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Introduction

★Non walled cells

★Walled cells - A stiff casing
•Bacteria peptidoglycan
•Archea various polymers (aminoacids + sugars)
•Fungi chitin
•Plants and green algae cellulose
•Diatoms (not relevant here) silica
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Halobacteria Methanopyrus kandleriHaloquadra walsbyi

http://en.wikipedia.org/wiki/Haloquadra
http://en.wikipedia.org/wiki/Haloquadra
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Deinococcus radiodurans

Treponema pallidum

E. coli

B. subtilis



Introduction

would be nice to have clear experimental evidence on which to
ground our conjectures. The most believable experiments
change one variable so that the results can be attributed to a
single cause. Unfortunately, approaching this ideal has been
virtually impossible in studying bacterial morphology. So far,
every mutation or treatment that alters cell shape may affect,
directly or indirectly, some other physiological trait, which
complicates how we interpret the results. Happily, a recent
experiment achieves the elusive scientific standard in a surpris-
ing way.

Using nanofabrication techniques, Takeuchi et al. created
micrometer-sized agarose moldings in which they trapped and
grew Escherichia coli (322). By altering the contours of these
traps, they forced cells to grow in a variety of shapes that

persisted when the bacteria were released (322). Unexpectedly,
the motility of these cells changes according to their gross
morphology. Cells that are short crescents move in a straight
line, as do helical cells with a long spiral pitch, whereas cells
coiled like tightly wound springs move in tight circles, “going
nowhere” (Fig. 2) (322). Note that the individual cells differed
from one another exclusively in their overt morphology, be-
cause their shapes were imposed physically and not genetically
or biochemically. Every biological facet of these cells except
shape is equivalent, a feat accomplished by no other experi-
mental system to date. The results prove that cells change their
three-dimensional motions in extraordinary ways simply by
adopting one shape over another, hinting that other shape-
dependent behaviors await discovery.

FIG. 1. Variety of prokaryotic shapes. This collage of different cells, unless otherwise stated, is constructed from descriptions and illustrations
given by Starr et al. (313) or by Zinder and Dworkin (380). The cells are drawn to scale. Those in the dashed black circle are drawn relative to
the 5-!m line. These same cells are included in smaller form in the dashed blue circle to compare their sizes to those of larger bacteria, which are
drawn relative to the 10-!m line. (A) Stella strain IFAM1312 (380); (B) Microcyclus (a genus since renamed Ancylobacter) flavus (367);
(C) Bifidobacterium bifidum; (D) Clostridium cocleatum; (E) Aquaspirillum autotrophicum; (F) Pyroditium abyssi (380); (G) Escherichia coli;
(H) Bifidobacterium sp.; (I) transverse section of ratoon stunt-associated bacterium; (J) Planctomyces sp. (133); (K) Nocardia opaca; (L) Chain of
ratoon stunt-associated bacteria; (M) Caulobacter sp. (380); (N) Spirochaeta halophila; (O) Prosthecobacter fusiformis; (P) Methanogenium cariaci;
(Q) Arthrobacter globiformis growth cycle; (R) gram-negative Alphaproteobacteria from marine sponges (240); (S) Ancalomicrobium sp. (380);
(T) Nevskia ramosa (133); (U) Rhodomicrobium vanniellii; (V) Streptomyces sp.; (W) Caryophanon latum; (X) Calothrix sp. The yellow-lined
background orb represents a slice of the giant bacterium Thiomargarita namibiensis (290), which is represented to scale with the other organisms.
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Penicilium



Introduction

Courtesy J. Dumais

We then tested whether a gravitropic response in the root
meristem is necessary for LRI. We analyzed LRI in two agrav-
itropic genotypes: aux1–7 and eir1–1, each lacking an auxin trans-
port protein (7, 8). These proteins AUX1 and PIN2, are also
required for proper lateral-root spacing. We observed that in both
genotypes, when visible, lateral roots developed on the convex side
of curves in 100% of roots analyzed (n ! 75) (Fig. S3). This strict
correlation was also seen when aux1–7 roots or eir1–1 roots formed
loops (n ! 75) (Fig. S3). We therefore conclude that lateral root
positioning is consistent in relation to root shape, even in the
absence of a gravitropic response.

