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SUMMARY

Howorgans reach their final shape is a central yet un-
resolved question in developmental biology. Here we
investigate whether mechanical cues contribute to
this process. We analyze the epidermal cells of the
Arabidopsis sepal, focusing on cortical microtubule
arrays, which align along maximal tensile stresses
and restrict growth in that direction through their indi-
rect impact on the mechanical anisotropy of cell
walls. We find a good match between growth and
microtubule orientation throughout most of the
development of the sepal. However, at the sepal tip,
where organ maturation initiates and growth slows
down in later stages,microtubules remain in a config-
uration consistent with fast anisotropic growth, i.e.,
transverse, and the anisotropy of their arrays even in-
creases. To understand this apparent paradox, we
built a continuous mechanical model of a growing
sepal. The model demonstrates that differential
growth in the sepal can generate transverse tensile
stress at the tip. Consistently, microtubules respond
tomechanical perturbations and align alongmaximal
tension at the sepal tip. Including this mechanical
feedback in our growth model of the sepal, we pre-
dict an impact on sepal shape that is validated exper-
imentally using mutants with either increased or
decreased microtubule response to stress. Alto-
gether, this suggests that a mechanical feedback
loop, via microtubules acting both as stress sensor
andgrowth regulator, channels the growth and shape
of the sepal tip. We propose that this proprioception
mechanism is a key step leading to growth arrest in
the whole sepal in response to its own growth.

INTRODUCTION

A central and still unresolved question in developmental biology

is how organs reach reproducible size and shape [1]. Evidence
Current Biology 26, 101
that organ size is controlled by intrinsic signals has been accu-

mulating over the years. This was nicely demonstrated by Twitty

and Schwind in 1931 [1]: grafting the limb bud from a large sala-

mander onto a small salamander results in the growth of a large

limb on a small salamander. In most organisms, including plants,

the size and shape of organs is highly characteristic and varies

little between individuals. In plants, evidence that organ size is

tightly controlled is illustrated by the concept of compensation.

Leaves with a reduced cell number can reach their normal size

by increasing the rate or duration of the cell-expansion phase

[2, 3]. However, the associated mechanisms are unknown. The

control of organ size and shape involves the tight regulation of

growth arrest, in addition to other variables, such as the number

of cells recruited to the new organ primordium and the expansion

and division rate of those cells. Although morphogen gradients

are involved in the growing phase of organs, they have also

been proposed to be involved in growth arrest: morphogens

become diluted as growth occurs and, beyond a certain

threshold of concentration, they may not promote growth

anymore. This provides an interesting geometrical negative

feedback loop in which shape and distance determine growth ar-

rest [4–6].

Mechanical signals have been proposed to act as a means to

inform the genetic control of development by providing a mech-

anism to probe an organ’s developing size and shape (e.g., [7,

8]). In the wing imaginal disc of Drosophila melanogaster, cells

grow uniformly despite the gradient of the growth-promoting

factor Dpp emanating from the center of the disc [8–10]. A sim-

ple stress feedback on growth has been proposed to explain

this disconnect between observed growth and the morphogens

controlling it [8, 11, 12]. Dpp promotes growth of the central

cells, causing compressive stresses locally, while also causing

tensile stresses in the surrounding cells at the periphery of the

disc. Beyond a certain threshold, compression is proposed to

trigger an arrest of cell proliferation, whereas tensile stress en-

hances proliferation. The observed synchrony in cell division

and growth in the wing disc is consistent with this hypothesis

[8–11]. Yet, the role of mechanical forces in organ size is still

debated. In particular, dpp concentration in the wing disc

also scales with disc size [6], opening the possibility that both

morphogen dilution and mechanical compression contribute

to growth arrest.
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Figure 1. Growth Analysis for a Time-Lapse Series of an Abaxial Sepal Growing for 168 Hr

The white arrow shows the apicobasal axis of the sepal (the tip of the arrow corresponds to the distal tip of the sepal) for all images.

(A) Heatmap of areal expansion (%) over consecutive 24-hr intervals, displayed on the second time point (see also Figure S1). The developmental stage of the

flower was assigned at each time point as in [22]. Each time point is displayed from the side (left) and from the top (right). The same magnification is used for all

stages. Note that averaged growth data are represented: averaging is a similar approach to the Tauriello displacement field [21] and has a similar effect, i.e.,

smoothing out the noise to identify underlying trends.

