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The sum of the biomass across all taxa on Earth is ≈550 Gt C, of which ≈80% (≈450 Gt C) are plants, 
dominated by land plants (embryophytes). The second major component is bacteria (≈70 Gt C), constituting 
≈15% of the global biomass. Other groups, in descending order, are fungi, archaea, protists, animals, and 
viruses, which together account for the remaining <10%.
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Arabidopsis thaliana
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Cell Walls, Turgor Pressure, Absence of Movement



Cells are Connected





http://micro.magnet.fsu.edu/cells/plants/cellwall.html



Somerville C, Bauer S, Brininstool G, Facette M, Hamann T, Milne J, Osborne E, Paredez A, Persson S, Raab T, 
Vorwerk S, Youngs H: Toward a systems approach to understanding plant cell walls. 
Science 2004, 306:2206-2211.
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Yan et al. Scientific Reports 6, Article number: 31195 (2016)
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Shoot tip (shoot 
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Fig. 35-20
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Shoot apical meristem



Shoot Apical Meristem and Flowers

Arabidopsis
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Constant gene expression in a changing substrate

Willis et al (2016)



size influences expression regions

Gruel et al (2016)



PIN1 GFP is expressed relative to new floral primordial

Marcus Heisler



Gene Expression Isn’t Everything: 
The Meristem Responds to  

Mechanical Force

Ting Li
= Increased Calcium ion level in cell cytoplasm
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http://science-mattersblog.blogspot.com/2013/05/dandelion-curls.html

Hofmeister 1859, 1863; Sachs, 1865



Hamant et al. 2008

Stress Pattern in SAM Epidermis



Hamant et al. 2008

Stress Pattern in SAM Epidermis



MICROTUBULES IN THE SAM



Arun Sampathkumar

MICROTUBULES IN THE SAM

Remove Turgor,  
No Response (An Yan)



Hamant et al. 2008

Mt Orientations 6 Hrs Following Compression



Cellulose Synthesis Follows Microtubules

Imaging of Cellulose 
synthesizing complexes in 
pavement cells and 

shoot apical meristem

Arun Sampathkumar with David 
Ehrhardt  
(SLCU/Caltech )             (Carnegie/
Stanford)
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Sampathkumar et al. (2019) Collaboration with Miki Fujita, Geoffrey Wasteneys



Sampathkumar et al. (2019)
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Collaboration with Miki Fujita, Geoffrey Wasteneys



Hamant et al. 2008

Depolymerize Microtubules, Shape is Lost 
Hamant et al. (2008) Science 322, 1650



Development of finite element based model 
of growth and morphogenesis

Henrik Jönsson



• Stress is generated by tissue 
shape and an epidermis in 
tension

•  This mechanical stress controls 
the cytoskeleton, and thus 
cellulose direction in the walls

• Cellulose controls subsequent cell 
expansion, which in turn changes 
the stress pattern

• TISSUE SHAPE IS SENSED 
LOCALLY BY CELLS, LEADING 
TO FUTURE CHANGES IN 



MICROTUBULE PATTERNS 
CORRESPOND TO PHYSICAL 
STRESS PATTERNS - EVEN 
SUBCELLULAR

Sampathkumar et al. 2014 eLife



Re-Orientation of Cortical Microtubules in the Presence of 
Mechanical Stress - Laser Ablation

Scale = 20µm
Sampathkumar et al. 2014 eLife



5 minutes after ablation 24 hours after ablation

Microtubules and therefore tissue 
shape determine cell division 

Wasteneys G O J Cell Sci 2002;115:1345-1354 

An YanHamant Group in: Cell division plane orientation based on tensile stress in Arabidopsis thaliana, 
Louveaux, Julien, Mirabet, Boudaoud, and Hamant PNAS July 26, 2016 113 燕安



THAT PHYSICAL STRESS IN 
PLANT TISSUES CONTROLS 
CELL DIVISION WAS SHOWN 

Stress-induced alignment of division plane in plant tissues grown in vitro 
Philip M. Lintilhac & Thompson B. Vesecky (1984) Nature 307, 363: 