LRI Is Induced by Transient Manual Bending. To test the hypothesis
that LRI is caused by mechanical changes to the root, a root-
bending assay was developed. When 10-day-old roots were bent
with fine forceps through 135° and immediately returned to their
original position, we detected DR5-driven GUS activity at the site
of the bend after five hours, on the side that was convex when bent
(Fig. 2B). Lateral root emergence then proceeded normally at the

site of bending, with a lateral root emerging after 72 hours (Fig. 2C).
Seventy percent of roots (n ! 45) responded in this way when bent
within 1 mm of the root tip and only forty percent (n ! 40) when
bent 3 mm away from the root tip. Fifteen percent (n ! 33) of
unbent control roots developed a lateral root 1 mm behind the tip
and only 5% did so further away (3 mm). These data demonstrated
that the application of a mechanical force induces LRI. The fact
that, after bending, lateral roots were never positioned on the
concave side of the main root at the time of bending (in contrast to
the regular left-right pattern observed in unbent roots) rules out the
possibility that lateral initiation coincides with, but is independent
from, root bending. Moreover, these data showed that the effi-
ciency of LRI was dependent on distance from the root tip.

Coordination of the Early Events of LRI. To correlate DR5 expression
with the expression of WOX5, a marker of the root quiescent center
(9), pDR5::GFP plants (6) were subjected to a modified bending
assay (Fig. 3A). Here, roots were bent 1 mm behind the tip until the
tip touched the rest of the root and immediately released. Roots
then settled unaided to an angle of between 30° and 90° with respect
to their original position. As with the first bending method de-
scribed above, LRI and development proceeded normally. In all
root bending assays, the growth rate of the main was unaffected
indicating that no significant damage was caused by the bending
(Table S1). In 80% (n ! 25) of the roots analyzed, we detected
pDR5::GFP expression at between five and six hours after root
bending on the convex side of the curved root, at the site of the
newly initiated lateral root. A GFP signal was simultaneously
observed in the protoxylem, in two cells of the adjacent pericycle
(the cell layer from which lateral roots are formed) and in either two
or three cells of the endodermis (Fig. 3A).

The homeobox gene WOX5, is expressed in the quiescent center
of the root tip and is required for stem cell maintenance in the root
meristem (9). We constructed a pWOX5::GFP reporter and ana-
lyzed its expression in response to manual root bending. We
detected WOX5 promoter activity in two pericycle cells at the site
of LRI from five hours after a bending stimulus (Fig. 3B-E). Auxin
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Fig. 1. PIN protein localization in gravistimulated roots of wild type and
pPIN1::PIN1- GFP, pDR5rev::3XVenus-N7 transgenic lines. (A) root elongation
zone 3 h after gravistimulation. Immunolocalization with anti-PIN1(green)
and anti-PIN2 (red). Epidermis (e), cortex (c), endodermis (en), pericycle (p), px
(protoxylem), arrows indicate inferred auxin fluxes, asterisk (*) and hash (#)
indicate diffuse cytosolic PIN1 localization. (B) PIN1-GFP (green) and DR5-
Venus (pink), 5 h after gravistimulation, DAPI labeled nuclei (blue), asterisk (*)
indicates protoxylem cell with diffuse PIN1-GFP signal.

Fig. 2. Lateral root primordia induced after manual curvature. (A-C), LRI in
manually bent 10-day-old pDR5::GUS transgenic plants. (A) before bending,
inset indicates root tip bent with fine forceps to 135° from its original position.
(B) lateral root primordium as indicated by GUS signal (arrow) five hours after
roots were bent with forceps to 135° and immediately returned. (C) Lateral
root emergence after 72 h at the site of root bending (arrow).

