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Abstract 

The puzzle-shaped cells found in the shoot epidermis of many plant species are a fascinating example of 

complex cell shapes. Because biological form often follows function, the unique shape of these cells suggests 

that they must serve some adaptive purpose for the plant. We previously proposed that these intricate 

shapes provide an effective strategy for reducing mechanical stress on the cell wall when epidermal cells 

undergo growth in more than one direction. Here we analyze a large selection of living and paleo plant spe-

cies and find that the ability to make puzzle cells is a shared feature across all plant species, although their 

presence can be hidden as it varies depending on the organ, developmental stage, and environmental condi-

tions. Computational modeling of Arabidopsis and maize epidermal cells revealed that presence and pattern-

ing of lobes is a dynamic process that is intricately linked to the growth history and environmental context of 

the plant organ. Conversely, disrupted lobeyness in mutants or with drug treatments affects plant develop-

ment and leads to compensatory strategies. We propose that the mechanism underlying the formation of 

puzzle-shaped cells is likely conserved among higher plants and is a response to a developmental constraint 

driven by growth and mechanical stress. 
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Introduction  

Plant cells are tightly connected to their neighbors, and their growth must be coordinated to maintain tissue 

and organ integrity. This coordination is achieved through cell wall synthesis and remodeling, which is tightly 

connected with oriented divisions and controlled expansion of individual cells, resulting in a variety of cell 

shapes (Hulskamp et al., 1998). For example, rod-shaped cells in roots or hypocotyls elongate along the api-

cal-basal axis, while in flat and broad leaves they grow in multiple directions to form more diverse shapes 
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(Gendreau et al., 1997; Sapala et al., 2018). Epidermal pavement cells, which often develop jigsaw puzzle 

shapes, serve as an example of multipolar growth. Though pavement cells display local anisotropy and varia-

tion in anisotropic growth at the subcellular scale, these cells are commonly found in aerial organs with rela-

tively more isotropic shapes (Sapala et al., 2018, Zuch et al., 2022). 

 

Turgor pressure, which induces tensile stress on the walls, is essential for maintaining the shape of green 

plant tissue, and its removal leads to wilting. To withstand this pressure, the cell walls must be strong, yet 

they also need to extend to accommodate growth. We previously proposed that puzzle cells are formed to 

reduce stress in the cell wall when cells become large (Sapala et al., 2018). The puzzle-shaped cells are es-

sential for expansion of organs likes leaves, which grow in more than one direction. Without the puzzle 

shape, large endoreduplicated cells would bulge excessively and experience significant stress. The size of the 

Largest Empty Circle (LEC) that fits inside a cell in the paradermal plane can serve as a proxy for this stress 

(Figure 1T) (Sapala et al., 2018). Puzzle shapes enable cells to grow large without increasing the LEC. There-

fore, the intricate geometries of puzzle shapes limit the local turgor-induced stress on the cell wall as they 

grow, developing lobes to reduce the LEC. This mechanism not only provides a potential fitness benefit but 

also represents a response to a developmental constraint imposed by the physics of plant cell and tissue 

structure. 

 

At the subcellular scale, cortical microtubules play a role in directing cellulose synthases, which extrude new-

ly synthesized cellulose microfibrils to stabilize the pattern of cortical microtubules (Baskin, 2005). In pave-

ment cells, cellulose microfibrils accumulate in the neck regions of a cell, acting to restrict growth and enable 

the formation of lobes (Panteris and Galatis, 2005, Panteris, 1994). Lobe formation occurs through stiffening 

of indented sides, aligning with cellulose and pectin patterns in the cell wall, which might be preceded by cell 

wall mechanical buckling (Bidhendi et al., 2019). The distribution of stress patterns has been proposed to 

direct the orientation of microtubules (Hejnowicz et al., 2000), which in turn direct cellulose microfibrils to 

reinforce the lobe areas, leading to the hypothesis that puzzle shapes emerge via a mechanical feedback 

loop (Sampathkumar et al., 2014). Sapala et al. (2018) demonstrated that this mechanism can reproduce the 

wide variety of pavement cell shapes observed in plants. This idea is attractive since a stress-based mecha-

nism would be a natural choice for limiting stress in the cell. Although a molecular mechanism to directly 

measure stress is not known, the Sapala et al. (2018) model uses geometry for feedback, suggesting that the 

curvature of the cell could serve as a proxy for stress. The model provides an important insight, that puzzle 

cell shape emerges from the interaction of the growth restrictions with cell expansion, resulting in cell 

shapes that reflect the growth history of the tissue. 

 

Here we demonstrate that the mechanism for creating puzzle shapes is likely conserved in higher plants, 

although it may not always be evident. This formation is a dynamic process sensitive to developmental stag-

es, specific organs, and environmental contexts. Importantly, these variations can be linked to the growth 

dynamics following cell division, where alterations in cellular growth rates and directions play a crucial role. 

Using computational modeling, we show how these post-division growth dynamics directly impact the emer-

gence of puzzle-shaped cells. For example, in time-lapse observations on maize, we observed that changes in 

growth anisotropy over time correspond with the development of these complex cell shapes. This under-
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scores that the formation of puzzle-shaped cells is not just a static feature, but a dynamic response to 

growth conditions. 

 

Results 

 

Why doesn't lobeyness always correlate with cell size? 

In Sapala et al. (2018) we proposed lobeyness as a measure of the puzzle shape, which is defined as the ratio 

of a cell’s perimeter to the perimeter of its convex hull (the inverse of convexity) (Figure 1T). This measure 

slightly improves upon another frequently used measure of lobes, solidity, which is the area of the cell over 

the area of the convex hull. With our measure of lobeyness, long thin cells with gentle curves that do not 

have lobes (i.e., boomerang shaped) do not receive as high scores as they would when measured with solidi-

ty. Creating lobes enables cells to increase in size without the large empty circle (LEC) becoming too large. 

Sapala et al. (2018) found a positive correlation between cell area and lobeyness in Arabidopsis cotyledons 

and in most leaves from the 19 plant species they examined. Vofely et al. (2018) reported that they did not 

see a similar correlation in their data; however, they used the average solidity and area per species, and 

looked for the correlation across species, rather than looking at correlations in individual species as was 

done in Sapala et al. (2018). Furthermore, a correlation between lobeyness and cell area would not be ex-

pected in elongated cells, as they can have a large area without increasing their LEC. To address this prob-

lem, we propose that the minor axis (min axis), which refers to the length of the shorter of the two cell axes, 

serves as a better measure for capturing the aspect of cell size that is relevant for stress (Figure 1T). In order 

for the cell to have a large min axis, it must be large in both the major and min axes. 

 

The ability to form puzzle shapes is not limited to leaves 

The plasticity of epidermal pavement cells, both in their morphogenesis and response to environmental fac-

tors, raises the question of how many plant species are able to form puzzle cells, even if they do not display 

this feature in leaves grown in a particular environment. To address this question, we examined the shapes 

of epidermal pavement cells in various plant organs, including leaves, petals, sepals, and fruits. In certain 

species, such as linden (eudicot, Tilia cordata, Figure 1A-F) or crownvetch (eudicot, Securigera varia, Suppl. 

