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Growing straight.... toward the vertical
or at some angle to it

F Halle

Ortho-tropic Plagio-tropic

Tropism (orthotropism)




Straight growth in height is unstable if not controlled:
Euler self-buckling

L Euler

e
A.G Greenhill

A the sectional area of
modulus of elasticity
n measure of b to the

ture of the central fibre of the
e (the unit being the inch-1b.)

T A Mc Mahon

E
£ Allometric growth
=i Wind response
ol R _ } (thigmomorphogenesis)
The mechanical stabilify' Of the world’s tallest broadleaf trees | Elishakoff M Fournier T Alméras

Jackson et al 2020 Biotropica, 53: 1: 110-120



Quantifying bending and bending by growth (tropism)

A Angle A,
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Growth : _
Relative elemental Expansion rate E
Length of the growth zone L,
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Straight primary growth is ....not straightforward

5 Kinematics : curvature spreading and angular drift
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And secondary growth ?

Secondary Growth = viscous coating that locks in
(onto the actual configuration)

o T T e
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Secondary Straight growth is mechanically unstable!

Transverse deposition of cell-wall material
=> tend to fix-in the current form

(slow instability) = any deformation would
increase

S All the woody stems

. g would droop down during
/\ / \" growth

(slow instability)
N Fournier et al. 1994, 2006, 2013




But straight stems are many !
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How can it be ?




Our proposal : proprioception drives tropic motors

Sir Charles Scott Sherrington (Nobel Prize)

Wayneflet professorship of Physiology
University of Oxford, England, UK

= Sensing of body-shape

B 2013 EEE  researcn 2021 Science
Unlfyl_ng mo_del of shoot gravitropism reveals REVIEW
proprioception as a central feature of
7% Posture control in plants PLANT SCIENCE
B Renaud Basten™ Tomss B, Bruno Moulis™ ", and Séphane Dovady Fluctuations shape plants through proprioception
A e e e st s o e s it
= P T e e e ,’;;,;"D, DA, 75023 Bruno Moulia'*, Stéphane Douady?*, Olivier Hamant®*

R Bastien S Douady T Bohr 296 cites SEEE

= Sensing of the curvature C(s) of the organ

= driving of the two tropic motors
& active corrective bending (autotropism)
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Sensory apparatus : Cellular/Molecular aspects
S proprioception and its cross talk with gravi-cline-sensing

Mc Kenna et al
2018 BioArchiv

Statocyte Propriocyte

Okamoto et al 2015 Nature Plant,

Berut et al 2015 PNAS Moulia et al. 2021 Science

Actin-ER tether




2 —the two motors involved In active
(tropic) bending

*\M1: Osmo-Hydraulic motors
(living tissues) typ o = 0.5 Mpa
fast

Archer 1987 following Watanabe 1965, Boyd 1972,
. Bamber 1978, Okuyama et al. 1986, 1994, Wilson &
. Archer 1979, Almeras & Fournier 2009
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Our proposal : proprioception drives tropic motors so to
straighten the organ and avoid instability

Well ....
_ On what
Enrico Coen evidences do

Biologist
you rely on ?

Amir Porat ,
Physicist




Il Phenomenology : tilt experiments
= on a living plant

A (young) tree: poplar
Populus tremula * alba

Bastien et al, 2013 Pnas

An herb : Arabidopsis
thaliana

Gertrulla et al, 2015 Plant Cell




Our initial argument : Modelling the gravitropic response

» Motor : differential elongation growth
n s=L

Actin cables

Amyloplasts (statoliths)




Our initial argument : Dynamical modelling

=The ACE model

 Reconfiguration of each element of stem

4 Motor Driving y
DCis, )R * - -
e = (s, 1) (—ﬁﬂ{s, £) — 7Cs. r}R)
- gravitropic  proprioceptive /
Rate of change of O/,,)
Curvature IB Gravitropic sensitivity “g,
- 8
(scaled by the radius o
of the growth zone) )/ Proprioceptive sensitivity /)/6\
$
41 - Convection by growth .
V(s t) = f E ds
s=L—Lgg

; ??3 Bastien et al 2015 Fr PI Sci, Moulia et al. 2019 J Exp Bot, Moulia et al. 2021 Science,






Model mutants

= ACE Model

- quantitative prediction
ncE model to avoid the Growth-

Posture Instability :

y > 1




ACE
Model
Low y

= ACE Model quantitative prediction
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Angle gravisensing :
dC'(s.t
model A (5,%) —BA(s.1)
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Experimental assessment |48

on 13 species sampling lang angiosperms phyllogeny

Fits the whole straigthening kinematics

with no bias (and only 2 parameters !) =

10 —— B-EL.'/R
—B=L_/62R

wheat coleoptil
bean hypocotyl
sunflower hypocotyl
pea epicotyl

tomato plant stem

chili plant stem

raspberry bush stem
Impatiens glandilufera stem
At inflorescence (Col0)

dpbpbpboame

Seleective pressure ?
The gravi-proprioceptive model:
universal core of gravitropism and posture control:

orientation and straightness




Our proposal : proprioception drives tropic motors so to
straighten the organ and avoid instability

Any more direct
evidence ?