Ditengou et al. PNAS ! December 2, 2008 ! vol. 105 ! no. 48 ! 18819
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Introduction

★A wide occurrence of rod-like shape

★Constraints?
•Nutrients => surface/volume
•Adhesion to substrate
•Resistance (motile)
•Exploration of space (non motile)
•Partition of material between daughter cells



Introduction

★Stiff casing

★Growth into rod-like shape
•Turgor pressure



Introduction — Structure
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Outline

•Fission yeast: Minc et al. 2009—
What are the forces involved?

•Plant cells (Arabidopsis): Hamant et al. 2008—
How is anistropic growth controlled?



Fission yeast

PDMS (plastic)

Coverslip

Cells are trapped in the microhole
and let to grow.

Top view of fission yeast cells
 trapped in the chambers

Yeast cells

The fission yeast Schizosaccharomyces pombe, 
is a model system for studying mechanisms of 
polarized growth. Cell polarity is dynamically
regulated by the microtubule and actin cytoskeletons 

5 µm
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Fission yeast

 13 

 

With E*=Ech*R^2/D^2

 6 

describe the cell wall that surrounds the cell plasma membrane, has an homogeneous elastic 

material with a young’s modulus Ecw and a thickness h, yielding a surface modulus, !cw=hEcw 

(Figure 1a).  In what follows, we propose to measure these parameters and use them to draw a 

complete quantitative mechanical picture of cell growth.  

 

To that aim, we devised arrays containing about 10000 microfabricated cylindrical chambers 

that are 5µm deep and have a diameter D, ranging from 10 to 30 µm. These chambers are 

made in PDMS which young’s elastic modulus Ech, can be tuned by adjusting the ratio of 

polymer vs cross-linker and measured using a standard stress-strain experiment (see mat and 

met and table 1). Cells in liquid suspension are placed between the PDMS array and a glass 

coverslip and pushed into the chamber by slightly pressing the coverslip (Figure 1b). We can 

vary the fission yeast cell length between approximately 8 to 25 µm by using a cdc25-22 

mutation that delays cell cycle progression and create longer cells [cite]. Cells longer than the 

chamber diameter (L/D > 1), will typically buckle into stiff chambers, buckle and deform 

chambers of intermediate stiffness and deform very soft chamber into an oval without 

buckling (Figure 1c). We use this configuration to measure the cell wall elasticity. In the other 

configuration (L/D < 1), the cell initially smaller than the chamber, elongates and reach the 

chamber size and then grows under constraint, providing a dynamic measurement of the force 

produced by the cell as it grows.  

 

Cell wall elasticity.  

Measuring the property of an elastic material requires the generation of a measurable strain 

under a known stress. Here, we exploit the rod-shape of fission yeast cells, and use buckling 

as a readout for the strain while the stress information comes from the deformation of the 
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The deformation of the chamber d, further provides a measurement of the force Fch, that 

equilibrates buckling:  

RdEF
chch

3

8
= ,      (Eq. 2) 

where the pre-factor 8/3 accounts for the geometrical configuration [Johnson Contact 

Mechanics].  After simplification, the equilibrium, FB=Fch leads to:  
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where we introduced E* as a re-scaled elastic modulus for the chamber.  This relation allows 

for computing 
cw

! at the single cell level. Moreover, by buckling cells of varying length in 

chambers of varying diameters and elasticity, we span an order of magnitude for both d and 