Kny (1896) Ber. d. bot. Gess. 398 (Equisetum spores) 
       (1901) Jahrb. f. wiss. Bot. 37, 55 (Impatiens pith)
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Arabidopsis Phyllotaxis

Adrienne Roeder



Vegetative SAM Inflorescence SAM



SPIRAL PHYLLOTAXIS

Turing, 1952 The Chemical Basis of Morphogenesis,  
Phil. Trans. Roy. Soc. B 237, 37-72

Hofmeister, W.(1868) Handbuch der physiologischen Botanik; Band 1,  
Abteilung 2, Allgemeine Morphologie der Gewächse (W. Engelmann, Leipzig), pp 405–664
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SPIRAL PHYLLOTAXIS

Douady and Couder (1992) Physical Review Letters 68, 2098 
Douady and Couder (1998) J. Theor. Biol. 178, 255 

Mitchison G.J. 1977 Phyllotaxis and the Fibonacci series. Science, 196, 270



DR5 Auxin Reporter 
Cory Tobin
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Auxin

Induces new leaves and 
flowers  
Causes shoot cell expansion 
Causes changes in gene 
activity 
Has private circulatory system 

Gets out of cells through a 
specific efflux carrier, PIN 

Jones, A.M.  
Science (1998) 282, 2201



pin1 Mutant (Okada, 1991); 
PIN1 is the efflux carrier (Luschnig et al. 1998; Chen et 
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Fig. 3 

 

Qi et al. 2014 PNAS 111, 18769



Heisler et al. 2005



1) Local high auxin concentration causes new primordia, and 
it gets high locally by transport and diffusion 

2) Auxin efflux carrier moves auxin, and its gene is auxin-
induced - so rate of transport from a cell depends on the 
auxin level in the cell 

3) Auxin efflux carrier is polarized in cells, and points toward 
neighboring cells with the highest auxin concentration

MODEL



Jönsson et al. 2006



1) Local high auxin concentration 
causes new primordia, and it gets 
high locally by transport and diffusion 

2) Auxin efflux carrier moves auxin, and 
its gene is auxin-induced - so rate of 
transport from a cell depends on the 
auxin level in the cell 

3) Auxin efflux carrier is polarized in 
cells, and points toward 
neighboring cells with the highest 
auxin concentration

The auxin concentration model

Jönsson et al. 2006



Bacarian and Mjolsness

Local Cell Expansion in Meristem Matches Auxin Concentration



Marcus Heisler

Pawel Krupinski, Henrik Jönsson



Effects of Cell Wall 

Prior to treatment Cellulase Bead 18h 24h Recovery

An Yan



• Auxin causes cell expansion
• Resulting mechanical stress 
controls auxin transport from 
neighbors

• New auxin peaks changes 
which cells are expanding

• Thereby  changing auxin flow 
again

• NOVEL DEVELOPMENTAL 
MECHANISM: REGULATED 
TRANSPORT OF A 

Heisler et al. 2010



Calcium Waves in SAM

An YanTing Li 燕安李李婷



Calcium Response Is Necessary for Later PIN1 Mechanical Response

• Pretreat 5mM LaCl3 0h, 3h, recover 3h

An YanN=4
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• Post-treat 5mM (15 minutes) LaCl3 0h, 3h

An YanN=6

1
1

2

2
3

3

0h 3h

Calcium Wave Only Needed for Initial 
Response



Spontaneous Single-Cell Calcium Activation and 
Oscillations 

Ting Li, Neha Bhatia, Marcus 
Heisler

Ting Li

Each frame 3.8 sec. 13 z per stack, 33 
stacks, 2.1 min



• 2mM BAPTA 6h

Calcium Wave Is Not Precursor To MT 
Mechanical Response

An Yan
2mM_BAPTA_MTKill_0h 2mM_BAPTA_MTKill_6hN=6

燕安



燕安

李李婷

杨卫兵
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