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Habilitation à diriger des recherches
présentée par

Julien Derr
Auto-Organisation et Morphogénèse de Systèmes
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Le problème de la richesse des séquences ARN . . . . . . . . . . . .
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Concepts et problématique . . . . . . . . . . . . . . . . . . . . . . .
Des mouvements spectaculaires . . . . . . . . . . . . . . . . . . . .
La pression de turgescence, moteur et/ou régulateur de la croissance
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Introduction

Mon début de carrière scientifique a été consacré à la physique du solide. Ma thèse,
réalisée au CEA de Grenoble, sous la direction de Jacques Flouquet, était centrée sur l’étude
de transitions de phase quantiques. En particulier, mes expériences ont mis en évidence
l’apparition d’une nouvelle phase magnétique dans certains composés à valence
intermédiaire[1, 2, 3, 4, 5, 6, 7, 8, 9]. J’ai soutenu ma thèse en 2006. J’ai ensuite effectué un
postdoctorat à L’INRS de Montréal où je me suis intéressé expérimentalement et
théoriquement au phénomène de confinement quantique dans les nanocristaux de silicium[10,
11].
Par la suite, j’ai réorienté mes intérêts scientifiques vers l’étude de systèmes biologiques.
Ce sont principalement ces travaux que je présente dans ce mémoire.
La première partie du manuscrit présente l’essentiel de mes travaux réalisés sur des
systèmes biologiques à diverses échelles. Le premier chapitre est consacré à des
phénomènes d’auto-organisation que j’ai étudiés à petite échelle : au niveau de la base
nucléique, ou de la protéine. Le deuxième chapitre traite de phénomènes à l’échelle
macroscopiques que l’on nomme “morphogénèse” (car on s’intéresse en particulier à la
création de forme) dans plusieurs systèmes biologiques très variés. Finalement, le troisième
chapitre présente mon thème de recherche principal : la morphogénèse dans le cas
particulier des plantes et en lien avec leurs mouvements de croissance.
La deuxième partie de ce mémoire dessine les contours de mes nouveaux centres d’intérêts
à moyen terme. Le chapitre 4 traite des nouvelles orientations que j’ai commencé à prendre,
ou que je me propose de prendre pour poursuivre l’étude de la morphogénèse des plantes en
introduisant plus concrètement la mécanique. Le chapitre 5 est consacré à un thème nouveau :
l’extension de l’étude de la morphogénèse à des systèmes naturels, non biologiques, mais
géologiques.
Finalement, la dernière partie qui constitue une annexe à ce mémoire résume mon
curriculum vitæ. Elle contient la liste de mes publications ainsi que mes activités
d’encadrement.
Ce mémoire regroupe des sujets assez variés, même si tous reliés au concept-clef en
physique d’auto-organisation. Le parcours que nous proposons suit onze de mes articles
vii
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Introduction

scientifiques. Il commence aux petites échelles microscopiques, se continue avec des
systèmes macroscopiques, les feuilles des plantes en particulier, et se termine avec l’étude de
structures géologiques. Chacun de ces articles est mis en contexte par une introduction, et
des détails sur d’autres résultats complémentaires, soit non encore publiés, soit en
perspective.