E*. In the plot depicted in Figure 2c, each point correspond to a single cell for a total number 

of 155 cells.  Although we obtain a good linear scaling between d and (E*)
-1

 at small 

deformation, we note a saturation at very high deformation, that may arise from a non-linear 

elastic response of the chamber. We thus use a second order polynomial fit where the linear 

term corresponds to the surface modulus and obtain !cw=20.2 ± 6.1 N.m
-1

, where the error 

corresponds to an estimate of the experimental imprecision, which is found to be higher than 

the scattering of the data around the proposed fit.  Fission yeast cell wall’s thickness has been 

measured by electron microscopy to be around 200 nm [cite], which yields a young’s elastic 

modulus of : Ecw=101.1 ± 30.5 MPa. This value, typical of very stiff rubber,  globally matches 

with previously reported values of other fungi cell wall: 110 ± 10 MPa for A. Nidulans [cite] 

and 112 ± 6 MPa for S. cerevisiae [cite].  We further found that this value was independent of 

cell length (correlation coefficient: R
2
=0.07) and didn’t significantly vary between interphase 

and mitotic cells.  

 

Cell growth against an external force  

Fission yeast cell growth occurs exclusively at the tips over a domain of length R. The 

simplest model for growth is viscolelastic. The tension in the walls arising from the internal 

turgor pressure is :  

h

PR
T
P

2
= ,       (Eq. 4) 

and the free growth rate is given by :  



Fission yeast

Other fungis: 
- S. cerevisae : 100 Mpa (by micromanipulation)  and  0.9 Mpa (by AFM)????
- Aspergillus nidulans: 60-100 Mpa  (AFM)

Plants : 
-Root hair (Arabidopsis): 500 Mpa 

Bacteria: 
- E.coli: 25 Mpa
- B subtilis: 13-25 Mpa

Efission yeast= 100 ± 30 MPa
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and 112 ± 6 MPa for S. cerevisiae [cite].  We further found that this value was independent of 

cell length (correlation coefficient: R
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=0.07) and didn’t significantly vary between interphase 

and mitotic cells.  

 

Cell growth against an external force  

Fission yeast cell growth occurs exclusively at the tips over a domain of length R. The 

simplest model for growth is viscolelastic. The tension in the walls arising from the internal 

turgor pressure is :  
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and the free growth rate is given by :  
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where !v is the viscoelastic time scale that encompasses the precise geometry of the cell and 

the molecular timing involved in cell growth (polarity based distribution of cell wall 

remodeling factor).  By measuring the elongation rate of cells growing inside large chambers 

without being constrained along their growth axis, we measure the free growth rate, v0 = 43.5 

± 7.1 nm.min
-1

 and find that it is insensitive to the chamber elasticity (Table 1).  

If the cell is growing under an external force F, the tension in the wall is reduced: 
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If we assume that !v is independent of the external force, then  the growth rate under an 

external force is now given by:  
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which after introducing the cell’s cross section S= "R
2
 and straightforward simplifications 

yields:  
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where P0 is the turgor pressure in normal growth conditions 

Growth and buckling in stiff chambers.  

We grew cells in stiff chambers (Ech=1.55MPa) that cells cannot deform. Upon reaching the 

chamber side, the cell buckles under its own pushing force arising from internal turgor (Figure 

3a and Movie 1).  Analyzing growth curve in details revealed that upon reaching the chamber 

side,  cell growth was stalling during a consequent period of time and then buckling occurred 

(Figure 3b). By varying the cell length, we could further see that this delay before buckling, 

hereafter called !t, was inversely correlated with cell length. Because we have a value of the 

cell wall elasticity,  the buckling event provides a measure of the external force, F=FB at the 

moment of buckling !t. During the stalling phase, the cell is growing at a fixed length D, and 

is thus reduced to its normal length by an amount l, with l=L-D and v=dl/dt. The external 

force is then given by:  
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Growth and buckling in stiff chambers.  