Figure 1A, B), the epidermal pavement cells in leaves are non-lobed. This observation prompted us to inves-

tigate whether the mechanism for creating lobed cells is present in the plant but not expressed in leaves. 

Our findings revealed that despite the absence of lobes in leaves, they do appear in other organs, such as 

bracts in linden (Figure 1D-F) or petals in crownvetch (Suppl. Figure 1B). In linden, it was surprising as the 

bracts have elongated organ shapes, whereas the leaves are rounder. This phenomenon proved to be more 

widespread than we initially thought, occurring in numerous other species, including cemetery iris (monocot, 

Iris albicans), spring crocus (monocot, Crocus vernus), and sepals in St John's wort (eudicot, Hypericum perfo-

ratum), common gorse (eudicot, Ulex europaeus) and blackthorn (eudicot, Prunus spinosa), where non-lobed 

epidermal pavement cells are found in leaves, but lobed cells are present in the epidermis of other organs 

(Suppl. Figure 1C-L). This suggests that these plants can develop lobed cells, although the lobing phenome-

non does not manifest in leaves, and thus would be missed in any assay looking only at leaves (Vofely et al., 

2019). 
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Figure 1. Pavement cell shapes demonstrate high plasticity, are regulated by development and environment, and vary among differ-

ent organs. Images depict organ shapes (A, D, G, J, M, P), lobeyness heatmaps for epidermal pavement cell contours (B, E, H, K, N, Q), 

and cell outlines near the 95th percentile of lobeyness (C, F, I, L, O, R). Representative epidermal cell outlines from linden (Tilia cor-

data) are shown for leaves (A-C) and bracts (D-F). The adaxial sides of young (G-I) and fully developed (J-L) poplar tree leaves (Popu-

lus tremula). Representative epidermal cell outlines from camphor tree (Cinnamomum camphora) leaves grown outdoors (M-O) and 

indoors (P-R). The violin plot displays the distribution of lobeyness values in pavement cells across the conditions and organs repre-

sented in (A-R). Within the violin plot, the median is marked by a white circle, the interquartile range is indicated by a grey box, and 

1.5 times the interquartile range is represented by grey lines (S). The visual depiction of the pavement cell descriptors: area is shown 

in green, lobeyness is defined as the perimeter of a convex hull (blue) divided by the cell perimeter (yellow), the minor axis (La) is 

represented by the length of the shorter axis (in contrast to the major axis Lb), and the large open area (LEC) representing the magni-

tude of mechanical stress (red) (T). Scale bar: (K, Q) 10 µm, (H) 15 µm, (C, I, L, O) 20 µm, (N, R) 25 µm, (B) 40 µm, (E, F) 50 µm. 
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Pavement cell shape reflects the environmental context of the plant 

To compare cell shape in different organs and among individuals growing in varying conditions, we per-

formed an analysis of epidermal pavement cells collected from different contexts. To explore whether the 

degree of lobeyness could be influenced by variations in developmental stage, we compared the epidermal 

pavement cell outlines among leaves at different stages of growth within the same plant. We observed that 

young (not fully developed) leaves were less lobed than larger, mature leaves in several species, such as 

quaking aspen (eudicot, Populus tremuloides) (Figure 1G-L), lilac (eudicot, Syringa vulgaris, Suppl. Figure 1M, 

N), and camphor tree (eudicot, Cinnamomum camphora, Suppl. Figure 1O, P). Interestingly, in some cases, 

such as lilac, cells previously reported as non-lobed (Vofely et al. 2019) appeared lobed in our data set, likely 

due to developmental stage. Fully developed lilac leaves revealed the presence of puzzle-shaped cells, alt-

hough their expression was not always pronounced. However, the onset of puzzle-shape formation varied 

among different species, suggesting that plants that can form puzzle-shaped cells may not do so until later in 

development. Furthermore, variations in pavement cell shape were also observed between two sides of the 

same leaf – abaxial and adaxial. This phenomenon was evident in the leaves of love-lies-bleeding (eudicot, 

Amaranthus caudatus) (Suppl. Figure 2A-C), Peruvian-lily (eudicot, Alstroemeria aurea) (Suppl. Figure 2D-F), 

fuchsia (eudicot, Fuchsia magellanica) (Suppl. Figure 2G-I), peppermint (eudicot, Mentha x piperita) (Suppl. 

Figure 2J-L), and cigar flower (eudicot, Cuphea ignea) (Suppl. Figure 2M-O). In these species, the abaxial 

(lower) side of the leaves tended to exhibit more lobed shapes compared to the adaxial (upper) side, which 

is directly exposed to sunlight (Watson, 1942). Similarly, environmentally controlled plasticity of pavement 

cells was observed in fully developed epidermal cells of camphor tree. While this species typically displays 

non-lobed pavement cells (Zhao et al., 2006), we found that when grown in a greenhouse, the pavement 

cells exhibited puzzle shapes, whereas this morphology was not observed when plants were cultivated out-

doors (Figures 1M-R). This observation is consistent with the idea that making puzzle shapes is an actionable 

mechanism to adapt to the environment, and not only a passive consequence of the environment such as 

sun exposure or humidity. Our study is in line with the usage of degree of sinuosity in paleoecology to distin-

guish sun leaves from shade leaves (Kürschner, 1997; Bush et al., 2017). Additionally, these observations 

indicate that the program that shapes pavement cells to produce lobes can be activated late in the individual 

leaf development, even in leaves that have cells that are typically non-lobed. 

 

We analyzed the epidermal pavement cells in fully developed leaves of 3-week-old Arabidopsis thaliana (Fig-

ure 2A), quantified their cell area (Figure 2B), min axis (Figure 2C) and lobeyness (Figure 2D). When correlat-

ing lobeyness with their min axis, we found a stronger positive correlation than with cell area (Figure 2E, F). 

To assess the prevalence of these correlations, we conducted a large-scale analysis of lobeyness, and min 

axis across 327 species and 663 species-organ combinations, totaling over 72,026 cells. In our analysis, we 

collected new samples from 45 species in various plant organs and incorporated data from previously pub-

lished analysis of leaf epidermal pavement cells in 19 species from Sapala et al. (2018), 250 species from 

Vofely et al. (2018), and data from 45 leaves of 13 early Miocene species (Suppl. Table 1) (Reichgelt et al., 

2020). The plotted relationship between min axis and lobeyness showed a moderate or higher positive corre-

lation (≥ 0.3) in the majority of species (235 out of 327, 72%) (Figure 2G). Some species display particularly 

high correlations, such as a correlation coefficient (Corr) of 0.97 for tobacco (eudicot, Nicotiana tabacum), 

0.94 for the lacy tree fern (fern, Sphaeropteris cooperi) and 0.91 for morning glory (eudicot, Ipomea tricolor) 

(Suppl. Figure 3A-C). 
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Figure 2. Lobeyness appears widely as a 

response to increasing cell size. An 

image representing the region of inter-

est of a fully developed 3-week-old leaf 

of Arabidopsis thaliana wild type (A). 