(B and C) Images of selected time points from the image sequence displayed in (A).

(B) Anisotropy of growth calculated as deformation in maximal growth direction (PDGmax; PDG, principal direction of growth) divided by deformation in minimal

growth direction (PDGmin). White bars represent the direction of maximal growth for cells displaying growth anisotropy above 20%.

(C) Cell proliferation over 24 hr displayed for selected time points.

Color scales indicate the number of daughter cells that arose from a single cell within the previous 24 hr. Scale bars, 50 mm. See also Figure S1.
In plants, mechanical stress and strain drive growth [13],

providing a pervasive passive feedback on growth. The stron-

gest evidence for active mechanical feedback in plants involves

the cortical microtubules, which orient along maximal tensile

stress directions [7, 14, 15]. Because the cortical microtubules

guide the trajectories of cellulose synthase [16] that orient the

deposition of cellulose microfibrils, this feedback directly con-

trols the direction of maximal stiffness in cell walls [17, 18]. Cel-

lulose restricts wall expansion in the direction of the microfibrils,

and thusmost likely plays a key role in growth arrest and in chan-

neling final shape. An analysis of tension and microtubule pat-

terns in the jigsaw-puzzle-shaped pavement cells supports

such a scenario at the single-cell scale [19]. Using the Arabidop-

sis sepal as a model system, we show that this mechanism also

operates at the organ level.

RESULTS

The Abaxial Sepal Exhibits a Stereotypical Growth
Pattern
The sepal is the outermost organ in the flower; out of the four se-

pals in each flower, the abaxial sepal is the farthest from the stem

axis. Because the final size and shape of this organ are relatively
1020 Current Biology 26, 1019–1028, April 25, 2016
insensitive to environmental conditions, the contribution of

intrinsic signals to its final shape can be analyzed more easily,

making it an ideal system to investigate the role of mechanical

signals in shaping organs.

To analyze cellular growth in the wild-type sepal, we per-

formed time-lapse imaging of the abaxial sepal expressing a

fluorescent plasmamembrane marker. We usedMorphoGraphX

[20] to segment cells in the epidermis for each time point and

analyze their growth properties. We chose 24-hr intervals, which

reduced variability when compared with the 6-hr intervals re-

ported previously [21]. A stereotypical pattern of growth could

be observed (Figures 1A and 1B; Figure S1; n = 3 long time se-

quences). Using the staging defined in [22], we observed that,

from the initiation of the primordium until stage 6, both growth

rate (Figure 1A) and growth anisotropy (Figure 1B) were very

high at the sepal tip and lower toward the base. The direction

of maximal growth was along the longitudinal axis of the growing

sepal (Figure 1B). Then, between stages 6 and 7, growth rates

were greatly reduced at the sepal tip while maintaining a rela-

tively fast anisotropic growth at the lateral margin. From stage

7, a region of isotropic, relatively fast growth appeared around

the center of the sepal and gradually proceeded toward its

base in later stages (Figure 1B). Cell proliferation followed global



gradients in growth rates as well as reflected the appearance of

stomata lineages (Figure 1C).

The Tip of the Sepal Exhibits a Stereotypical Cortical
Microtubule Pattern
To examine the molecular basis of this growth pattern, we next

analyzed microtubule behavior during sepal growth. We used a

transgenic line expressing both a membrane marker (LTI6b-

2xmCherry) under the control of the UBQ10 promoter and a

microtubule marker (GFP-MBD) under the control of the

CaMV35S promoter.

As shown in other tissues (e.g., [18, 23, 24]), we found that the

cortical microtubule (CMT) network is dynamic over time and

space (Figure 2; Figure S2). We focused our analysis on regions

and stages where the growth pattern exhibited marked changes

in order to draw more clear-cut correlations. Before stage 6,

CMT orientation was consistent over several cell files, perpen-

dicular to the longitudinal axis of the sepal (Figures 2A–2C; n >

10). This orientation is also consistent with the predominant lon-

gitudinal growth direction at that stage (see Figure 1B), compat-

ible with the role of CMTs in guiding cellulose deposition and

thus in channeling growth direction. Then, at stage 7, when

growth became more isotropic, we observed that the CMT

network also became more isotropic (Figures 2D–2F; n > 10),

again consistent with a scenario in which growth directionmainly

depends on CMTs. At stage 9, the correlation between CMT

orientation and growth was, however, only partially maintained

(Figures 2G and 2H; n > 10): whereas isotropic growth in the cen-

ter of the sepal correlated with isotropic CMT orientations (Fig-

ure 2J), CMTs in several cell layers at the slow isotropically

growing tip were well aligned, tangentially to the sepal edge (Fig-

ure 2I). Importantly, microtubule arrays at the tip became more

anisotropic, even though growth became slower and more

isotropic (Figure 2K). Proximal and side views of growing sepals

provided consistent patterns (Figures S2C and S2D).

