. E. Relationship between the bulk moduli of a gemmae and its 

‘instantaneous’ growth rate Ginst measured over the two hours preceding the step 640 
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Figure 3. Growth in perturbed conditions 642 

A. Area vs. time curves illustrating growth in hyperosmotic medium — reference medium 

supplemented with 100mM mannitol (shortened Man) — compared to reference medium 644 

(control, Ct). Each curve represents average and standard error for all individuals pooled from 

N = 3 experiments. The area curves are normalized by the initial (t=0) value for better comparison 646 

between conditions, see Fig. S3 for detail by experiment B. Quantification of growth start time 

(i) and growth rate (ii) for N=3 experiments in hyperosmotic medium. C. Area vs. time curves 648 

illustrating growth with abscisic acid (ABA, 3.5µM) treatment compared to reference medium 

(control, Ct). Each curve represents average and standard error for all individuals pooled from 650 

N = 3 experiments. The area curves are normalized by the initial (t=0) value for better comparison 

between conditions, see Fig. S3 for detail by experiment D. Quantification of growth start time 652 

(i) and growth rate (ii) for N=3 experiments with ABA. 

  654 
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Figure 4. Mechanics in perturbed conditions 656 

A. Gemmae elastic moduli for control (Ct) and mannitol (Man) treated gemmae. B. Correlation 

between instantaneous growth rate and elasticity for control (i) and mannitol treated gemmae 658 

(ii). The two stars each indicate one outlier that is out of the x-axis limits. C. Gemmae elastic 

moduli for control (Ct) and abscisic acid (ABA) treated gemmae D. Correlation between 660 

instantaneous growth rate and elasticity for control (i) and ABA treated gemmae (ii). 
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Figure S1. Growth in controlled conditions
A. Comparison of growth parameters for gemmae coming from old (order 1) or young (order 3) cups on 
the mother plant. (i) Areas at t=0 are similar. (ii-iii) Time of growth start is larger and growth rate is lower 
for older cups. (iv) Illustration of the different branch orders of cups. Light yellow are order 1 (oldest) and 
yellow are order 3 (young) cups. For all experiments other than the one in this figure (S1) gemmae are 
from order 2 (red) cups. B. Comparison of growth parameters for different flow rates in the chip. (i-ii) 
Both time of growth start (Ts) and growth rate (G) are similar between conditions. C. Comparison of 
growth parameters for growth in degassed medium. (i-ii) Both time of growth start (Ts) and growth rate 
(G) are similar between conditions. D. Illustration of gemmae position in the chip (i) and its correlation 
with Ts (ii) and G (iii) for the data in Fig.1-DE. The position of the gemmae in the chip doesn’t affect the 
growth parameters measured (Spearman’s rho < 0.15 for both).
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Ginst
Figure S2. Osmotic steps and 
growth rates
A. Representative 
instantaneous growth rate 
curve. The red dashed line 
represents the 
‘instantaneous’ growth rate 
Ginst (average over 2h) before 
step used for correlation with 
the modulus. B. Correlation 
between the elastic modulus 
of gemmae and the average 
growth rate G 
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B
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Figure S3.Growth in perturbed conditions –Detailed data
A. Growth curves per experiment for100mM mannitol treatment (Man) and control (Ct) B. Quantification of the growth 
parameters corresponding to curves in (A) C. Growth curves per experiment for treatment with abscisic acid (ABA, 3.5µM) and 
control (Ct) D. Quantification of the growth parameters corresponding to curves in (C)
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Figure S4. Mechanics in perturbed conditions – supplementary data
A. Irreversibility levels comparison for the pooled data presented in Fig.4-A for control and mannitol treated gemmae. B. Detail 
of individual experiments pooled in Fig.4-A (Ct: control, Man: mannitol-treated). C. Irreversibility levels comparison for the 
pooled data presented in Fig.4-C for control and ABA treated gemmae. D. Detail of individual experiments pooled in Fig.4-C (Ct: 
control, ABA: abscisic acid-treated.

Experiment #5_Ct #5_Man #6_Ct #6_Man #7_Ct #7_Man

# of gemmae 26 9 35 31 12 16

CC -0,359 -0,517 -0,485 -0,506 -0,650 -0,094

P-value 0,071 0,154 0,003 0,004 0,022 0,729

Experiment #10_Ct #10_ABA #11_Ct #11_ABA

# of gemmae 24 33 25 31

CC -0,689 -0,443 -0,521 -0,018

P-value 0,000 0,010 0,008 0,945

Table S1. Growth rate vs elastic modulus correlation for individual Mannitol experiments

Table S2. Growth rate vs elastic modulus correlation for individual ABA experiments
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