The confocal images of epidermal 

pavement cells were acquired using 

propidium iodide staining for cell wall 

visualization, and the images were 

segmented in MorphoGraphX to visual-

ize different parameters (B-D). Epider-

mal cell templates representing cells 

colored by area (B), min axis (C), and 

lobeyness (D). Graphs presenting the 

correlation between area and lobeyness 

(Corr = 0.64) (E) and between min axis 

and lobeyness (F). The correlation be-

tween min axis and lobeyness in leaf 

epidermal pavement cells across 327 

species (G). A bar plot graph displaying 

each species represented as a single 

bar, color-coded by clade. The colors 

corresponding to each clade are shown 

in the figure. A dashed red line setting 

at a value of 0.3, which indicates the 

threshold for medium-high correlation. 

Most species exhibit a significant posi-

tive correlation (G). Scale bars: 100 µm 

(B-D). 
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However, some species exhibited weak or even negative correlations between the min axis and lobeyness 

(Figure 2H, Suppl. Figure 3D-I), which seems contradictory to the notion that stress serves as a developmen-

tal constraint. Upon further examination of these cases, we identified several reasons for lack of a strong 

correlation in certain samples. In cardboard palm (gymnosperm, Zamia furfuracea) growth is highly aniso-

tropic, resulting in elongated cells where the min axis does not increase with cell length (Figure 3B). In this 

case lobes are not expected to be formed. Another example is the leaf of yellow guava (eudicot, Psidium 

guajava) where cells continue dividing to maintain a uniform size and a low min axis, even though the leaves 

can become quite large (Figure 3C). Cells can sometimes exhibit only a weak correlation if there is limited 

variability in the min axis or lobeyness, as observed in the samples with non-lobey small cells in pinwheel 

flower (eudicot, Tabernaemontana divaricata) (Figure 3D) or highly lobey cells in hare's foot fern (fern, Da-

vallia solida) (Figure 3E). In some species that do not make lobes, staggering cells with neighbors affects the 

thinner elongated cells to a greater extent, as seen in blue lily (monocot, Agapanthus praecox) (Figure 3F), 

while in Virginia spiderwort (monocot, Tradescantia virginiana), the irregular shape of smaller stomatal line-

age cells leads to higher lobeyness scores (Figure 3G). 

 

Beyond the average: most epidermal cells are able to make jigsaw puzzle shapes 

There are several strategies that plants can use to maintain low levels of LEC to minimize stress on the cell 

wall. They can continue dividing to keep the LEC small, induce anisotropic expansion to form thin elongated 

cells or display localized cell expansion to form puzzle-shaped cells. Multiple strategies can often co-exist 

within a single plant or even within the same organ. For example, both strategies are observed in pavement 

cells in the leaf of elderberry (eudicot, Sambucus nigra) (Suppl. Figure 4A, B) and in bracts of linden (eudicot, 

Tilia cordata) (Suppl. Figure 4C, D). In those species, small cells associated with the stomatal lineages do not 

make lobes, cells above vascular tissues are elongated, and cells above the mesophyll are lobey. In many 

instances, the median or mean cell shape may not exhibit significant lobeyness, even though the plant has 

the capacity to generate lobed cells. Calculating an average shape in such cases does not accurately reflect 

the plant's ability to make puzzle shaped cells. To determine a plant species' ability to develop lobed cells, a 

more reliable measure is to compare the presence or absence of lobed cells among the analyzed species, 

preferably sampling as many organs and developmental contexts as possible. For this purpose, we selected 

the 95th percentile of cell lobeyness to represent a species' ability to make puzzle-shaped cells. This enabled 

us to determine whether a species can make lobed cells or not, rather than averaging the shape from leaves 

consisting of a mosaic of cells at different developmental stages (Majda et al., 2017; Elsner et al., 2018). For 

better visualization, we displayed a single pavement cell showcasing the 95th percentile of lobeyness for 

each analysed species (Figure 3H). Our analysis demonstrated that most species we examined have the abil-

ity to generate lobed cells, even if the average cell shape for many of these species does not exhibit signifi-

cant lobeyness as reported by Vofely et al. (2019) (Figure 3I). 

 

Figure 3 (→ next page). Lobeyness is a common feature observed across different species. Cell contours of leaves color-coded by 

clade (A-G). An example of a high correlation between min axis and lobeyness in the pavement cells of tobacco (Nicotiana tabacum) 

(Corr = 0.97) (A). A lack of correlation typical for long and thin cells in the carboard palm (Zamia furfuracea) (Corr = 0.24) (B). Epider-

mal cells in the yellow guava (Psidium guajava) maintain small cells of a uniform size (Corr = 0.38) (C). A lack of correlation observed 

in the epidermis with little variation in cell size in the pinwheel flower (Tabernaemontana divaricata) (Corr = 0.13) (D). Highly lobey 
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cells in the hare’s foot fern (Davallia solida) display little variation in lobeyness, which influences the correlation (Corr = 0.16) (E). 

Small cells from the stomatal lineages in the agapanthus (Agapanthus praecox) display concave indentations resulting in negative 

correlations (Corr = -0.21) (F). Negative correlations typical for pavement cells in the Virginia spiderwort (Tradescantia virginiana) 

with stomatal lineage cells displaying irregular concave shapes (Corr = -0.2) (G). A visual representation of a single pavement cell 

from each analyzed species, showing the 95th percentile of lobeyness (H). Bar plot of the 95th percentile of lobeyness values (I). The 

color-coding by clade is displayed on the figure. Scale bars: (E) 100 µm, (A-D, F) 200 µm, (G) 250 µm, (H) 500 µm. 
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Puzzle shapes limit the LEC as cell size increases 

Our hypothesis suggests that as cell area increases, further increases in LEC will be inhibited. Consequently, 

compared to small cells, large cells are expected to exhibit a smaller increase in LEC for the same increase in 

area. This behaviour can be assessed using a quadratic fit line passing through the origin (Suppl. Figure 5A), 

which our hypothesis predicts would curve to the right (𝛼< 0). Consistent with our hypothesis, we observed 

LEC area increases more slowly than cell area (Suppl. Figure 5B, C). The slower increase of LEC compared to 

area has consequences for cell shape. Namely, cells must exhibit a tendency towards becoming either elon-

gated or lobed (or snake-like), as otherwise LEC would increase in proportion to area. To assess what hap-

pens to cell shape in the case when cells must expand in more than one direction, we can use the min axis. 

Here we also observe that LEC area increases more slowly than the min axis (Suppl. Figure 5D, E), consistent 

with increases in LEC being supressed as cell size increases. Examining this tendency at the clade (Suppl. 

Figure 5F-K) and species level shows that this relationship is pervasive. Overall, we observe negative 𝛼 values 

in 87% of all species (286 of 386 species, p < 2e-16<0 .05, exact binomial test). This behaviour is consistent 

with clade level observations (exact binomial test is used for the following p-values). As we are examining 

how LEC increases with respect to min axis length, elongated cells do not suffice to explain this relation. In-

stead, cells must have a tendency to become more lobed (or snake-like). The supports our hypothesis that 

the puzzle cell shape works to limit the size of the LEC, and the stress on the wall. 