It is well established that CMTs orient according to cell geom-

etry, i.e., along the longitudinal axis of the cell, when growth

stops in the hypocotyl [25]. Because CMTs remain predomi-

nantly transverse at the tip (Figure 2I), we next explored whether

the CMT behavior at the tip may be better explained by a supra-

cellular cue [7, 19, 26].

The Sepal Growth Pattern Prescribes a Mechanical
Stress Pattern
Many supracellular cues may be involved in prescribing such a

specific microtubule behavior at the sepal tip. Here we investi-

gated whether growth-derived mechanical stress may be one

of these cues. CMTs have indeed been found to orient along

maximal tensile stress directions in the meristem, cotyledons,

and immature seeds [7, 19, 27].

To test this hypothesis, we built a continuous two-dimensional

mechanical model of the sepal that accounts for the surface

walls of the epidermis and aimed at simulating stage 7 onward.

The simulations were initialized with a half-disk shape. At a given

time point, the system is assumed to be elastic and the elastic

modulus increases from the base to the tip of the sepal so as

to mimic stiffening associated with maturation; because we

observed a sharp decay in growth rate at the tip of sepals from

stage 8 onward, we assumed the extent of the gradient to be
larger than the initial size of the simulated sepal and the increase

in stiffness to be 10-fold. The base of the sepal is fixed and turgor

pressure is applied perpendicularly to the remainder of the

boundary; equilibrium displacements are computed using the

finite elementmethod (for details, see Experimental Procedures),

yielding an equilibrium shape with a greater area than the initial

shape. Growth is modeled incrementally: the equilibrium shape

of the previous step is taken in the following step as the initial

shape to which turgor is applied again [5]. This leads to a succes-

sion of configurations with increasing area (Figure 2L), simulating

sepal growth. As expected from the gradient in stiffness [13, 28],

we observed a distal region with reduced growth rates and that

covered more and more of the simulated sepal (Figure 2L).

Because spatial differences in growth rate can induce mechan-

ical stress, we examined the orientation of the main stress (Fig-

ure 2M) and found a pattern of transverse tensile stress at the

proximal part of the stiff region.

To test whether the emergence of such a stress pattern de-

pends on the model design, we also developed a model variant

in which elastic properties are constant over the whole sepal

and differential growth is instead implemented by a gradient

in plastic properties. The corresponding simulations provided

qualitatively similar results, i.e., transverse tensile stress at

the border between the more or less plastic regions (Figures

S3B and S3C).

These results thus provide a scenario in which a growth

gradient can generate transverse tensile stress at the border be-

tween the two growing domains. In turn, these stresses may co-

ordinate cell behavior. Interestingly, this predicted pattern of

stress matches the transverse orientation of CMTs at the sepal

tip (see Figures 2G, 2I, and 2K). Therefore, these data are consis-

tent with the following scenario: first, CMTs channel the sepal

growth direction; then, as a growth gradient appears, tensile

stresses are building up at the tip of the sepal, which in turn

would lock the CMTs in a tangential orientation at the tip, restrict-

ing radial growth of the sepal at the tip.

CMTs Align along Maximal Tensile Stress in Growing
Sepals
To test this hypothesis, we performed mechanical perturbations

and checked whether CMTs would align along the new stress

pattern.

First, we performed compression experiments. Young floral

buds were placed under a coverslip for 3 hr and microtubule

orientation was recorded before and after compression (Figures

3A–3I; n = 6). As observed in cotyledons with the same setup

[19], we found that CMTs became hyper-bundled in the com-

pressed part of the sepal (Figure 3E), whereas CMTs in the

non-compressed sides of the sepal seemed unaffected (Fig-

ure 3F). The response was reversible, demonstrating that the

microtubule hyper-bundling response was not caused by cell

death (Figure 3H).