Chapitre 1

Phénomènes d’Auto-organisation dans le vivant

1.1

Introduction

Mes thèmes de recherche principaux concernent ce qu’on nomme biophysique. Dans leur
livre “biological physics”, Mielczarek, Greenbaum et Knox discutent les deux aspects importants
de la discipline[12]. Le premier aspect consiste à utiliser les outils de la physique traditionnelle
(de mesures de chaleur spécifique à l’utilisation du rayonnement synchrotron) pour acquérir
des données et en tirer des conclusions biologiques. Le deuxième volet consiste à considérer un
système biologique comme n’importe quel autre système d’étude physique afin d’en tirer des
lois générales ou de nouveaux concepts sur les mécanismes à l’œuvre. C’est cette approche
de physicien qui m’intéresse et que je vais utiliser dans les travaux décrits ci-après.
Dans ce cas, le système biologique se résume à un ensemble d’éléments élémentaires ou
blocs qui interagissent entre eux selon des lois locales à préciser. Pour donner un exemple
concret, le repliement d’une protéine résulte d’un ensemble d’acides aminés en interaction,
qui, analogues à des spins, peuvent tout à fait être simulés à la manière du modèle d’Ising[13].
Dans ce contexte, on distingue généralement l’auto-assemblage et l’auto-organisation[14].
L’auto-assemblage définit un ordre structurel non dissipatif qui serait en équilibre statique
et ne nécessitant pas d’énergie extérieure. Ainsi, des bulles de savon résultent de
l’auto-assemblage de molécules de surfactant. De la même façon, l’auto-assemblage de
copolymères blocs permettent d’obtenir des structures chimiques spécifiques[15]. En biologie,
l’auto-assemblage concerne surtout la création de structures protéiques particulières, grâce à
un ajustement d’interactions entre protéines spécifiques. Il doit permettre la formation
appropriée des microtubules, microfilaments, pores nucléaires, et autres composants du
cyto-squelette[16].
Au contraire, l’auto-organisation requiert une source externe d’énergie (et l’exportation
d’entropie !), et est par conséquent dissipative. L’organisation émerge de l’interaction des
composants du système et non pas due à une quelconque force organisatrice extérieure[17].
Prigogyne a nommé ceci : l’ “ordre à partir des fluctuations”[18]. Il existe beaucoup
d’exemples physiques ou chimiques (problème de Bénard, réactions de Turing...), où le
1
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système se maintient dans un état ordonné, déséquilibré. Dans le vivant, cela semble la règle.
A ce propos, Schrödinger avait déjà formalisé une idée personnelle de ce qu’est la vie : un
système qui maintient un niveau local d’organisation dans un contexte hors équilibre[19, 20].
Les phénomènes d’auto-organisation se produisent à toute échelle[21]. Nous discuterons
des grandes échelles macroscopiques [22] dans le prochain chapitre. Pour l’heure, aux
échelles microscopiques, nous discutons d’auto-organisation dans deux sous-systèmes : les
acides nucléiques, et les protéines. Dans le premier cas, il s’agit des plus petites échelles du
système vivant, à la frontière entre un système chimique et biologique, et la problématique
de notre étude est liée aux questions fondamentales des origines de la vie. Dans le second
cas, à l’échelle de la protéine, les problématiques concernent les mécanismes de régulation
au sein d’une cellule ou d’une bactérie.

1.2

Emergence de la complexité biologique dans le “monde ARN”

1.2.1

Problématique

L’hypothèse du “monde ARN”

Figure 1.1 – Gauche : vues artistiques de l’émergence d’un ribozyme. Nicolle Rager Fuller
(National Science Foundation), et Iddo Friedberg (Byte Size Biology). Droite : Singe tapant à
la machine. Credits : wikimedia.
Si une définition de “la vie” reste controversée 1 , tout le monde s’accorde pour dire que
les grandes caractéristiques d’un système vivant sont entre autres, sa capacité à renfermer
de l’information combinée à une capacité à faire quelque chose de cette information[23]. La
biologie telle qu’on la connait utilise deux systèmes chimiques complémentaires pour assurer
ces deux tâches. L’ADN, polymère formé de bases nucléiques, qui contient l’information, et les
protéines formées d’acides aminés qui ont une activité catalytique. La synthèse des protéines
est codée dans les séquences d’ADN, mais l’ADN ne peut exister, et en particulier se répliquer
sans les enzymes qui sont en fait des protéines. Le système est inter-dépendant. Alors qui de
l’œuf ou de la poule est apparu en premier ?
1. Une définition assez communément reprise est celle de l’institut d’astrobiologie de la NASA qui définit la
vie ainsi : “a self-sustaining chemical system capable of Darwinian evolution”[23]
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Pour répondre à ce dilemme, Alexander Rich proposa en 1962[24] que des polymères
d’ARN auraient pu à la fois contenir de l’information (car formés de nucléotides comme l’ADN)
et une activité catalytique (car l’ARN peut se replier en structures secondaires réactives). Dans
cette théorie, un monde vivant basé exclusivement sur de l’ARN aurait donc émergé en premier,
pour ensuite se différentier : l’information passant d’un support à base d’ARN vers les molécules
d’ADN, et l’activité catalytique étant prise en charge par les protéines. Cette hypothèse sera
baptisée plus tard l’hypothèse du monde ARN[25]. Elle sera ensuite largement discutée dans la
communauté scientifique[26, 27, 28, 29] quant à sa validité. Plus de 50 ans plus tard[30], elle
reste pourtant la moins mauvaise d’entre toutes ![31]. Un appui important pour cette théorie fut
la découverte expérimentale des ribozymes[32, 33] : ces longues molécules d’ARN qui peuvent
jouer le rôle d’enzymes.
Une difficulté persistante dans la théorie du monde ARN est l’explication de l’émergence
de telles structures, à la fois longues et suffisamment “complexes” pour posséder une activité
enzymatique (Voir [34] et aussi l’illustration de la figure 1.1). En effet, même si l’activité
enzymatique de ces structures a pu être augmenté progressivement au fil de la sélection
naturelle, il n’en reste pas moins que les tout premiers ribozymes ont dû émerger à travers
des processus purement chimiques.
Emergence de la complexité biologique
Les premiers ribozymes ont dû émerger d’un ensemble de séquences très courtes, peu
diverses, et pauvres en information, et il n’est pas clair comment la “complexité” de tels
ensembles a pu augmenter. Bien sur, cela aurait pu se produire par “chance”...
Le paradoxe du singe savant Un problème philosophique classique est de se demander si
un singe tapant au hasard sur une machine à écrire serait capable aléatoirement de taper la
pièce Hamlet de William Shakespeare (Voir [35] et figure 1.1). Bien sûr la probabilité qu’une telle
prouesse se réalise décroı̂t exponentiellement avec la longueur du roman. Si A est la taille de
l’alphabet (A ∼ 30 avec la ponctuation), et ` la longueur du roman en nombre de caractères,
la probabilité p1 qu’une réalisation soit conforme est
p1 =

