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Meristems and reiterative dynamical development
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Plant architecture

Phyllotaxis as the primary determinant of plant architecture
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The shoot apical meristem: building the plant architecture

Growth

Multiscale integration of 
patterning and growth in a 

complex system

The inhibitory fields and phyllotaxis: a conceptual
framework

Simple local rules:

1- No initiation at the
center

2- No initiation close 
to organs

Snow and Snow 1932 
Wardlaw, 1949 
Reinhardt et al., 2005
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Self-organization from inhibitory fields:
a physicist view

Douady and Couder, 1992

Drops of ferrofluids 
in a magnetic field

Emerging properties: spatial position 

Dynamics from inhibitory fields and self-organization: 
a deterministic modelDouady and Couder, 1996

Control parameter:  = r0/R 
Geometry of the fields      

r0
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A primordium is created where :

Emerging properties: regular spatial 
position and plastochrone (timing)

Robust angle specification in a deterministic model of 
phyllotaxis

Simulation results
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A question of coordination:
Growth and signal distribution, growth and identities, 
…

CZ

signal

Cells

N
H

OH

O

Cell-cell communication and hormones

Auxin

The pin1 mutant 

Reduced  
auxin polar 
transport 

Auxin polar transport and organogenesis

Okada et al. 
Plant Cell 1991



Auxin can trigger organ initiation

Auxin 

Reinhardt et al. 
Plant Cell 2000

Specification of organ through specific accumulation 
of auxin at the periphery of the meristem?

A PIN1 network controls organ initiation by
creating auxin depletion fields
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Local rule:

Concentration-based
hypothesis
Jönsson et al PNAS 2006
Smith et al PNAS 2006

A PIN1 network controls organ initiation by
creating auxin depletion fields

Smith et al 2006
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Using knowledge on signaling pathways to design 
sensors: the auxin signaling pathway

Parcy, Vernoux & Dumas 2016

The DII-VENUS sensor: rationale

I II III IV 

Aux/IAA 

Auxin

Aux/IAA
degradation

Monitoring the local rate of Auxin-induced 
Aux/IAA degradation

II Nuclear VENUS 

DII-VENUS  

Constitutive 
expression

Vernoux et al., Mol. Sys. Biol. 2011
Brunoud et al., Nature 2012
Band et al., PNAS 2012

Géraldine
Brunoud

Marina Oliva

Auxin gradients and growth drive rhythmic 
organogenesis: the current vision

Auxin: DII-VENUS biosensor

Vernoux et al., Mol. Sys. Biol. 2011
Brunoud et al., Nature 2012

Reinhardt et al. Nature 2002
de Reuille et al. , Smith et al., 
Jönsson et al. PNAS 2006 …
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The DR5 reporter: gene activation in response to auxin 

DR5::3xVENUS-N7
Heisler et al. 2005

Auxin

DR5 

Organ specific

Patterning of the meristem by differential auxin sensitivity 

Auxin fields /
Auxin in the center 
and in the organs

DII-VENUS

Gene activation
only in organs

DR5::VENUS
Not just transport Vernoux et al., Mol. Sys. Biol. 2011

Brunoud et al., Nature 2012

Phyllotaxis: a dual control by auxin fields and auxin 
sensitivity zones

Auxin fieldsAuxin sensitivity

Inhibition of initiation 
close to organs 
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- No initiation at the 
center
- Robustness of 
transcription

Spatio-temporal patterning l

But how robust is really phyllotaxis? 

A gene candidate approach: the AHP6 gene 

Fabrice Besnard

Coll. Ykä Helariutta

Cell sorting/
microarrays
Yadav PNAS 2009

In situ RNA
hybridization
Rozier et al. Nat. 
Protocols In press

Specific expression in lateral organs

InInIsssititttu u RNRNRRAA
hyhybrbrididdiiizizzzzatatioioonn
Roz Rozier iereet etttal al. N. NNat. at. t 

pppss Pro Prootoc tocools olslInInprprpress ess e

pAHP6::GFP

AHP6, a negative regulator of Cytokinin signaling

Histidine kinase
(receptors)

Histidine
Phosphotransfer

Protein

Response
Regulators

AHP1-5

AHP6

Mahönen Science 2006



ahp6-1 

The ahp6 mutant has a perturbed phyllotaxy

Explaining the M-shape motif 
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Divergence angle distribution: mixture model

Guédon et al., J. Theor. Biol. 2013

Decomposition in von Mise curves

Explaining ahp6 phyllotaxis by an increase in organ permutation
Coll. Y. Guédon, Y. Refahi, E. Farcot, C. Godin
INRIA

Two complementary approaches to analyze noisy 
sequences:
- Top-down

*Assume permutations
* Search whether a sequence derives from permutations

-- Establish the language of permutations - algorithm to 
analyze sequences -

 - Bottom up
* No a priori assumption
* Search for frequent patterns
* Emerging patterns

-- Inference problem - Variable-order hidden Markov 
Chain -

Guédon et al., J. Theor. Biol. 2013

Explaining ahp6 phyllotaxis by an increase in organ permutation

AHP6 buffers an intrinsic instability
in phyllotaxis/permutations

A possible explanation: permutations in the meristem?
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DR5::VENUS 