To further test the impact of mechanical stress on sepal shape,

we next induced a transient phase of isotropic growth by depo-

lymerizing CMTs in the sepal and observed the resulting sepal

shape and microtubule behavior. We reasoned that such a treat-

ment should enhance growth rate in the sepal transverse direc-

tion, when compared to the untreated sepal, and thus the anisot-

ropy and magnitude of mechanical stress at the tip.
Current Biology 26, 1019–1028, April 25, 2016 1021



Figure 2. A Stereotypical Growth and Cortical Microtubule Pattern Prescribed a Mechanical Stress Pattern at the Tip

(A, D, andG) CMT organization at the surface of the abaxial sepal (see also Figure S2). The direction and length of the red bars indicate the average orientation and

anisotropy of CMTs in each cell, respectively.

(B, E, and H) Heatmap of areal expansion (%) over 24-hr intervals displayed on the first time point. PDGs are indicated in white for expansion and in red for

shrinkage.

(C, F, I, and J) Details of CMT organization in regions highlighted with a white symbol in (A), (D), and (G).

(K) Heatmap of the anisotropy of CMT arrays presented in (G).

(L and M) Mechanical simulation of a growing sepal (successive time points), without any mechanical feedback. Areal growth rates (L) as well as stress direction

and magnitude (M) are represented.

Scale bars, 20 mm. Scale is identical for all time points in the simulation. See also Figure S2.
Sepals were treated with 20 mg/ml oryzalin for 3 hr, and this

was sufficient to deplete most of the microtubules for a period

of 24 hr (Figures 3J–3N; n = 10). As observed in the shoot apical

meristem, this did not impact the pattern of growth rate [7]: the

tip of the sepal still experienced slow growth after oryzalin treat-

ment (Figure 3M). As expected, oryzalin treatment also amplified
1022 Current Biology 26, 1019–1028, April 25, 2016
growth isotropy in the sepal (Figures 3K and 3M). CMTs did re-

polymerize in this context, and the first aligned CMT arrays could

be observed 48 hr after oryzalin treatment. Strikingly, CMTs fol-

lowed a clear-cut supracellular alignment at the tip and isotropic

orientations in the center of the sepal (Figure 3N), matching the

predicted pattern of stress.



Figure 3. CMTs Align along Maximal Tensile Stress in Growing Sepals

(A–I) Compression of the abaxial sepal results in the reversible apparent bundling of CMTs. Awhite asterisk is added to help in the observation of the cell lineage in

the different time points.

(A, D, and G) Live imaging of an abaxial sepal before (A) and after compression (D and G).

(B, E, and H) Close-up of the CMT apparent bundling response in the compressed domain.

(C, F, and I) Close-up of CMT behavior in the uncompressed domain (control).

(J–N) Effect of oryzalin treatment on CMT orientation and growth pattern.

(J and L) Live imaging of an abaxial sepal after oryzalin treatment.

(K and M) Heatmap of areal expansion (%) over 24-hr intervals displayed on the first time point. PDGs are indicated with expansion in white and shrinkage in red.

(N) Close-up of the tip of an abaxial sepal 48 hr after oryzalin treatment showing a supracellular CMT alignment at the tip.

Scale bars, 20 mm. See also Figure S3.
Altogether, these data are consistent with CMTs aligning with

maximal tensile stress in the sepal, as shown in other tissues. A

scenario in which CMTs align at the sepal tip along growth-

derived stress is thus plausible.

A Mechanical Feedback May Channel Sepal Shape
To test whether such a mechanical feedback would be sufficient

to affect sepal shape, we incorporated this hypothesis into our

sepal growth model. Because of the similarities between the

plastic and elastic model presented above, in the following we

concentrated our efforts on the growth model that is based on

a gradient of elastic properties. We assumed the material to be

mechanically anisotropic, so as to represent the anisotropy of

cellulose arrays in the cell wall, high anisotropy corresponding

to high alignment of cellulose microfibrils and the orientation of

the stiffest direction corresponding to the main orientation of

microfibrils. In order to account for the orientation of CMTs ac-

cording to stress and the subsequent cellulose synthesis, we

assumed that, at each step, the stiffest direction aligns with

the direction of maximal stress in the previous step, and that

the level of mechanical anisotropy is an increasing Hill-like func-

tion of the stress anisotropy (Figure S3A; see Experimental Pro-

cedures); the level of feedback can be modulated through the
two parameters of this Hill function (sharpness s of response