1
A`

(1.1)

Autant dire qu’évidemment cette probabilité est quasi nulle avec un nombre abusif de zéros
derrière la virgule (∼ 10−200000 pour Hamlet). Le point intéressant est d’imaginer une armée de
singes, qui tenteraient tous leur chance en répétant l’expérience individuelle un grand nombre
de fois n. Que devient alors la probabilité qu’au moins un d’entre eux soit aussi créatif que
Shakespeare ? C’est simplement la probabilité pn complémentaire au fait qu’ils échouent tous :


1
pn = 1 − 1 − L
A

n

−−−→ 1
n→∞

(1.2)
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Cette probabilité converge bien vers 1 lorsque la taille de l’armée grandit à l’infini. Bien sûr,
en mettant des ordres de grandeurs, même généreux sur la capacité d’une telle armée, le
compte n’y sera pas. Imaginons par exemple autant de singes, que d’atomes dans l’univers ( !)
tapant chacun, une copie possible par seconde, et ceci depuis l’origine de l’univers, l’ordre de
grandeur réaliste maximum reste ridiculement quasi nul
prnéaliste ∼

n
1080 × 1copies/s × 1017 s
=
< 10−183800
L
183946
A
10

(1.3)

Mais qu’en est-il pour les ribozymes ? Peut-on appliquer le même raisonnement pour
quantifier leur probabilité d’apparition spontanée ? La question est pour le moins délicate. Si
l’on considère 10n1 molécules par cellules, 10n2 cellules générées par minute, et 10n3 pour
le temps d’émergence, la probabilité qu’une de ces molécules soit un ribozyme est difficile à
quantifier en l’absence d’information sur n1 , n2 et n3 :
pribozyme

10n1 cellules−1 × 10n2 cellules × 1min−1 × 10n3 min
∼ 10−??
∼
1030

(1.4)

Qu’est-ce que la complexité ? Pour pouvoir appréhender l’émergence de cette complexité il
faudrait se mettre d’accord sur une définition claire. Car la complexité est bien une notion aux
multiples facettes. Dans la littérature concernant l’origine de la vie, on trouve successivement
mention de complexité de Kolmogorov (ou algorithmique), de complexité fonctionnelle, de
complexité physique ou encore de complexité informationnelle.
— La complexité algorithmique d’un objet, dit aussi complexité de Kolmogorov (car il a
été l’inspirateur de cette notion dès 1963[36]), est définie mathématiquement comme
la longueur du plus court programme qui produirait cet objet en sortie. En guise
d’exemple, la séquence ’abababababababababababababababababababababababababababababababababababababababababababababababababababababab’
bien que plus longue est beaucoup moins complexe (au sens de Kolmogorov) que la
séquence ’4c1j5b2p0cv4w1x8rx2y3FFF’, car un programme très court tel que ”répète
ab 54 fois” peut l’encoder.
— La complexité fonctionnelle est un concept qui dérive de la théorie de l’information
de Shannon. Elle est définie pour un ensemble de séquences qui peuvent avoir ou
non une certaine fonction comme − log2 pfonction où pfonction est la probabilité qu’une
séquence prise au hasard ait une fonction particulière[37]. Par exemple, la probabilité
pour qu’une molécule d’ARN de 70 nucléotides de long se lie à de l’ATP a été
déterminée expérimentalement ; elle est de l’ordre de 10−11 . Cela correspond donc à
une complexité fonctionnelle d’environ 37 bits. Si une seule séquence parmi toutes
les possibles était active, la complexité serait de 140 bits, alors qu’elle serait
évidemment nulle si toutes les séquences étaient actives[37]. Il faut noter qu’elle est
la propriété d’un ensemble et non pas d’une séquence prise au hasard.
— La complexité physique[38] est aussi basée sur la théorie de Shannon, en utilisant le
concept d’entropie par site. Pour chaque site i dans une séquence, l’entropie de
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P bases
Shannon est définie comme H(i) = − N
j=1 pj (i) log2 pj (i) Ensuite, si les
séquences ont une
P longueur `, Adami et al. ont défini la complexité physique comme
C physique = ` − i H(i). Là encore, il faut noter que cette définition est la propriété
d’un ensemble.
— La complexité informationnelle a été définie pour discuter la complexité des
protéines[39]. Chaque protéine est représentée par un vecteur où chaque composante
représente le nombre de chacun des N acides aminés différents qui la constituent.
L’idée est ensuite directement reliée à l’entropie de Shannon [40] de ce vecteur :
C informationnelle = −