We grew cells in stiff chambers (Ech=1.55MPa) that cells cannot deform. Upon reaching the 

chamber side, the cell buckles under its own pushing force arising from internal turgor (Figure 

3a and Movie 1).  Analyzing growth curve in details revealed that upon reaching the chamber 

side,  cell growth was stalling during a consequent period of time and then buckling occurred 

(Figure 3b). By varying the cell length, we could further see that this delay before buckling, 

hereafter called !t, was inversely correlated with cell length. Because we have a value of the 

cell wall elasticity,  the buckling event provides a measure of the external force, F=FB at the 

moment of buckling !t. During the stalling phase, the cell is growing at a fixed length D, and 

is thus reduced to its normal length by an amount l, with l=L-D and v=dl/dt. The external 

force is then given by:  
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span a large range of external forces. We observed a clear decrease in the growth rate as the 

cell was deforming the chamber. Because the force increases as the cell deforms more and 

more the chamber, the cell elongation follows an exponentially saturating behavior that lead 

to eventual stalling (Fig 4b). 

Eq… 

 

By combining the velocities measured at different forces in 17 different cells, we could 

further establish a force-velocity relation as presented in figure 4c.  The forces are binned 

within 1µN to account for errors in the measurement. If pressure is not regulated, then (Eq 8) 

predicts a linear decrease of the velocity with the external force.  The slope further provides a 

more precise estimate of the turgor pressure: P0=1.2 ± 0.1 MPa. This value falls within the 

range of  previously proposed turgor pressure in other fungi [cite]. Extrapolating this plot to 

v=0,  allows for computing a stalling force at which the cell ceases to grow of 15 ± 3 µN. This 

force corresponds to approximately 100kg on the size of the palm of a hand illustrating the 

strength developed during the growth of fungi.   

 

By performing the same experiments in chambers with smaller elasticity, we note a rather 

different and surprising behavior. In some cases the cell was not stalling even at high forces 

and was even sometime observed to accelerate after contact with the chamber (Figure 4d). In 

chambers of intermediate stiffness (Ech=0.39 MPa), the force-velocity relation established 

using 10 cells for forces ranging from 0 to 8µN was almost flat. In very soft chambers 

(Ech=0.16 Mpa), the same relation established using 15 different cells for forces ranging from 

0 to 7µN even depicted an increase of the growth rate (up to a factor 2) in the first range of 

forces.   

 

This behavior suggested a regulation of turgor in response to contact with obstacle. Because 

this behavior is not apparent in stiffer chamber, and appears to be more pronounced in softer 

chambers we propose that this regulation could occur upon cell contact with the obstacle and 

with an independent typical time scale  that may be set by the rate of synthesis of a substance 

necessary to increase pressure [cite].  In stiff chambers, the force increases too fast as the cell 

deforms the chamber and turgor cannot be regulated to overcome the external force. 

Consequently, the force-velocity relation appears to be independent of this regulatory process. 

On the other hand, in very soft chamber, turgor might increase too fast and leads to an 

acceleration of the growth rate.  



Fission yeast

Work in progress
-Characterise mutants
-Cell division
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Introduction — Building the structureA RT I C L E S

As isoxaben and other cellulose synthesis inhibitors are pharmaco-
logical agents, we sought to determine whether there are physiological 
conditions that perturb CESA complex trafficking. Previous studies have 
shown that osmotic stress downregulates synthesis of cell wall polysac-
charides, including cellulose25, and rosettes were depleted in the plasma 
membrane of freeze-fractured plant cells that were not turgid9. Treatment 
with 200 mM mannitol, a concentration of osmoticum that did not induce 
plasmolysis (Supplementary Information, Fig. S3), caused cortical accu-
mulation and tethering of SmaCCs (Fig. 3; Supplementary Information, 
Fig. S2, Movie 4). The density of punctae in the plasma membrane was 
also reduced, but the extent of this clearing was variable.