and maximal response aM). We found that moderate levels of

feedback yielded unstable, noisy sepal shapes, consistent with

the growth heterogeneity observed in a cellular model with

similar hypotheses [29]. Because CMTs exhibit supracellular

patterns, we reasoned that such a feedback would contribute

to sepal shape only if microtubules primarily respond to the

stronger supracellular stress pattern, and less to the local stress

pattern, as shown previously in cotyledons [19]. Therefore, we

assumed that mechanical anisotropy depends on the stress field

averaged over the whole sepal. Such spatial averaging may

reflect the time it takes for the wall mechanical anisotropy to

change, and would also account for the stabilization of microtu-

bule orientation by tension [7, 19]. This yielded more-regular

shapes. In all cases, mechanical stress was transverse at the

proximal part of the slowly growing region, close to the front

with the fast-growing region (Figures 4B, 4E, and 4H). Promoting

feedback strength led to increased mechanical anisotropy in the

transverse orientation in the upper part of the sepal (Figures 4C,

4F, and 4I). As feedback strength increased, we found that the tip

became more and more triangular (Figures 4A, 4D, and 4G; see

Figure 2L for no feedback at all). For higher feedback level, we

found that the tip was sharper and the sepal was narrower
Current Biology 26, 1019–1028, April 25, 2016 1023



Figure 4. A Mechanical Feedback May Channel Sepal Shape

(A–C) Mechanical simulation of a growing sepal, with a weak mechanical feedback on growth direction (s = 6, aM = 2). The areal growth rate (A), stress direction

and magnitude (B), and resulting mechanical anisotropy (C) are represented. The scale is identical for all time points.

(D–F) Mechanical simulation of a growing sepal, with a moderate mechanical feedback on growth direction (s = 20, aM = 2). The areal growth rate (D), stress

direction and magnitude (E), and resulting mechanical anisotropy (F) are represented. The scale is identical for all time points.

(G–I) Mechanical simulation of a growing sepal, with a strongmechanical feedback on growth direction (s = 20, aM= 3.5). The areal growth rate (G), stress direction

and magnitude (H), and resulting mechanical anisotropy (I) are represented. The scale is identical for all time points.

(J–L) Live imaging of the CMT response after mechanical ablation in different genotypes.

(J) Ablation induces a circumferential orientation of microtubule arrays around the site of ablation in the WT.

(K) The CMT response to ablation is slower in the botero1-7 mutant.

(L) The CMT response to ablation occurs earlier in the spiral2-2 mutant: a full CMT reorientation was visible as early as 3 hr after ablation.

The direction and length of the red bars indicate the average orientation and anisotropy of CMTs in each cell, respectively. Asterisks indicate the ablation sites.

Scale bars, 20 mm.

(M) Mature sepals in the wild-type (Col-0) and botero1-7 and spiral2-2 mutants. Scale bar, 1 mm.

(N) Close-up of the tip of mature sepals in the corresponding genotype. Scale bar, 0.5 mm.

See also Figure S4.
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(Figure 4G). The predicted pattern of mechanical anisotropy is

comparable to observed CMT alignment at the very tip of the

sepal, when a sharp growth gradient appears with the tip slowing

down its growth (see Figures 2G–2I). At later stages, however,

the CMTpattern looksmore heterogeneous. Such noisy patterns

may in part reflect local heterogeneities in growth rates, and thus

in mechanical stress.

To check whether the main conclusion from the simulations

depends on the choice of parameters, we tested different types

of gradients in model variants: a larger linear gradient, a

quadratic gradient, a sigmoid gradient, and a double gradient

were implemented and, although the simulations provided quan-

titatively different results, they were all qualitatively similar: when

the feedback strength increased, the tip becamemore triangular

and the sepal became narrower (Figure S3). Altogether, this con-

firms that growth-derived stress may impact sepal shape.