N
X

ni /` log2 ni /`

(1.5)

i=1

Parmi toutes ces définitions, la complexité de Kolmogorov est la plus adéquate
pragmatiquement. Malheureusement, elle est très difficile à appréhender. Au contraire, la rare
information théorique dont on dispose à son sujet est qu’il est justement impossible de la
calculer ![41] Les deux définitions suivantes sont pertinentes pour commenter l’évolution d’un
système. On peut par exemple discuter comment l’évolution augmente la complexité
physique[42]. Cependant, elles concernent un ensemble entier et non une séquence
individuelle. Reste donc l’idée de la complexité informationnelle basée sur l’entropie de
Shannon. C’est ce que nous allons utiliser pour caractériser les séquences d’ARN.

Figure 1.2 – Gauche : définition de la k-entropie de Shannon. On considère toutes les
sous-séquences de longueur k, chacune de ces sous-séquences a une probabilité pi qui est
utilisée pour calculer l’entropie de Shannon (équation 1.6). Droite : structure secondaire du
ribozyme GlmS (Wikimedia).
Une nouvelle définition adaptée à l’ARN Les séquences d’ARN ne connaissent pas la même
richesse que les protéines du point de vue du nombre de bases possibles, car il n’y a que 4
nucléotides A,G,C,U contre 20 pour les acides aminés. En revanche leur longueur est
considérablement plus grande. Une idée est de regarder les sous-séquences de longueur k.
Leur distribution en terme de probabilité, permet de définir alors une k-entropie de Shannon.
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Sk = −

X

pi log2 pi

(1.6)

i∈{ggg, gga, gag...}

Le problème de cette mesure est qu’elle dépend de la longueur de la séquence considérée.
C’est pourquoi nous définissons notre mesure de complexité C k :
Ck =

Sk
k
Smax

(1.7)

Nous nommons cette mesure : diversité compositionnelle. Nous verrons dans la prochaine
sous-section (1.2.2) qu’elle capture bien la diversité de composition à l’intérieur d’une séquence.
Entropie, structure secondaire et complexité
Tout comme l’ADN qui est le plus souvent sous sa forme double brin, les bases de l’ARN
peuvent s’apparier par liaisons hydrogène. l’ARN forme alors une structure secondaire (voir
l’exemple de la figure 1.2). Évidemment, la structure secondaire de l’ARN elle-même est un bon
indicateur quant au potentiel “réactif” de la séquence. Dans la suite nous allons présenter deux
résultats principaux liés à notre question de l’émergence de la complexité : l’importance de la
ligation dirigée par une matrice pour contrer les biais naturels (section 1.2.2) puis l’importance
de l’aspect dynamique dans les réactions chimiques en jeu (section 1.2.3)
1.2.2

Le problème de la richesse des séquences ARN

Les biais naturels Les premiers ribozymes ont dû émerger à partir d’ensembles de
séquences d’ARN courtes et peu diverses. Courtes, car les réactions non enzymatiques
d’assemblage de bases nucléotidiques ont des constantes de réaction faibles (voir
section 1.2.3 pour une discussion plus fouillée). Peu diverses, car les réactions d’assemblage,
quoique peu connues, ont toutes les raisons d’être biaisées. Biaisées en composition car
certains nucléotides seront soit plus disponibles que d’autres, soit plus réactifs[43].
Le besoin d’entropie (au sens de Shannon) En aucun cas, une définition basée sur l’entropie
de Shannon ne décrit correctement la fonction d’une quelconque séquence. En revanche, elle
représente la diversité compositionnelle, et fera la différence entre une séquence simple très
biaisée du type ’AAAAAAAAAAAAAAA’ aux multiples répétitions, et une séquence plus complexe
mais qui pourrait aussi être totalement aléatoire. La figure 1 du premier article reproduit dans
ce manuscrit (page 9) détaille plus précisément ce besoin d’entropie, en montrant que les
ribozymes connus ont tous une grande entropie de Shannon.
Le mécanisme de ligation dirigée par une matrice Nous nous sommes intéressés en détail
à un mécanisme particulier : la ligation dirigée par une matrice. Grâce aux liaisons hydrogène,
une molécule d’ARN peut jouer le rôle de matrice, et stabiliser deux fragments plus courts d’ARN
pour que ces deux fragments se lient entre eux[44].
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Résultats Nous avons combiné deux approches : une étude expérimentale et des simulations
numériques pour mettre en évidence que ce mécanisme de ligation dirigée par une matrice,
pouvait contrer les biais naturels en terme de composition de séquence. Nos simulations
stochastiques ont montré que ce mécanisme augmentait la diversité compositionnelle des
séquences ARN, et que cette augmentation était corrélée à un repliement vers des structures
plus stables. Un repliement plus stable étant, par ailleurs, un facteur important pour
promouvoir une activité catalytique. De plus, les simulations ont aussi montré que les
séquences formées en tenant compte de ce mécanisme sont plus longues, un autre facteur
important qui sera aussi discuté dans la section 1.2.3. Les résultats sont décrits plus en détail
dans le deuxième article reproduit dans ce manuscrit page 21.
1.2.3