 

Pavement cell shape reflects the growth history of the organ 

Our model (Sapala et al., 2018) operates based on the growth restrictions (springs) placed across the cell, 

mimicking the role of microtubules in directing downstream cellulose deposition. In this mechanism, small 

indentations attract connections, while the protrusions lose them, causing the lobes and indentations to be 

enhanced. Consequently, regions that are enriched in connections experience restrictions while regions de-

void of connections bulge outwards. To evaluate how our model behaves on actual epidermal cell shapes, 

we visualized cell walls and cortical MT distribution (Figure 4A). We then segmented cells to obtain tem-

plates for the model. By simulating the distribution of connections using these templates, we observed that 

the arrangement of connections quantitatively resembles the pattern of cortical microtubules (Figure 4B). 

Notably, both connections and cortical microtubules accumulate in the indentations, while they are absent 

in the lobes, aligning with the predictions of our model. We previously demonstrated in our simulation mod-

el that the appearance of puzzle cells depended on the nature of the growth field Sapala et al. (2018). Coun-

ter-intuitively, we found that isotropic growth at the tissue scale led to complex shapes, whereas strongly 

anisotropic growth at the tissue scale led to elongated cells with a simpler shape. This suggests that it might 

be possible to infer the growth history of a plant organ by examining the shape of its epidermal cells. Be-

cause Sapala et al. (2018) model did not account for changes in growth pattern over time, here we conduct-

ed computational simulations to investigate how the distribution of growth over time affects cell shape. Ini-

tially, our model consisted of isodiametric cells (Figure 4C), and we explored the impact of varying growth 

rates in the x and y directions on individual cell shapes. The initial and final templates were of the same size, 

with only the growth function varying. Thus, total growth was the same, although its dynamics changed over 

time. We adjusted the total growth so that the template expanded twice as much in the y direction than the 

x direction. Our findings revealed several intriguing patterns. When the growth rate remained uniform and 
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constant over time, puzzle-shaped cells similar to those observed in Arabidopsis thaliana formed (Figure 4D), 

even with the 2:1 anisotropy. On the other hand, when growth was initially isotropic but later switched to 

anisotropic growth (with increased growth in the y direction), the cells adopted a distinct elongated shape 

with lobes (Figure 4E). Conversely, when anisotropic growth was followed by isotropic growth, cells became 

elongated without lobes (Figure 4F). These results demonstrate that changes in growth rate and direction 

over time have a significant impact on cell shape, even if the total growth is the same. 

 
Figure 4. Growth distribution over time influences the shapes of pavement cells. Confocal image representing epidermal pavement 

cells from a fully developed 3-week-old leaf of Arabidopsis thaliana. The cell wall was visualized using propidium iodide staining (red), 

and the microtubules were visualized using fluorescent TUA6-CFP (green) (A). A visualization of the placement of connections across 

the cells for these shapes in the computational model (B). Model simulation across various growth fields (C-F). The initial template (C) 

for the shapes evolved over 300 growth iterations into the final state, which is 16 times larger in the y direction and 10 times larger in 

the x direction (D-F). Uniform anisotropic growth with puzzle-shaped cells; growth rates in the x and y directions are different but 
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constant over time (D). Separate periods of isotropic growth and maximally anisotropic growth in only the y direction (E, F). Isotropic 

growth (250 steps) followed by anisotropic growth (50 steps) resulting in puzzle-shaped cells whose lobes are largely oriented verti-

cally (E). Anisotropic growth (50 steps) followed by isotropic growth (250 steps) resulting in with a less pronounced, but still noticea-

ble, horizontal orientation (F). (G-J) Cell shape in Zea Maize. Typical cell shapes in maize leaves (G). Initial starting template repre-

senting unexpanded cells (H). Cell shapes after growth in the model is set to that observed experimentally (I). The effect on cell shape 

when the template is first grown in width, then in length, to reach the same final template size and shape (J).Scale bars: (A-B) 20 µm, 

(C-F) arbitrary units, (H-J) 200 µm. 

 

To validate the predictions of our model, we performed time-lapse experiments on maize (Zea mays). The 

epidermal cells of maize are elongated but exhibit a puzzle-like shape that emerges in cells located at a spe-

cific distance from an intercalary meristem. To capture the morphogenesis of maize pavement cells, we ob-

tained sequential replicas of cell patches on the surface of juvenile leaves. These patches were located at 

various distances from the intercalary meristem allowing us to reconstruct the entire process of cell devel-

opment using only two consecutive time points. These observations suggest that the shape of maize puzzle 

cells arises from an initial period of strongly anisotropic growth followed by a less anisotropic phase (Suppl. 

Figure 6). Initially, maize leaves experienced strong anisotropic growth, primarily in the longitudinal direc-

tion. As development progressed, elongation decreased while growth in the transverse direction remained 

nearly constant, leading to decrease of anisotropy. At this stage the lobe morphogenesis begins (Figure 4G). 

To simulate the development of maize cell shapes, we initialized the simulation on the model template with 

a representative geometry of cells (Figure 4H). We adjusted the growth rates and anisotropy, taking into 

account their changes over the time as observed in the time-lapse data. This enabled us to accurately repro-

duce the shape of the maize puzzle cells and the timing of their emergence (Figure 4I). We then perturbed 

the model by imposing a period of growth that was first in width followed by a period of growth in the longi-

tudinal direction to achieve the same final template. This results in cell shapes substantially different to 

those observed (Figure 4J). These findings highlight the significance of growth dynamics, including changes in 

growth rates and anisotropy, in shaping the characteristics puzzle cell shape. 

 

Physiological relevance of the ability to make puzzle shapes epidermal cells 

Our model so far shows that plant adjust their pavement cell shapes to their environment and growth histo-

ry. Conversely, is such adaptation critical for plant development? In particular, as epidermal growth is gener-

ally through to act as a limiting factor for plant development (Kutshera and Niklas 2007). We disrupted 

lobeyness through genetic and pharmacological approaches. We examined the leaf epidermal pavement 

cells in various mutants that display defects in puzzle cell shape acquisition. Compared to the Arabidopsis 

thaliana wild type (Figure 5A, Suppl. Figure 7A), the constitutively active Rho-of-Plants (ROP) 2 (CA-ROP2) 

mutant display altered accumulation of actin filaments (AFs) in the lobes resulting in non-lobed pavement 

cells (Fu et al., 2002). Our analysis showed that lobeyness in CA-ROP2 was completely abolished, but the lack 

of lobes was partially compensated by the presence of elongated and snaky cells (Figure 5B, Suppl. Figure 

7B). We also analyzed anisotropy1 (any1), which carries the D604N missense primary cell wall cellulose syn-

thase A1 (CesA1) mutation affecting crystalline cellulose synthesis (Fujita et al., 2013). Similar to the previous 

mutant, the lack of lobes in any1 was partially compensated by the presence of sinuous cells (Figure 5C, 

Suppl. Figure 7C). The constitutive triple response (ctr1) mutant, a negative regulator of ethylene signaling, 

showed reduced lobeyness, partially compensated by an increase in division activity with majority of small 

cells (Figure 5D, Suppl. Figure 7D). This observation prompted us to analyze if lobeyness is correlated with 
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division activity. We quantified the epidermal cells in leaves of LOSS OF GIANT CELLS FROM ORGANS (LGO), 

which is controlling the endoreduplication in plants (Schwarz and Roeder 2016). In comparison to the wild 

type with proper pavement cell shapes (Suppl. Figure 8A), the lgo-2 mutant, which does not undergo the 

endoreduplication displayed increased division activity with many small cells with fewer lobes (Suppl. Figure 