To test these conclusions experimentally, we used two mu-

tants impaired in microtubule dynamics to modify the response

of the sepal cells to mechanical perturbations. The CMT

response to stress depends on katanin-driven microtubule-

severing activity [19, 29]. First, we verified that mutants with

reduced microtubule-severing activity slowed down their CMT

response to mechanical stress in the sepal. To do so, we per-

formed large-scale ablations in the bot1-7 katanin allele. As

expected, a circumferential reorientation of the CMTs could be

detected 3 hr after ablation in the WT (Figure 4J; n > 10; Fig-

ure S4A), whereas the CMT reorientation was slower and less

obvious in the bot1-7 mutant (Figure 4K; n > 10). To further test

the conclusions of the model, we also required a mutant

with an increased microtubule response to mechanical stress.

SPIRAL2/TORTIFOLIA was proposed to prevent microtubule

severing at the site of crossing over [30–32]; thus, in a spr2

mutant, we would expect an enhanced response to mechanical

perturbations because microtubule severing and dynamics are

promoted. As predicted, CMT arrays were oriented circumferen-

tially around the ablation in spr2-2. Interestingly, this happened

earlier than in the WT, as full CMT reorientation was accom-

plished as early as 3 hr after ablation (Figure 4L; n = 8). Note

that cells with well-aligned CMTs tend to reorient their CMT ar-

rays more slowly than cells with more random CMT orientations

in the wild-type, consistent with the promotion of CMT reorgani-

zation by crossovers (see, e.g., [33–36]). This differential res-

ponse was observed in response to mechanical perturbations

in meristematic cells with different microtubule patterns before

ablation [29]. Although CMTs were well aligned in all cells of

the spr2-2 sepals before ablation (Figure 4L, left panel), CMTs

still reoriented faster than the wild-type, thus further confirming

that this mutant exhibits an increased microtubule response to

mechanical stress. Altogether, this provides a series of geno-

types in which the effects of an enhanced (spr2-2) or reduced

(bot1-7) mechanical feedback on CMTs can be analyzed.

We also noticed that the sepal shapes of bot1-7 and spr2-2

seem to support our model’s prediction that modulating the

response of CMTs to mechanical stress should affect the final

shape of the tip (Figures 4M and 4N; n > 10). Whereas the tip

was smooth and rounded in bot1-7, the tip of spr2-2 sepals

formed triangular shapes, which is consistent with a hyper-

response of CMTs at the tip, as predicted by ourmodel (compare

Figures 4A, 4D, and 4G with Figures 4M and 4N).
We also observed that spr2-2 sepals were narrower than

bot1-7. Although this is consistent with our model predictions,

because of the complexity and heterogeneity of such a large tis-

sue, it is likely that other players are also involved. In particular, in

addition to the regulators of cellulose deposition and associated

mechanical feedback, sepal shape also relies on large-scale

biochemical gradients. Although the presence of a genetic

‘‘polarizer’’ remains to be formally demonstrated in such tissues

[37, 38], it may add another layer of complexity to this picture,

potentially adding robustness to sepal shapes in parallel to the

mechanical feedback described here (Figures S4B–S4D). Alto-

gether, our results show that the modulation of the microtubule

response to mechanical stress can affect the shape of the sepal

tip, consistent with a role of mechanical signals in channeling or-

gan shape.

DISCUSSION

Our study suggests that differential growth during sepal devel-

opment generates a stress pattern that feeds back on CMT

orientation and further channels the growth pattern, notably at

the sepal tip. Albeit at a different scale, this result echoes work

conducted on shoot apical meristems where it was shown that

differential growth between adjacent cells also generates me-

chanical conflicts that in turn further promote the maintenance

of growth heterogeneity and the competence to generate

marked differential growth during organogenesis [29]. We pro-

pose that the microtubule-tension feedback operating at the

tip of the sepal functions as a shape-sensing mechanism: by re-

sisting tangential tension, microtubules hinder further transverse

expansion of the sepal; this may be the first step leading to

growth arrest at the tip. Interestingly, in the shoot meristem,

the domain that exhibits such a strong supracellular microtubule

alignment is predicted to be under high tensile stresses. In that

domain, cells grow at a very low rate and mostly in the direction

of maximal stress [39], consistent with a scenario in which cells

end up reducing their growth by resisting the increasing maximal

stress.

Note that we considered the growth of the abaxial sepal inde-

pendent of the contact of its neighbors. It is possible that other

organs within the flower, and most notably the opposing adaxial

sepal, add another mechanical input, by further restricting

the expansion of the abaxial sepal. This type of mechanical

constraint within the developing leaf bud was proposed to play

a role in shaping folded leaves [40–42].