Le problème de la taille des séquences ARN

Sans même tenir compte de la composition des séquences, la simple question de leur
taille est à poser. En effet, les réactions non enzymatiques ont des constantes de réaction très
faibles. De plus, l’ARN est une molécule assez peu stable qui s’hydrolyse facilement en plusieurs
fragments. La compétition entre concaténation (faible) de séquences, et l’hydrolyse (forte) a
tendance à déplacer l’équilibre vers des séquences de courtes longueurs. Ce qui diminue la
probabilité d’apparition de séquences fonctionnelles, qui doivent être longues pour pouvoir se
replier en structures secondaires complexes.
Equilibre Dans un système simple où nous ne considérons qu’un ensemble de nucléotides
qui peuvent soit se lier soit se fragmenter, nous avons montré que la distribution de taille est
exponentielle. Le détail du calcul se trouve dans les informations supplémentaires de
l’article[45].
Dynamique Nous avons montré que la dynamique dans ce genre de systèmes est un point
crucial. En particulier l’enchainement de différentes phases de polymérization, puis de
dépolymérization qui ne se produisent pas en même temps peut augmenter
considérablement la taille moyenne. Ces résultats sont présentés page 21.
1.2.4

Perspective : comment mieux quantifier la complexité biologique ?

Le problème principal dans la recherche de l’émergence de cette complexité est, comme
nous l’avons discuté précédemment, la définition même de la complexité biologique. Une
idée intéressante, mais difficile à mettre en œuvre, serait d’utiliser les développements de
l’intelligence artificielle pour caractériser la complexité biologique d’une séquence ARN.
L’intérêt est évident, car l’expérience a montré l’efficacité des méthodes de type machine
learning pour classifier des éléments dans le cas où la compréhension est pourtant
manquante[46]. La difficulté d’application de ces techniques réside dans le manque cruel de
données concernant les ribozymes. En effet, entraı̂ner un réseau de neurones nécessite un
nombre considérable de données, même s’il est délicat de savoir exactement combien[47].
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Dans notre cas, les ribozymes connus ne sont qu’une petite dizaine. On peut y rajouter les
aptamères qui sont de plus petites séquences mais qui ont elles aussi une activité catalytique ;
en général ils ont la capacité de se lier à une molécule en particulier. Cela fait de l’ordre de
la centaine de séquences supplémentaires. Toujours faible, donc. Pour avoir un ensemble
d’entraı̂nement suffisamment grand, il faut alors faire appel à des méthodes d’augmentation
de données[48]. C’est ce genre d’approche que nous avons commencé à regarder avec
Nicholas Guttenberg, spécialiste en intelligence artificielle au Earth-Life Science Institute de
l’Institut de Technologie de Tokyo.
1.2.5

Publications

Les deux publications détaillant nos résultats sont reproduites dans les pages suivantes.
— Julien Derr, Michael L. Manapat, Sudha Rajamani, Kevin Leu, Ramon Xulvi-Brunet,
Isaac Joseph, Martin A. Nowak, and Irene A. Chen. ”Prebiotically plausible
mechanisms increase compositional diversity of nucleic acid sequences.” Nucleic
acids research 40, no. 10 (2012) : 4711-4722.
— Roy S, Bapat NV, Derr J, Rajamani S, Sengupta S. Emergence of ribozyme and tRNA-like
structures from mineral-rich muddy pools on prebiotic earth. journal of theoretical
biology. https://doi.org/10.1016/j.jtbi.2020.110446 (2020)
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Prebiotically plausible mechanisms increase
compositional diversity of nucleic acid sequences
Julien Derr1, Michael L. Manapat2,3, Sudha Rajamani1, Kevin Leu1,
Ramon Xulvi-Brunet1, Isaac Joseph1, Martin A. Nowak3 and Irene A. Chen1,*
1

FAS Center for Systems Biology, 2School of Engineering and Applied Sciences and 3Program for Evolutionary
Dynamics, Harvard University, Cambridge, MA 02138, USA