Although both isoxaben and osmotic stress caused tethering of 
SmaCCs and Golgi bodies in the cell cortex, the motility of endosomes 
labelled with YFP::RabF2a26 was not affected by isoxaben and was slowed 
but not stopped by mannitol treatment (Fig. 3g). Furthermore, isoxaben 
did not alter the localization of the brassinosteriod receptor BRI1 (ref. 27) 
and the t-SNARE NPSN12 (ref. 28; Supplementary Information, Fig. S3), 
suggesting that the drug neither disrupts trafficking of plasma membrane 
proteins in general nor causes bulk internalization of plasma membrane 
proteins. Similarly, both of these markers remained at the plasma mem-
brane during treatment with 200 mM mannitol, although some evidence 
for internalization of label was observed (Supplementary Information, 
Fig. S3). The effects of isoxaben and osmotic stress were reversible after 
a washout with water (Supplementary Information, Fig. S2). Together, 
these results suggest that isoxaben causes a specific perturbation in the 
localization and motility of compartments involved in the trafficking of 
CESA6, whereas osmotic stress causes a similar syndrome of responses 
but may affect membrane trafficking more generally.

Treatment with brefeldin A, which blocks secretion and other mem-
brane trafficking events by inhibiting the Sec7/BIG class of guanine 
nucleotide exchange factors29, also caused cortical SmaCC accumula-
tion and tethering (Fig. 3; Supplementary Information, Fig. S2, Movie 4), 
suggesting that the responses observed with isoxaben and osmotic stress 
might be caused by specific disruption of membrane trafficking.

Osmotic stress inhibits CESA delivery to the plasma membrane
The disappearance of CESA label at the plasma membrane and the corti-
cal accumulation of SmaCCs might be caused by a reduction in the rate of 
CESA complex insertion into the plasma membrane, stimulation of CESA 
complex recycling from the plasma membrane, or both. CESA delivery 
rate was reduced over 100-fold in cells treated with 200 mM mannitol 
for 3 h: 0.04 ± 0.04 events μm–2 h–1 (5 cells, 5 seedlings), compared with 
4.8 ± 0.7 events μm–2 h–1 for controls (3 cells, 3 seedlings). Addressing 
the rate of internalization is more challenging, but experiments using the 
lipophilic tracer dye FM4-64 (ref. 30) showed that dye endocytosed after 
initial mannitol treatment did not label SmaCCs, although SmaCCs could 
be labelled after the dye had time to redistribute to other internal mem-
branes, including Golgi bodies (Supplementary Information, Fig. S4).

Tethered SmaCCs colocalize with cortical microtubules
Time-lapse imaging revealed that cortically localized SmaCCs, which 
were often stationary, also showed saltatory movement along linear paths 
(Fig. 3d; Supplementary Information, Movie 4), a pattern of movement 
consistent with cytoskeletal motility. Imaging of cells expressing markers 
for both CESA and microtubules revealed that during treatment with 
isoxaben, mannitol or brefeldin A, cortically tethered SmaCCs were 

substantially colocalized with microtubules (Fig. 4a; Supplementary 
Information, Fig. S5a, Movies 5–8). Oryzalin treatment prevented accu-
mulation of SmaCCs at the cell cortex (Fig. 4b), indicating that microtu-
bules are also necessary for cortical tethering of SmaCCs. 

b YFP::CESA6 Time averages
Control

Isoxaben Isoxaben + Oryzalin

Oryzalin

YFP::CESA6 RFP::TUA5 Merge

C
on

tr
ol
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en

a

Figure 4 SmaCCs associate with cortical microtubules in cells treated with 
isoxaben. (a) Seedlings expressing YFP::CESA6 and mCherry::TUA5 were 
treated with 0.01% DMSO (control) or 100 nM isoxaben in 0.01% DMSO. 
SmaCCs (arrowheads) colocalize with microtubules. (b) Depolymerization 
of microtubules by oryzalin prevents cortical accumulation of CESA6 under 
isoxaben treatment. Seedlings expressing YFP::CESA6 were incubated in 
0.01% DMSO + 0.1% methanol alone (control) or together with 100 nM 
isoxaben, 20 μM oryzalin or 100 nM isoxaben + 20 μM oryzalin for 8 h. 
Averages of 61 frames representing 5 min. Scale bars, 5 μm. 
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Playing with CMTs
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Mechanical forces and CMTs patterns

Alignment in the direction of maximal force

tubules with radically different orientations (Fig.
4F and movie S5). We propose that this varia-
bility reflects the cell-autonomous nature of the
response and that this follows from the likely
different mechanical configurations of different
plant cells.