There is now accumulating evidence that mechanical signals

play a key role in controlling cell division, cell polarity, and cell

fate in animal single cells [43–49]. This also implies that mechan-

ical signals largely contribute to shaping individual cells.

Although this remains to be fully shown, mechanical signals

also seem to shape plant cells (e.g., [19, 50]). The contribution

of mechanical signals in shaping multicellular objects is more

difficult to tackle because of the added complexity, notably in

animal tissues where cells can migrate/intercalate, and because

growth can be very fast during the main morphogenetic events

of embryogenesis. Yet, mechanical forces have been involved

in promoting major multicellular shape changes, notably in

Drosophila [51–54], Ciona [55], zebrafish [56, 57], and Caeno-

rhabditis [58]. However, the role of forces in tissues does not
Current Biology 26, 1019–1028, April 25, 2016 1025



seem to be restricted to the channeling of existing morphoge-

netic events, as they have been proposed to trigger growth ar-

rest through their shape-sensing role [8, 9, 11] and even to initiate

major developmental steps, such as mesoderm differentiation

[56, 59, 60]. Here we take advantage of the relatively simpler me-

chanics of plant tissues to show that supracellular mechanical

signals do contribute to the formation of organs with consistent

shapes, through amicrotubule-based growth restriction process

and in parallel to morphogens, despite heterogeneity at the indi-

vidual-cell level. As shown for organ polarity in whichmechanical

stress has been involved both in plants and animals [5, 53], we

thus propose that mechanical signals act as organ shape-

sensing factors across kingdoms, triggering growth arrest and

generating organs with reproducible shapes.

EXPERIMENTAL PROCEDURES

Plant Material and Growth Conditions

For growth analysis, we used the pUBQ10::myrYFP line kindly provided by

RaymondWightman. In this line, myrYFP corresponds to a YFP that is N-termi-

nally modified with a short peptide that is myristoylated and probably acylated

(R. Wightman, personal communication). Plants were grown under long-

day conditions [61]. p35S::GFP-MBD (WS-4) and p35S::GFP-TUA6 were

described previously [7, 62]. The membrane reporter line pUQ10::Lti6b-

2xmCherry (Col-0) was kindly provided by Yvon Jaillais. The botero1-7 katanin

mutant allele was previously isolated [63] and described [29]. The spiral2-2

mutant allele was previously described [31]. For mechanical perturbations

and microtubule alignment analysis, plants were grown on soil in a phytotron

under short-day conditions (8 hr/16 hr light/dark period) for 4 weeks and

then transferred to long-day conditions (16 hr/8 hr light/dark period).

Live Imaging of the Growing Abaxial Sepal

One- to 2-cm-long main inflorescence stems were cut from the plant. To ac-

cess young buds, the first 10–15 flowers were dissected out and the stem

was then kept in an apex culture medium [64] supplemented with 6-benzyla-

minopurine (900 mg/L). Twenty-four hours after dissection, the young buds

were imaged with an SP8 laser-scanning confocal microscope (Leica) using

long-distance 253 (NA 0.95) or 403 (NA 0.8) water-dipping objectives. During

time-lapse imaging, plants were kept in one-half MS medium [61] and imaged

every 24 hr for up to 8 days. Flowers were dissected at the end of the time-

lapse series to determine their growth stage based on internal organs [22].

Mechanical Perturbations

All experiments were performed on dissected apices as described above. Ab-

lations were performedmanually using a small needle, as in [29]. Compression

was achieved by placing a coverslip on top of the flower for 3 hr; the coverslip

was then removed carefully for imaging as in [19]. Oryzalin treatment was

achieved by immersing dissected plants in an aqueous solution containing or-

yzalin at 20 mg/ml for 3 hr and then washing twice with water, as in [7].

Image Analysis

Images were processed with MorphoGraphX 3D image analysis software [20].

Stages of flower growth were determined in the time-lapse series using Mor-

phoGraphX clipping planes to examine internal organs in cross-section. For

better visualization of the general growth patterns, the areal growth maps dis-

played in Figure 1 show the growth averaged for each cell and its immediate

neighbors, weighted by cell area.