8B), while LGO OX line displayed giant pavement cells with highly undulated outlines (Suppl. Figure 8C). This 

observation indicates that increased cell division activity leads to less lobey cells, as small cells with low LEC 

are not expected to lobe (Suppl. Figure 8D). Compared to the wild type, all the mutants displaying altered 

lobeyness and LEC (Figure 5I) exhibited smaller leaf sizes, and plants showed reduced growth or were 

dwarfed (Figure 5E-H). These observations indicate that the absence of lobed cells hampers cell expansion 

and has a notable impact on overall plant growth. 
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Figure 5: The lack of lobes is associated with overall growth defects. The shape of epidermal pavement cells (A-D) and overall growth 

phenotypes (E-H) in 3-week-old Arabidopsis thaliana wild type and mutants. Puzzle cells in the wild type displaying high lobeyness (A, 

E). Thin and elongated epidermal pavement cells in the CA-ROP2 mutant displaying decreased lobeyness (B), with long and thin 

leaves, and reduced overall plant growth (F). Snaky epidermal pavement cells in the any1 mutant displaying decreased lobeyness (C), 

with smaller and round leaves, and plants displaying dwarf phenotypes (G). Small epidermal pavement cells in the ctr1 mutant dis-

playing decreased lobeyness (D), with very small leaves, and plants displaying dwarf phenotypes (H). The bar plot of the 95th percen-

tile of lobeyness for different mutants, with statistical significance of these values determined using bootstrapping; significance is 

marked by asterisks and standard error (I). The effect of pharmacological treatments on the shape of epidermal pavement cells (J-U). 

The mock treatment retains the typical morphology of puzzle cells (J). Dose-dependent oryzalin treatments result in a gradual de-

crease in lobeyness and an increase in LEC (cells labelled in violet) (K-O). Dose-dependent latrunculin B treatments lead to a decrease 

in lobeyness with shallow lobes (cells labelled in yellow) (P-T). These treatments are administered in increasing concentrations of 0.5, 

1, 5, 8, and 10 µM. The 95th percentile of lobeyness bar plot for drug treatments, with statistical significance of these values deter-

mined using bootstrapping; significance is marked by asterisks and standard error (U). Scale bars: (contours J-T) 50 µm, (epidermis J-

T) 100 µm, (A-D) 200 µm, (H) 1 mm, (G) 2 mm, (F) 5 mm, (E) 50 mm. 

 

We attempted to confirm the genetic result with an independent approach. We performed pharmacological 

treatments of cotyledons using oryzalin and latrunculin B. By employing dose and time-dependent treat-

ments, we were able to control and regulate the inhibitory effects of these drugs. Oryzalin, a substance that 

depolymerizes MTs, was used to disrupt the MT accumulation that creates the future neck regions of puzzle 

cells, by impairing the growth restrictions in these zones. Latrunculin B treatment blocks actin polymeriza-

tion, which along with microtubules, has been proposed to play a critical role in pavement cell morphogene-

sis (Panteris and Galatis 2005). Additionally, actin filaments play an important role in delivery of the polysac-

charides to the wall matrix. Thus, inhibition of actin filaments could have an effect in localized delivery of 

pectin homogalacturonan to the wall, which are crucial in early stages of lobes formation (Bidhendi et al., 

2019). Strikingly, all the treated plants exhibited reduced cotyledon sizes and overall inhibited plant growth, 

similar to the observed phenotypes in the mutants. The observed reductions in cotyledon size and overall 

plant growth further highlight the significance of the ability to make puzzle shape cells in promoting normal 

plant development. Compared to control samples (Figure 5J), low doses of oryzalin resulted in cells with 

wider neck regions and larger LECs, indicating a decreased accumulation of MTs (Figure 5K, L). Increasing the 

dose of oryzalin led to a decrease in lobeyness (Figure 5M, N), and at very high concentrations, puzzle cell 

formation was completely abolished, resulting in nearly isodiametric shapes (Figure 5O). In contrast, latrun-

culin B treatment affected the depth of lobe formation and reduced lobeyness (Figure 5P-T). Notably, even 

at high doses, latrunculin B did not completely eliminate lobe formation, unlike the oryzalin treatment (Fig-

ure 5U). This suggests that MT-driven local restrictions on growth are more critical for acquiring the puzzle 

cell shape. 

 

Alternative strategies to compensate for the lack of lobes in epidermal cells 

So far, our results show that plants make jigsaw puzzle shapes in response to their environment and organ 

growth, and we provide evidence that this mechanism affects plant growth in a feedback loop (Sampathku-

mar et al., 2014). Yet, pavement cells lacking the typical puzzle-like shape do not undergo rupture or cell 

death. This suggests two possibilities: either these cells experience low mechanical stress or they employ 

alternative mechanisms to compensate for their non-ideal geometry. We propose two hypotheses to explain 

this resilience: an increase in cell wall stiffness, which could be achieved through either thickening of the cell 

wall or alterations in its composition, thereby changing its mechanical properties; or a reduction in turgor 
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pressure within the cell. To test the first hypothesis regarding cell wall stiffness, we conducted osmotic 

treatments on cotyledons subjected to varying doses of oryzalin (Suppl. Figure 9). After transferring the 

plants from water to a sorbitol solution to eliminate the tensile stress exerted by turgor on the walls, we 

observed contraction (Figure 6A-F), allowing us to approximate cell wall elasticity. Contrary to expectations, 

we found that higher oryzalin concentrations correlated with greater cell shrinkage: 10.4% at 0 μM to 16.7% 

at 2 μM (Figure 6I). This suggests that oryzalin exposure softens, rather than stiffens, the cell walls. This sof-

tening effect of oryzalin on cell walls is consistent with the idea that cellulose microfibrils, which overlay mi-

crotubules, accumulate in the LEC regions (Sampathkumar et al., 2014). This may contribute to the altered 

mechanical properties of the cell wall, explaining why these cells do not resort to stiffening as a compensato-

ry mechanism. This also aligns with prior research in the shoot meristem of Arabidopsis showing that cells 

with disrupted microtubules—like those exposed to oryzalin—fail to stiffen their walls effectively, leading to 

cell rupture (Sapala et al. 2018). 

Figure 6. Cells compensate the lack of 

lobes by forming more elastic walls. 

Osmotic treatments to study the effect 

of cell geometry change on cell wall 

elasticity (A-F). Confocal images of epi-

dermal pavement cells in cotyledons 

grown on the control medium (A-C), and 

medium supplemented with oryzalin 

leading to non-lobey cells (D-F). Individ-

ual samples were imaged in water (A, D) 

and sorbitol causing the cell wall to 

shrink (B, E), and the heatmaps present-

ing the amount of shrinking were gener-

ated (1 = no deformation) (C, F). Repre-

sentative images of cotyledons in the 

wild type imaged after 15 minutes at 

different NaCl treatments (G). Relative 

cotyledon areas for mock treatment and 

different oryzalin concentrations imaged 

at different osmotic pressure conditions 

(H). Shrinkage of cotyledons observed at 

different oryzalin concentrations, which 

informs about the wall elasticity (n=4) (I). 