ABSTRACT
During the origin of life, the biological information of
nucleic acid polymers must have increased to
encode functional molecules (the RNA world).
Ribozymes tend to be compositionally unbiased,
as is the vast majority of possible sequence space.
However, ribonucleotides vary greatly in synthetic
yield, reactivity and degradation rate, and their
non-enzymatic polymerization results in compositionally biased sequences. While natural selection
could lead to complex sequences, molecules with
some activity are required to begin this process.
Was the emergence of compositionally diverse sequences a matter of chance, or could prebiotically
plausible reactions counter chemical biases to
increase the probability of finding a ribozyme? Our
in silico simulations using a two-letter alphabet
show that template-directed ligation and high concatenation rates counter compositional bias and
shift the pool toward longer sequences, permitting
greater exploration of sequence space and stable
folding. We verified experimentally that unbiased
DNA sequences are more efficient templates for
ligation, thus increasing the compositional diversity
of the pool. Our work suggests that prebiotically
plausible chemical mechanisms of nucleic acid
polymerization and ligation could predispose
toward a diverse pool of longer, potentially
structured molecules. Such mechanisms could
have set the stage for the appearance of functional
activity very early in the emergence of life.

INTRODUCTION
The biology of modern organisms is based on RNA, DNA
and proteins, but this biochemistry was probably preceded
by a stage in which RNA molecules acted both as chemical

catalysts and carriers of genetic information. Evidence
for this early stage of life (the ‘RNA world’) includes the
similarity of ancient chemical cofactors to certain
ribonucleotides and the discovery that the catalytic core
of the ribosome is composed of RNA (1–5). Possible
pathways for the prebiotically plausible synthesis of the
components of RNA and the polymerization of
ribonucleotides have been reported by several groups
(3,6–8). While natural selection could enhance low catalytic activity, the very earliest ribozymes must have arisen
through chemical processes (3). Understanding the details
of this initial emergence is a deep conceptual puzzle (9).
The ﬁrst ribozymes must have emerged from pools of
short sequences that were low in diversity and information
content, but it is unclear how the complexity of these
pools could be increased (10,11). These sequence pools
would have been limited for at least two reasons. First,
monomers would have different abundances because they
are synthesized and degraded by different pathways. For
example, a concentrated eutectic phase solution of
ammonium cyanide yields signiﬁcantly more adenine
than guanine, uracil and cytosine (roughly 10 or more)
(6). Degradation affects the nucleobases differently, with
cytosine being particularly susceptible to spontaneous deamination (12). Indeed, the abundances of nucleobases
detected in meteorites also vary by one or more orders
of magnitude (13–16). Second, the rate at which different
monomers are polymerized can vary by an order of magnitude (6,17–20). In one study of montmorillonitecatalyzed RNA synthesis, this bias led to a large reduction
in diversity, as only 3 out of 32 possible pentamer
sequences were formed in detectable amounts from a
mixture of activated A and C monomers (21). These
biases reduce the diversity of the sequences generated, restricting exploration of sequence space and thus reducing
the probability of generating a sequence with biological
function. While compositional biases might increase the
probability of generating functional RNA (22–24), the
magnitude of the biases associated with prebiotically
plausible polymerization is still substantially larger than
potentially favorable biases. Interestingly, ribozymes with
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Phénomènes d’Auto-organisation dans le vivant

(article 1)

4712 Nucleic Acids Research, 2012, Vol. 40, No. 10

any two monomers or polymers. Realistic bias was
introduced in the simulation as either a concatenation
rate that depended on the identity of the 50 monomer
(e.g. reactivity ratio of 19:1), or as a difference in the
initial number of monomers of each type (e.g. abundance
ratio of 9:1). Template-directed ligation was possible if a
6-mer segment of one sequence (the template) was complementary to the trimer at the 30 -end of one substrate and
the trimer at the 50 -end of the second substrate. Any
sequence of length 6 or greater was a potential template;
any sequence of length 3 or greater was a potential substrate. Circularization reactions were not considered.
Hydrolysis of phosphodiester bonds occurred at a
constant rate per bond. Characteristics of the system
(average length and Ck) were measured at exponentially
increasing time steps (i.e. 0, 1, 2, 4, 8, etc), and steady state
was considered to be achieved when the characteristics at
consecutive time steps deviated by <0.1%. SEs for these
measurements were calculated from multiple simulation
runs. The deterministic simulation used the same reactions
as the stochastic simulation and kept track of the abundances of all possible sequences as the system evolved. The
system was truncated at a maximum polymer length (typically 12) for computational tractability (i.e. polymers of
the maximum length could not undergo further concatenation or ligation). Average Ck, average length and diversity were computed using steady-state abundances. The
simulations were performed on the Odyssey Cluster of
the FAS Research Computing Group at Harvard
University. See Supplementary Data for simulation
details.