Computational Modeling

We built a continuous mechanical model for sepal morphogenesis, starting

from amodel previously developed for fission yeast [65]. Only surface cell walls

are modeled, yielding a two-dimensional medium with a prescribed distribu-

tion of mechanical properties. Morphogenesis occurs by successive incre-

ments in area: the rest shape at step n is inflated by turgor pressure, P, leading

to a new equilibrium shape, which is then used as a rest shape for the next
1026 Current Biology 26, 1019–1028, April 25, 2016
step, n + 1. At each step, the equilibrium configuration is found using the finite

element method and the sepal is remeshed so as to keep a roughly constant

mesh size. The model was implemented in freefem++ [66], and the results

were analyzed using Python scripts. In the present study, we accounted for

three new ingredients: mechanical anisotropy, mechanical feedback, and

the gradient in mechanical properties, as detailed hereafter.

Mechanical anisotropy was introduced to account for cellulose fibrils locally

more oriented in direction a; the coordinate system (a, b) may vary spatially.

We used the generalized Hooke’s law linking the stress tensor s and the strain

tensor ε through the elasticity matrix C1,

0
@

saa

sbb

sab

1
A=C1

0
@

εaa

εbb

εab

1
A; C1 =

0
@

A1 B 0
B A2 0
0 0 C

1
A;

where A1 = ð1� nÞE=ðð1+ nÞð1� 2nÞÞð1+a=2Þ, A2 = ð1� nÞE=ðð1+ nÞð1� 2nÞÞ
ð1� a=2Þ, B= b

ffiffiffiffiffiffiffiffiffiffiffi
A1A2

p
, and C=E=ð1+ nÞ, E being the reduced elastic

modulus, n the reduced Poisson’s ratio, a the mechanical anisotropy, and b

a non-dimensional modulus (b < 1 for the elasticity matrix to be well defined).

Note that A1 > A2, meaning that direction a is stiffer than direction b, consistent

with the mean orientation of cellulose microfibrils.

To incorporate the mechanical feedback, we first compute the eigenvalues

(s1 and s2, s1 > s2) and corresponding eigenvectors (v1 and v2) of the stress

tensor. In the next step, we set direction a = v1 and the mechanical anisotropy

a = 2aM / [1 + exp[�s(s1�s2) / (s1 + s2)]]� aM. These two equations are similar

to previous work [67]. They mean that the next-stiffest direction matches the

maximal stress orientation, whereas anisotropy varies between 0 for isotropic

stress and its maximal value aM when the stress is highly anisotropic; s quan-

tifies the steepness of the response to stress.

The starting configuration is always a semi-disk of radius 1.1. In order to ac-

count for the observed growth gradient at later stages, we assume a low value

of modulus, E = Ym E, in the proximal region delimited by a line at a distance dm

from the sepal basis, a high value of the modulus, E = YM E, in the distal region

delimited by a line at a distance dM from the sepal basis, and a distance-based

linear interpolation of the two values of modulus between these two lines.

We also tested quadratic and sigmoid interpolations of the two values of the

modulus, as well as the use of two linear elasticity gradients, with the second

one remaining at the tip of the sepal (d1m = 3, d1M = 4, d2m = 2 from the tip,

d2M = 1 from the tip, Y1 = 0.1 at the bottom, Y2 = 0.5 in the middle, Y3 = 1 at

the tip). We also considered the possibility of a molecular polarizer biasing

growth toward the longitudinal direction in the proximal region, i.e., before

the elasticity gradient. We defined a new elasticity matrix C2 in addition to

the previously defined C1, with parameters E = 3.27 MPa and A1 � A2 = 0.6

MPa, and a new parameter g, such that C = (1 � g)C1 + gC2. (Thus, g repre-

sents the relative strength of the molecular polarizer.) g1 = 0.75 in the proximal

region and g2 = 0 in the distal region. To test whether the observed shapes

were due to the artificial increase of the modulus, we also implemented a

version where the observed growth gradient was reproduced through differen-

tial plasticity (at each time step, a fraction p of the displacement field is kept as

a permanent deformation accounting for growth), with no elasticity gradient,

where pm = 1 and pM = 0.1.

In the simulations shown here, we used p = 0.5 MPa, E = 3.27MPa, n = 0.48,

b = 0.5, aM = 2 or 3.5, s = 6 or 20, Ym = 0.1, YM = 1, dm = 3, dM = 4, and dm = 1,

dM = 5 to test for longer gradient. The dimensionless size of the mesh was 1/5.

In addition, we explored a range of other values and found the same qualitative

results.
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