AHP6 provides robustness to a 
noisy plastochrone 
/ stem architecture

AHP6 role in the meristem

Besnard et al., Nature 2014

pAHP6::GFP

AHP6:GFP protein

AHP6 moves in the meristem

CK signaling inhibitory fields
i1/i2 1.5 fold difference 

i1
i2

AHP6-3xVENUS

AHP6 movement is required for its function

AHP6-GFP

AHP6 regulates spatial distribution of CK signaling in the 
meristem

TCS::GFP 
(CK inducible 

reporter)

wild-typeahp6-1

CK

TCS

CK signaling inhibitory fields

AHP6-dependent CK signaling  during organ initiation

ahp6-1

i1

i2

Mutiple hormonal inputs are required for phyllotaxis

Auxin fields Auxin sensitivity
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Robust spatio-temporal 
patterning

Cytokinin 
signaling fields

Plastochrone 
regulation: Sequential 
organ initiation

AHP6
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Permutations/noisy plastochron as a common phenomenon

In Arabidopsis: genetic diversity (accessions), environmental 
conditions

In other species:

…

Landrein et al. J Exp Bot 2014

How to explain these perturbations ?

•What is the source of stochasticity ?

•How to modify the deterministic model
-to integrate stochasticity
-to recapitulate these observations    ?

•What do we learn on the biology?

Coll. Yassin Refahi
Christophe Godin

Refahi et al. eLife, 2016
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A primordium is created where :

Timing of initiation: back to the deterministic model

Deterministic model: Simulation results

But how to explain permutations ?

Timing of initiation in the deterministic model: 
the dynamics of inhibition (energy) profiles

CZ

Peripheral cells

Pre-specification of initiation coordinates
Plausible origin of co-initiations/permutations

Modeling signaling perception

•Keep the principle of the standard model
      first attempt: (Mirabet et al, PLoS Comp. Biol, 2012)

q1

q4

q3
q2

CZ

k
•However, 

more realistic model of
signal perception



Modeling initiation signal perception 

•Probability of initiation:

•Cell-autonomous process (site independence)

CZ

= probability to initiate 
   a primordium at site k
   during time 

Probability to initiate a primordium 
at site k

CZ

AcuitySensitivity

Inhomogeneous Poisson process

Divergence angles histograms

Simulated Observed (ahp6)

Histograms simulated by the model are similar to the observed ones:
stochasticity on signal perception as the source of perturbations

Stochastic model predictions (2): signaling properties

q1

q4

q3
q2

CZ

kkSignal perception networks: 
probabilistic initiation decision / 
time-integration - no threshold 
for initiation

Gene
Regulatory
Network Morphogenetic signals
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Complexity of the control systems: the complexes 
processing the auxin signal

Nanao et al., Nature Com. 2014
Korasick et al., PNAS 2014
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Vernoux et al., Mol. Sys. Biol. 2011

Aux/
IAATPL

Martin-Arvalillo et al., PNAS 2017
Ke et al., Sci Adv 2016

Tetramer

Mapping auxin in 4D

Auxin - qDII
DII-VENUS -2A- TagBFP

21 Meristems over 10 to 14 hours / 25 000 nuclei

Guillaume Cerutti    Carlos Galvan-Ampudia

+ CLV3 (Stem cells)

BIORXIV/2018/469718



N=21 ; no synchronization

High precision of auxin gradients 

Distance to center and 
azimuthal position of 
maxima: standard 
deviation of 1.5 cells

Reconstruction of long-time developmental sequences

Stationary regime in a spatio-temporally periodical system

Space can be used to extrapolate time 
outside the observation range

The dynamics of the auxin distribution

- Organogenesis site 
prespecification

- Highly dynamic 
spatio-temporal 
gradients of auxin

The dynamics of auxin gradients is not solely the 
result of growth

Auxin maxima moves as a wave in the tissue

Auxin provides spatio-temporal information to cells

Is temporal information used?

Gene activation is not a simple function of auxin levels

Auxin

Transcription (D
R

5)

DR5: synthetic auxin-inducible promoter

Orthogonality: no 
correlations



Gene activation depends on the history of cell 
exposition to auxin?

Transcription

Auxin

Delay in activation of transcription / 
Hysteresis: dependence of the state of the system on its 
history

Is the delay in gene transcription activation due to an 
auxin-dependent or auxin-independent developmental 
program?

P-1

P0

Activation of DR5 and time of exposure to auxin

Temporal integration of the auxin signal

P-1

P-2

P-1

P-2

Integration of the auxin signal and histone acetylation

P-1

P-1

Integration of signal and robustness of rhythmic 
patterning

memory of signal exposition / spatial 
differentiation of initiation sites

Perspectives: going back to models ….
-Do the existing cellular phyllotaxis models 

explain auxin distribution?
-How do we compare formal models to the 

mechanistic view we now have? 
-What is the relative contribution of 

transport vs growth?
-….
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