MATERIALS AND METHODS

Experiment: degenerate oligonucleotides for
template-directed ligation of a heterogeneous sequence
pool of DNA (four bases)

Simulations
Two types of simulation were performed (stochastic and
deterministic). Both simulations are limited for computational reasons. The stochastic simulation keeps track of
each monomer or oligomer and implements a speciﬁc
reaction at each time step. In practice, the simulation
cannot keep track of an inﬁnite number of reactants and
possible reactions, so the system is limited by the total
number of monomers considered. This mimics a protocell
containing a relatively small number of monomers
(e.g. 400, in which case the longest possible sequence
would be 400 monomers). The stochastic simulation can
generate sequences of ribozyme length. In contrast, the
deterministic simulation keeps track of all possible
species and reactions among them simultaneously,
mimicking a very large, well-mixed system. In practice,
the deterministic simulation cannot keep track of an
inﬁnite number of species, so the system must be truncated
at a certain maximum length (e.g. 12).
The stochastic simulation was based on the Gillespie
algorithm (33). Each simulation began with a pool of
monomers. The total number of monomers in the
system was typically limited to 400. During each iteration,
an exponential waiting time was generated before a single
reaction (concatenation, template-directed ligation or hydrolysis) occurred according to the relative rates of all
possible reactions. Concatenation could occur between

In heterogeneous pool reactions, all oligonucleotides were
composed of A,C,G,T. Degenerate DNA oligonucleotides
were obtained from Keck Oligo Synthesis Resource (Yale
University, New Haven, CT, USA). Octamers and templates (40-mer) were synthesized as 50 -NNNN. . . using the
facility’s standard procedure for equimolar, degenerate
oligonucleotides. Oligos were puriﬁed by reverse-phase
cartridge. Octamers were phosphorylated as noted
below, using non-radiolabeled ATP.
Experiment: template-directed chemical ligation reactions
(four bases)
Reagents were purchased from Sigma-Aldrich (St Louis,
MO, USA) unless otherwise speciﬁed. Synthetic degenerate oligonucleotides (templates of length 40;
50 -phosphorylated substrates of length 8) were mixed
and ligated using cyanogen bromide following a previously published procedure (34). Reactions contained
1–2 mM DNA template and 16 mM DNA octamers.
DNA sequences were mixed with buffer [0.23 M 2-(Nmorpholino)ethanesulfonic acid, pH 7.4] and 19 mM
MgCl2, in 4.5 ml of aqueous solution, heated to 95 for
3 min and annealed by cooling on the benchtop for
15 min. The solution was placed on ice for 5 min and
0.5 ml CNBr (5 M in acetonitrile) was added (ﬁnal

Downloaded from https://academic.oup.com/nar/article-abstract/40/10/4711/2411752 by guest on 09 February 2020

limited compositional diversity have been made by a combination of rational design and in vitro evolution on restricted alphabets, but the resulting ribozymes exhibited
decreased catalytic efﬁciency (the three-letter alphabet
gave a 2500-fold decrease in kcat relative to the four-letter
alphabet; the two-letter alphabet gave a further 10-fold
decrease in kcat as well as a large decrease in total
product conversion due to ribozyme misfolding) (25,26).
While ﬁne-tuning the conditions—e.g. by adjusting
monomer ratios to counteract reduced reactivity or
limiting UV irradiation to attain an appropriate
monomer ratio (7,27,28)—could potentially overcome
these biases, such conditions would be unlikely early on.
Therefore, we sought more general mechanisms to counter
compositional bias in nucleic acid pools undergoing
prebiotically plausible reactions. Our experiments using
DNA and simulations of binary sequences demonstrate
that template-directed ligation is one such mechanism.
Our RNA folding simulations suggest that compositionally diverse sequences are more likely to fold into stable
structures compared with the substantially biased sequences that would be derived from template-independent
processes. Greater stability is one of the factors promoting
greater functional activity in RNA aptamers (29,30). In
addition, our simulations indicate that template-directed
ligation would shift the pool toward longer sequences,
another important factor for activity (31,32). Our results
suggest that a broad exploration of interesting sequence
space was possible in prebiotic sequence pools despite
initial chemical biases.
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0.5 M). After 1 min, the reactions were quenched by 100 ml
ethanol, ethanol precipitated for >1 h at 20 and
centrifuged at 12 000g at 4 for 30 min. Supernatant was
removed and the pellets were dried on the benchtop overnight. The pellets were resuspended in 50 ml of water and
aliquots were mixed with loading buffer for electrophoresis through a 24% urea-polyacrylamide gel following a
standard protocol.