Osmotic pressure corresponding to the 

inflection point measured at different 

oryzalin concentrations (n=4) (J). 

 

To explore the second hypothesis whether the loss of puzzle shape affects turgor pressure, we used a plas-

molysis assay to gauge the average turgor pressure in cotyledons. We measured the cotyledon area at 15-

minute intervals in solutions of increasing NaCl concentrations. The osmotic pressure for each solution (0, 

0.54, 0.84, 0.97, 1.05, 1.14, 1.29, 1.54, and 1.94 MPa) was calculated based on osmolarity measurements 

(Figure 6G). The osmotic pressure at the highest NaCl concentrations is elevated. This could be due to cellu-

lar osmoregulation, where cells adjust ion concentrations to maintain osmotic balance, or the influence of 

guard cells, which control stomata and respond to osmotic changes. By dividing the cotyledon area in each 
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solution by the area in the solution without NaCl, we obtained the relative cotyledon area as a function of 

the osmotic pressure (Figure 6H). We measured the shrinkage of the cotyledons, defined as the relative 

cotyledon area in the last NaCl solution. We observed a correlation between oryzalin concentration and in-

creased cotyledon shrinkage, from 18% at 0μM to 23% at 2μM (Figure 6I). This trend aligns with our previous 

measurements, although the values are about 40% higher. To obtain relative indications of turgor pressure 

in cotyledons we considered that as the osmotic pressure in the medium increases, turgor pressure decreas-

es (Beauzamy et al., 2014). Therefore, a lower osmotic pressure at the inflection point, defined as the osmot-

ic pressure at which the curve changes its direction from shrinking to stabilizing, indicates a lower turgor 

pressure. We observed that the inflection point was reached at a lower osmotic pressure as the concentra-

tion of oryzalin increased, from 1.49 MPa at 0μM to 1.16 MPa at 2μM (Figure 6J). Notably, instead of flatten-

ing out at zero pressure, the curves show a sudden drop. We attribute this drop to a simultaneous bursting 

of multiple cells, especially evident under higher oryzalin concentrations where the cell walls are softer, lead-

ing to visible damage on the cotyledons. This analysis opens the path for the analysis of the relation between 

pavement cell shape and hydraulics. 

 

Discussion 

In our previous work, we proposed that the primary purpose of the puzzle cell shape is to prevent epidermal 

cells from developing large open areas that would bulge out under turgor pressure, leading to considerable 

stress (Sapala et al., 2018). This suggests that the puzzle cell shape is a response to a physical constraint 

shared by all plants. However, not all plants exhibit puzzle cells Vofely et al. (2019), and there are several 

reasons for this, related to the various options available to plants in dealing with this constraint. One option 

is for cells to continue division, as observed in leaves of some plant species such yellow guava (Psidium 

guajava). However, in many plant species, there is a transition from dividing, meristematic cells to larger 

cells that undergo endoreduplication as they expand and become very large (Suppl. Figure 8). This process is 

common in epidermis of various plant organs, including leaves, roots and sepals of Arabidopsis. In roots and 

sepals of Arabidopsis, growth is highly anisotropic resulting in large but elongated cells. In such cases, the 

puzzle shape is unnecessary (from the structural point of view), as there are no large open areas, and the cell 

shape remains simple. This represents another option, where long, thin cells can become very large without 

increasing stress. In situations where growth is not strictly anisotropic, such as in the leaves and cotyledons 

of Arabidopsis, larger cells adopt the puzzle shape to mitigate bulging and stress. This is essential because, 

under these conditions, a lack of puzzle-shaped cells would lead to the formation of large, open areas sub-

ject to considerable turgor pressure, thereby placing the cell walls under significant stress. Another option to 

manage stress in large, isodiametric cells would be to develop a very thick cell wall. However, this mecha-

nism is not commonly observed, likely because it would require substantial resources to maintain. 

 

According to our hypothesis, the puzzle shape is required in the epidermis of all plant organs that contain 

large cells with isotropic growth (i.e., not limited to the formation of long and thin cells). Previous research 

by Sapala el al. (2018) found a correlation between cell lobeyness and cell area. In contrast, Vofely et al. 

(2019) did not observe this correlation. In our study, we merged the data from these previous studies, and 

augmented it with additional species, including plant organs beyond leaves, such as sepals, bracts, and some 

species from the fossil record (Reichgelt et al., 2020). This comprehensive analysis revealed that while some 
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species may not exhibit puzzle cells in their leaves, they might still develop puzzle cells in other organs like 

sepals or bracts. Additionally, we discovered that the appearance of puzzle cells can be influenced by the 

developmental stage of the plant and environmental conditions. Our analyses indicate that most higher 

plants are able to make puzzle cells. While Vofely et al. (2019) reported that the average shape of plant cells 

is "weakly undulated", we were interested in determining whether or not the plant has the mechanism to 

make puzzle cells. To address this question, we examined the 95th percentile of lobeyness in each species 

across all sampled organs. Our analysis showed that most species do contain cells that exhibit a significant 

puzzle cell shape (Figure 3H, I), and those that do not tend to either have elongated cells (Figure 3B) or keep 

dividing (Figure 3C, Suppl. Figure 8B). 

 

Since stress on the cell wall is a mechanical constraint, the mechanism of generating puzzle cells is likely 

widely conserved, even if the trait is not always displayed. The presence or absence of puzzle cells in differ-

ent contexts within the same species likely reflects differences in growth patterns rather than variations in 

the underlying puzzle shape patterning mechanism. The differences in growth, such as growth amounts, 

timing, or anisotropy may even determine whether puzzle cells appear or not. This makes it challenging to 

isolate the mechanism of puzzle cell formation from the broader regulation of growth. Any gene that con-

trols growth amounts, timing or anisotropy may alter the observed puzzle cell phenotype, even if it is not 

involved in the mechanism that controls the patterning. Thus, phylogenetic analysis and screens for puzzle 

cell shape formation are likely to conflate genes involved in growth regulation with those governing the 

mechanism of lobe formation. These approaches can inadvertently capture genes that influence growth or 

cell division, even if they are not directly involved in the mechanism underlying lobe formation. This inherent 

connection between growth regulation and puzzle cell formation poses a challenge in dissecting the specific 

mechanisms responsible for shaping puzzle cells and untangle the interplay between growth regulation and 

the underlying patterning mechanisms. 