Enrico Coen

Biologist

Amir Porat ,
Physicist




Direct Experimental assessment

response to tilt-bend-then-clinostat- experiments (TBTC)

( |
P suspension of
the amyloplats =
r
‘ S g L ‘ suspension of
w L \, gravitropic
o~ ! perception
TR . % proprioception
Okamoto et al 2015 Nature Plant only (if any)

tilting ,Clinostat on

DC(s,t) .
Ql l Dt —EyC(s,t)
t= t=1h

Gravitropic drive  Proprioceptive drive







Interekt | [NO1_0L39IPG)
Cxport Plots  Options  Model

Opern Image kst Afd abase | Suppress all bases Process A3d & mart . ‘

Angles for organ 1
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.

Interekt is freely available at:
https:/ /forgemia.inra.fr/felix.hartmann/interekt

For a detailed description: Hartmann, Chauvet-Thiry et al. (2022)
Chapter 9 in Plant Gravitropism — Methods and Protocols, E.B.
Blancaflor (editor)

1532 Hugo CHAUVET- £
: THIRY




Crucial point : control also the curvature due to
passive mechanical sagging !

y - y0 (cm)

R Chelakkot,
Bombay

Harvard

Sensing the actual
curvature C(s)

0 1 2 3 a 5 6
X - X0 (cm)
But changing the
DC(s,t)R DC.(s,t)R DMg(s,t)R intrinsic rest-state
Dt Dt  Ey(s,t)Dt curvature C(s)
DC,(s,t)R

pr —EGO (_BA(S’ =7, t)) N= 35 replicates

= fine-tuned proprioceptive drive (more than spring-back) ‘




Direct Experimental assessment in trees

Tilt-Bend-Then-Clino- in isotropic Light experiments
(TBtC_iL)

Tension wood : traces back the

NS¢ tilting _Clinostat on
o =0 1 t=15 days

\ 4




Proprioceptive cue: woody stem

Caulus et al 2022

2,
=

anale au bowutr {deoa 3
-
=
=

-

_—

10 replicates

= fine-tuned proprioceptive drive (more than spring-back) ‘







ﬁ More evidence in the molecular biology style

% Genic control ? = Evidence by KO mutant

Example of Arabidopsis wildtype and myosin Xl mutants

Wild type xif-1 xik-2 mutant

Okamoto et al 2015 Nature Plant, Moulia et al. 2022 Science



AT Estimationof gamma ld for Col0
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R=0991 ¥ I =040
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tip angle (deg)
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$=diT4 y=-274
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Proprioceptive mutants ?

)7 . Proprioceptive sensitivity
y=1

o4

COL-0-

- 44 %
200 P=9.5 e-07
N= 35 replicates/ genotype

XIF-XIK -

= proprioceptive drive involves genic regulation (actin*myosin cables )
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xif-1 xik-2 mutant : o TS R e
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‘ evidences of plant proprioception : graphical abstract

Mathematical demonstration : if not instable : .
o No posture control and no straightness 100
9 TBTC on primary growth : more than springback : fine tuning”™ s ¥
" .

1] 50 100
xR

y - y0 (cm)

o 1 2 3 4 5 6
x - X0 (cm)

-44 %
p BLgz 100 200 P=9.5 e-07

NF-NK-




The gravi-proprio-ceptive loop controlling
straight and erected growth

Updated global
shape and position
vs tropic stimuli

;
s

Proprioceptive
stretch sensing

.

User friendly
Lavernier et al. 2019, Olivieri et al. 2021 PNAS simulator of ACE
Moulia et al. 2022 Tansley Rev. New Phytol model available

Differential
elongation

convection by growth
Change in

local shape



Thank you !




kinematics : curvature field (ex WT)

L 3 102
osg
06
04 @

time (min) -

space (cm)

*.rf

Spots where and when the genic regulation
leading to posture control is being actuated




The Balance number : a crucial
dimensionless number

Possible complementation of the macroscopic
phenotype though other pathways
= improve analysis

Gravitropic sensitivity

PLgz
B p— g Aspect ratio
Proprioceptive sensitivity

/

MYOSIN XI —f +k
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Temps pour atteindre la verticale

pour la premiére fois : EﬁL
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Steady state
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M clinostat DCR .
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DCR i
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L¢(t) = L(t) — Lg; = Ly Eot

¢ | Passive angular drift during growth in a elemental segment (of uniiform curvature C

LD =k (s, (A5, ) + C(s,DR) =

dt
dA’(st)
dt

=E(s,t)(C(s,t)ds)



10, — B=RL_/R , : :
—— B= Ld/G.ZR
9H wheat coleoptil .
bean hypocotyl A

tomato plant stem

chili plant stem

raspberry bush stem v =
Impatiens glandilufera stem -

At inflorescence (Col0) e 1

dpbppomme

1 1 1 ]

40 50 60 70 80
L«/R

FIGURE 6 | B = L.g /L. as a function of the effective length of the
organ L4 /R. Each point denotes an individual plant. The red line
represents B = \/Les/R. All the points are under this line B < \/Lesf/R,
showing that the destabilizing effects of growth on the whole gravitropic
movement are negligible. The green line accounts for B = Legs/6.2R. Most
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