Concluding remarks. We have described a
link betweenmechanical forces and development
in plants. Recent work has also revealed such a
relation in animals. In particular, the phenome-
non of wound-induced actin alignment in epithe-
lial sheets closely parallels the alignment of plant
microtubules around a wound, with both responses
presumably functioning to reduce or heal tissue
damage (42). Unlike animals, however, plant tis-
sues seem to react to oriented forces by conferring
anisotropic properties to their extracellular matrix.
As a result, plant tissues seem to react to mechan-
ical forces as solids, whereas animal tissues react
as fluids. From a physical perspective, this points
to a basic difference between the two kingdoms.

On the basis of our results, we propose that
two fundamental regulatory circuits control
plant morphogenesis at the shoot apex. First, a
microtubule-dependent, cell-autonomous mecha-
nism mechanically reinforces cells against maxi-
mal tension directions along the meristem surface,
most likely via the regulation of load-bearing cel-
lulose fiber deposition and by the addition of new
walls generated by oriented mitosis in these direc-
tions. This mechanism is required for specific mor-
phogenetic events such as tissue folding and the
maintenance of a cylindrical stem. However, in
contrast to previous proposals (36, 43), this stress-
dependent control of morphogenesis at the meri-
stem can be uncoupled from the control of differ-
ential expansion rates, because the rapid outgrowth
of organs at particular locations continues despite
microtubule depolymerization. This second pro-
cess involves the creation of differential auxin
concentrations through polar transport and possi-
bly synthesis (17–21). We therefore propose that
auxin-dependent patterning operates at least
partially independently of, and in parallel to, the
microtubule-controlled anisotropy. Our experi-
mental results and models show that these two
mechanisms are sufficient to explain all observed
complex shape changes at the meristem.
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Fig. 4. Reorientation of the cortical microtubules in the presence of a mechanical stress. (A)
Theoretical principal stress direction pattern (red lines) in outer surface of meristem tissue obtained
from FEM simulation of L1 layer under uniform tension and turgor pressure, before and after
ablation. Color gives relative values of maximal stress (green, low; red, high). Left: A stress pattern
in a group of reference cells. Middle: Radial stresses after the drop of turgor in an ablated cell at
the center. Right: Circumferential stresses after the weakening of the top wall. (B) GFP-MBD
expression (green) in the L1 layer of the central zone of a meristem just before, just after, and 6
hours 30 min after ablation (FM4-64 staining in red). Scale bar, 10 mm. (C) Schematic drawing of
the setup used to apply lateral constraints onto the meristem. (D) An NPA-treated plant with a
naked meristem is put between two blades, and the blades are then adjusted to compress the apex.
(E) GFP-MBD expression in the L1 layer of a meristem before the application of the constraint (left)
and 6 hours (right) after the application of the constraint. Scale bar, 20 µm. (F) Close-up showing
the microtubule reorientations before and after the application of the constraint. Arrowheads mark
cells where microtubules have reoriented parallel to the blades. Scale bar, 5 mm. (G) Six hours after
the application of the constraint, the number of cells with unclear microtubule orientation (green)
is decreasing while the number of cells with microtubules having an angle greater than 45° (blue)
remains relatively stable and the number of cells with microtubules having an angle less than 45°
with the blades (red) is increasing; t0 corresponds to 0 hours after compression. This tendency to
alignment matches the predicted weak anisotropy of stress (see fig. S10).
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Conclusion

•Two strategies for anisotropic growth
softening the tip => tip growth
reinforcing 

•Plant development: cellular level <=> morphogenesis
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