 

Puzzle cell shape is tightly coupled with growth, as it is isotropic growth at the tissue level that leads to lobe 

formation at the cell level. In contrast, strongly anisotropic growth, such as in roots or stems, results in elon-

gated cells with simple shapes. Our analysis of epidermal pavement cells in maize leaf demonstrated that the 

cell shape it produces arises from initially strong anisotropic growth that gradually becomes less anisotropic 

over time. Interestingly, when different growth dynamics were applied to the same initial template in our 

model, it produced different cell shapes. This highlights the dependence of puzzle cell formation on specific 

growth patterns that can evolve over time. It raises the fascinating question of how much information about 

the growth history can be extracted from the shapes of puzzle cells themselves. Notably, in tissues charac-

terized by highly lobed cells, such as Arabidopsis leaves, it becomes evident that significant isotropic (i.e., 

similar in all directions) growth must have occurred since the cells stopped dividing. As pavement cell shape 

can be considered as a proxy of growth history and environmental conditions, they can now be revisited in 

plant fossils too. This is reminiscent of the analysis of leaf shapes at a larger scale, and the presence of lobed 

leaves resulting from their packing in buds, thus acting as a proxy for temperate climates (Couturier 2009). 

Through our analysis of mutants and pharmacological treatments, we showed that certain plants can partial-

ly compensate for the loss of puzzle cell formation by generating snaky cells that intertwine. However, the 

overall trend in these plants suggests that complete disruption of the puzzle cell mechanism leads to dwarf-
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ism, as the cells are unable to expand fully. Taken together our findings strongly suggest that puzzle cells 

form in response to a mechanical constraint, and the underlying mechanism is likely highly conserved among 

higher plants. 

 

Figure 7. Graphical abstract illustrating how the puzzle cell shape 

emerges from the interaction of growth with mechanical constraints. 

Uniform growth yields a puzzle-shaped cell, while anisotropic growth 

results in an elongated cell. A combination of both uniform and 

anisotropic growth produces a cell with mixed characteristics—both 

elongated and with lobes. Throughout these growth patterns, the 

LEC, represented by a red circle, remains consistently small, high-

lighting the cell's strategy to maintain a compact LEC regardless of 

growth direction. 

 

 

Material and Methods: 

 

Plant material and growth conditions 

The seeds were sterilized by immersing them in a solution of 70% EtOH (Sigma-Aldrich, Cat: 64-17-5) and 

TWEEN® 20 (Sigma-Aldrich, Cat: P9416) for 2 minutes. Subsequently, they were rinsed twice with 95% EtOH 

and left to air dry. The sterilized seeds were then placed in square Petri plates (Sigma-Aldrich, Cat: Z692344) 

filled halfway with a growth medium composed of ½ MS (Murashige and Skoog Basal Salt Mixture, Duchefa 

Biochemie, Cat: M5524), 1% sucrose (Fisher, Cat: 57-50-1), at pH 5.6, and 0.7% agar (Duchefa Biochemie, 

Cat: P1001). After a period of 72 hours of stratification at 4°C, the seeds were grown in a vertical position for 

5 days at 22°C, with a 16-hour light cycle per day, in a controlled environment room. Subsequently, the 5-

day-old seedlings were transferred to soil and cultivated for 4 weeks at 22°C, with a 16-hour light cycle per 

day. The screen of epidermal pavement cell outlines was conducted on Arabidopsis thaliana Col-0 ecotype 

and the following lines: anisotropy1 (any1) (Fujita et al., 2013), constitutively active GTP-bound rop2 (CA-

ROP2) (Li et al., 2001), and constitutive triple response1 (ctr1) (Kieber et al., 1993). For the microtubule imag-

ing, seeds of green fluorescent protein – α-TUBULIN6 (GFP-TUA6) line (Ueda et al., 1999) were grown on a 

Petri plate for 12 days and stained with 0.1% PI prior imaging. For the cell wall elasticity and turgor pressure 

measurements, pAR169 (pATML1::mCitrine-RCI2A) line was used to visualize plasma membrane, and mCit-

MBD (pPDF1::mCit-MBD) line was used for visualization of MTs. 

 

Confocal imaging of the cell outlines and image processing 

The epidermal pavement cell outlines were imaged from the adaxial surfaces of 3-week-old Arabidopsis tha-

liana leaves. Small sections (5 mm2) were sampled from the central part of the leaves and submerged in a 

staining solution of 0.1% Propidium Iodide (PI) (Sigma, Cat: 81845) dissolved in water for 20 minutes. After a 

brief rinse in water, the samples were mounted on a slide with a cover slip and imaged using a Leica TCS SP5 

upright laser confocal microscope equipped with a water immersion objective (25x/0.95). The excitation and 

emission wavelength windows used were 488 nm and 600-650 nm for PI and 488 nm and 495-545 nm for 

GFP, respectively. The images were acquired with 1024x1024 resolution and z-stack slices with 0.5-1 μm in 

the z-direction. At least 10 different plants and leaves from the adaxial sides were collected at the same de-
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velopmental stage for each genotype. The confocal images were processed in MorphoGraphX using Gaussi-

an Blur Stack and Brighten Darken filters to enhance the clarity of cell outlines. The confocal signal was then 

projected onto a mesh, reconstructing the three-dimensional structure of the sample (2.5D). Cell segmenta-

tion was performed using seeding and Watershed Segmentation processes. Heatmaps for cell parameters 

including Lobeyness, Min Axis, Area, and LEC were generated using MorphoDynamX. Correlation analysis 

between contour parameters was conducted using the MDXtoR plugin. 

 

Sampling of different plant species 

The analysis of epidermal cell outlines from different species (see Suppl. Table 1) was conducted using spec-

imens collected from commonly grown species in Cologne (Germany) and Norwich (United Kingdom). To 

obtain the cell outlines, we employed the imprinting method with 3% Low Melting Point (LMP) agarose 

(ROTH, Germany, Cat: 39346-81-1) dissolved in dH2O. The agarose solution was briefly microwaved until 

boiling and then allowed to cool to room temperature without solidifying. On a microscope slide, a droplet of 

the lukewarm agarose was carefully dispensed, small fragments (1 cm2) were excised from the central region 

of the plant organs using a razor blade and then gently transferred onto the lukewarm agarose droplets and 

allowed to solidify. The plant sections were carefully removed from the slide while keeping the agarose in-

tact, thus preserving the shape of the epidermal cells. The slides with the agarose imprints were subsequent-

ly stored at 4°C until they were imaged. Imprints were obtained from both the adaxial and abaxial sides of all 

collected organs, excluding green fruit, stamen, stigma, and bract. The identification of plant species was 

conducted using references such as Simpson (2006) and Harris and Harris (2001). 

 

Phase-contrast microscopy of epidermal imprints 

The transparent epidermal imprints, with a thickness of 5-10 µm, were visualized using either a Zeiss Axio 

Imager M2 microscope equipped with an Axiocam 512 camera, or a Nikon Microphot-SA microscope con-

nected to a Leica camera. Air Plan-NEOFLUAR objectives of either x20 or x40 were utilized, depending on the 

cell size of the sample being imaged. To ensure representative coverage, each image typically contained 

approximately 50 cells, adjusted based on the specific sample. The phase-contrast mode was employed for 

imaging on both microscopes. The images were acquired using ZEN 2.3 software for the Zeiss Axio Imager 

M2 microscope, utilizing the tailing mode to stitch multiple images (5x5), or LAS software for the Nikon Mi-

crophot-SA microscope. 

 

Image acquisition for Miocene plant species 

The Miocene plant fossils analyzed in this study were obtained from datasets published by Reichgelt et al. 

(2020). These fossils were preserved in turbidite deposits within the Foulden Maar diatomite core. To pre-

pare the fossilized leaves for analysis, they were treated with hydrogen peroxide and tetra-sodium pyro-

phosphate salt crystals. This treatment effectively removed mesophyll cell debris, ensuring clearer observa-

tion of the leaf structures. The cleaned fossil leaves were then stained with Crystal Violet and mounted on 

glass slides using glycerin jelly. High-resolution images of the leaves were captured at 100× magnification 

using TSView 7.1.1.2 microscope imaging software on a Nikon Optiphot microscope. Species identification of 

the fossil specimens was based on paleobotanical studies and comparison with known species from the 

Foulden Maar surface exposures. 
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Image processing for multispecies pavement cell outline analysis 

To improve the visualization of cell outlines, GNU Image Manipulation Program (GIMP) was used to enhance 

saturation, contrast, and sharpness. Each image contained a maximum of 50 cells, and only cells with clear 

outlines were manually traced. Fiji software was used to calculate the distance in pixels along the scale 

length, which was used to calibrate the scale bars in MorphoGraphX (Strauss et al., 2022). To aid in cell seg-

mentation, various image filters, including Invert, Gaussian Blur Stack, and Brighten Darken, were applied. 

The surface mesh was extracted using the Marching Cubes Surface algorithm with a cube size of 5 µm. The 

cell outlines from the phase-contrast microscopy images were projected onto the mesh, and cell segmenta-

tion was achieved by applying the Watershed Segmentation process. To further refine the cell contours, the 

Smooth Mesh process was applied, resulting in a smoother and more accurate representation of the cells. 

The cell contours obtained from the segmented mesh were then analyzed and quantified using MorphoDy-

namX. A subset of the most representative cell contours was selected for further analysis, ensuring a focus 

on the cells that were most relevant to the research objectives. Heatmaps for Lobeyness, Min Axis, Area, and 

LEC were generated using the Contour process. Correlation analysis between two contour parameters was 

performed using the MDXtoR plugin. 

 

Dose-dependent drug treatment 

To investigate the effects of oryzalin or latrunculin B on Arabidopsis thaliana cotyledon pavement cells, 

plates containing 50 mL of MS medium (0.7% agar, without sugar and vitamins) were prepared. The drugs, 

oryzalin (Sigma-Aldrich, Cat: 36182) or latrunculin B (Sigma-Aldrich, Cat: L5288), were added to the plates at 

final concentrations of 0.5, 1, 5, 8, 10, 20, and 50 µM. As a control, DMSO (Dimethyl sulfoxide, Sigma, Cat: 

D8418) was added alone at an amount equivalent to the highest drug concentration. After 6 days, the coty-

ledons were collected and mounted on microscope slides with cover slips. Images of the cotyledon pave-

ment cells were captured using the Zeiss Axio Imager M2 light microscope. The captured images were then 

processed to segment the cells and quantify their contours. 

 

Osmotic treatments and turgor pressure study 

To study the cell outlines of Arabidopsis wild type and pAR169 lines, 6-day-old cotyledons were dissected 

and stained with a 0.1% PI solution for 30 minutes. The cotyledons were then imaged using a Leica SP8 mi-

croscope equipped with a x25 water immersion objective. For fluorescence imaging, a 514nm laser excita-

tion was used. The fluorescence signal was collected from 605nm to 642nm for PI and from 521nm to 

551nm for mCit-MBD and pAR169. This allowed for the visualization of the respective signals in the cotyle-

don cells. Each cotyledon was imaged first in water to capture the initial state, and then again after 50 

minutes in a sorbitol solution with a concentration of 0.6M. 

For the turgor pressure study, cotyledons from the Arabidopsis wild type were dissected and imaged using a 

Nikon SMZ18 stereomicroscope with a x6 zoom. The cotyledons were placed between a curved microscope 

slide and a lamella, with drops of either water or NaCl solution. Pictures were taken after 15 minutes in NaCl 

solutions of increasing concentrations. The concentrations used were 0, 0.1, 0.15, 0.175, 0.2, 0.225, 0.25, 

0.3, and 0.4 M. The specific concentrations were determined through osmometer measurements (Gonotec® 

Osmomat™ 030 cryoscopic osmometer), ensuring accurate control over the osmotic environment. 
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Growth quantification for epidermis of juvenile maize leaves 

Maize (Zea mays cv. ‘Polonez’ and ‘Cosmo’) caryopses were kept submerged in water for 6 h, germinated on 

blotting paper for 18 h in light at room temperature, transferred to plastic containers filled with moist soil, 

and grown in glasshouse (temperature 19-21 °C, additional illumination to obtain 16 h day). After 4-7 days, a 

longitudinal strip of coleoptile or coleoptile and the first leaf sheath was gently removed to expose the base 

of the first or second juvenile leaf, respectively. The sequential replica method (Williams and Green, 1988; 

Kwiatkowska and Burian, 2014) was used to obtain silicon moulds, made of Take 1 Advanced Impression 

Material (Light Body Wash, Kerr Corp., Romulus, USA) from the abaxial epidermis of the exposed leaf epi-

dermis surface. Two replicas were taken from each leaf at 24 h interval. After replica taking the exposed leaf 

portion was protected from drying by food wrap. Epoxy resin replicas (casts made from Devcon 2 Ton Clear 

epoxy) were obtained from the silicon moulds, sputter-coated and observed using scanning electron micros-

copy (Hitachi UHR FE-SEM SU8010). Pairs of stereoimages were taken from each region of interest and used 

for the stereoscopic reconstruction of the leaf surface (Routier-Kierzkowska and Kwiatkowska, 2008). Growth 

was analysed for 2 juvenile leaves of cv. ‘Polonez’ and 3 juvenile leaves of cv. ‘Cosmo’. For each leaf, 3-12 

patches of epidermis were identified in the two consecutive replicas, located at an increasing distance from 

the intercalary meristem. Because maize pavement cells become strongly elongated, in each patch, 3-9 

groups (nearly square-shaped in the first replica), which comprised 6-12 adjacent cells, were used to com-

pute areal growth rates and Principal Growth Directions (Dumais and Kwiatkowska, 2002). 

 

Spring model 

The mass-spring mechanical model was performed based on a published study by Sapala et al. (2018). Cell 

walls were delineated by point masses linked together by springs, which allowed to modify cell wall segment 

lengths and point mass positions to simulate the process of tissue growth. The model facilitated the intro-

duction of additional intracellular connections that represent the deposition of microtubules within cells 

based on predefined conditions. Importantly, these connections are restricted to locations where physical 

constraints—such as visibility, proximity, and alignment to the cell wall—permit their formation. Three dis-

tinct growth patterns were incorporated into the simulation to demonstrate the dynamics of growth: uni-

form isotropic, uniform anisotropic, and non-uniform growth. Each growth pattern led to different forms of 

cell deformation, creating a dynamic simulation environment where the location of every point mass was 

continuously updated from one timestep to the next. The model was used to recreate the orientation and 

distribution of microtubules, which were observed through confocal imaging, based on the initial outlines of 

cell walls. In the simulation, the model begun with the cell wall outlines and assumed that microtubules re-

organize in response to mechanical stress. 
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