Ligation products of length 16 were puriﬁed by urea–
PAGE. Products were dephosphorylated with alkaline
phosphatase following the manufacturer’s protocol (all
enzymes were obtained from New England Biolabs,
Ipswich, MA, USA, unless otherwise speciﬁed), phenol–
chloroform extracted and ethanol precipitated. Products,
templates and octamers were resuspended and ligated to a
barcoded 30 adapter sequence for Illumina sequencing
using T4 RNA ligase. The barcoded 30 adapter sequences
were (lowercase = RNA):
TAG1: 50 -ucgTGTCGTATGCCGTCTTCTGCTTGTddC,
TAG2: 50 -ucgCATCGTATGCCGTCTTCTGCTTGTddC,
3-TAG1: 50 -ucgTACTCGTATGCCGTCTTCTGCTTGT
ddC,
3-TAG2: 50 -ucgACATCGTATGCCGTCTTCTGCTTG
TddC,
3-TAG3: 50 -ucgCTATCGTATGCCGTCTTCTGCTTGT
ddC.
Products were gel puriﬁed by urea–PAGE and
phosphorylated by PNK following the manufacturer’s
protocol, phenol–chloroform extracted and ethanol
precipitated. Phosphorylated products were then ligated
to the 50 adapter sequence for Illumina sequencing using
T4 RNA ligase. The 50 adapter sequence was: 50 -AATGA
TACGGCGACCACCGACAGGTTCAGAGTTCTA
Caguccgacgauc. Products were gel puriﬁed by urea–
PAGE and reverse transcribed with SuperScript III RT
(Invitrogen, Carlsbad, CA, USA). cDNA products were
gel puriﬁed on urea–PAGE and directly sequenced on an
Illumina (Solexa) Genome Analyzer II. Polymerase chain
reaction was not performed in order to avoid bias due to
differential PCR ampliﬁcation. As controls, template and
substrate DNA were also prepared for sequencing following the same procedure.
Experiment: sequence analysis (four bases)
Sequence reads of the appropriate length containing the
appropriately barcoded 30 adapter sequence were extracted. The compositional diversity of each sequence
was calculated for subsequence length k = 3. To eliminate
effects due to the total length of the sequences, length 16
was chosen for analysis. Products were already of this
length. For templates (length 40), C3 was calculated for
all 16-mers contained in the template and the average was
used as the C3 of the template. For octamers (length 8),
simulated 16-mer ‘products’ were generated in silico by
randomly
joining
octamer
sequences
obtained

Experiment: template-directed ligation with a single
template (two bases)
Each reaction contained 1–2 mM DNA template and
16 mM random radiolabeled DNA octamers (Euroﬁns
MWG Operon, Huntsville, AL, USA and SigmaAldrich, St Louis, MO, USA). In single-template reactions, the template oligonucleotides were composed of C
and T while the octamers were composed of A and G. The
templates used in the reactions of Figure 3b were:
50 -TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT,
50 -CTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCT,
50 -TCCTTCCTTCCTTCCTTCCTTCCTTCCTTCCT,
50 -CCTCTTCTCCTCTTCTCCTCTTCTCCTCTTCT,
50 -CTCTTCTTTTCTCCTCTTCTTTTCTCCTCCCC.
This set of templates utilizes a relatively small subset
(25) of the theoretically possible octamers. These 25
octamers were mixed in equimolar ratio, phosphorylated
and radiolabeled by T4 polynucleotide kinase (New
England Biolabs, Ipswich, MA, USA) and added to
the reaction, which was performed as described earlier.
Band intensities were measured using a Typhoon TRIO
Variable Mode Imager (Piscataway, NJ, USA). See
Supplementary Data for more details.
DEFINITIONS AND MODEL
Measuring compositional bias for a given sequence
To measure the compositional bias, we use a deﬁnition
inspired by grammar complexity and the Shannon
entropy (35–37). For a sequence s of length L, we deﬁne
Hk(s) by
X
Hk ðsÞ ¼ 
pi log2 ðpi Þ,
i

where i is the index of a unique string of length k (k < L;
i = 1 to 2k for a binary string) and pi is the frequency of
the ith k-mer within s. If k = 1, Hk is just the Shannon
entropy. The Hk for various k describe the compositional
bias of a sequence, and the Hk for k > 1 reveal information
that H1 by itself does not. Consider this hypothetical
scenario: ‘0’ tends to follow ‘1’ and vice versa, such that
most sequences are alternating (e.g. ‘01010101. . .’). In this
case, H1 would be high even though the sequence is not
very diverse. However, H2 is low, reﬂecting the lack of
diversity on the ‘2-mer’ scale, and so on for higher k.
The Hk have the advantage of being straightforward to
compute and relevant for RNA folding, and measuring
the diversity of potential template subsequences (see
below). Like any simple measure, however, they suffer
from some drawbacks. First, Hk for a ﬁxed k can
suggest high internal sequence diversity when the
sequence is actually highly regular. Some well-known
measures of complexity [e.g. the number of states in the
smallest ﬁnite state machine accepting the sequence (38),
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Experiment: next-generation sequencing of templates and
products of template-directed ligation (four bases)

experimentally, and the C3 of these simulated random
products was calculated.
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Table 1. Example RNA sequences, compositional diversity and folding energy predicted by
Viennafold (41)
Sequence (50-mer)

C4
1.0

Em
(kcal/mol)
–9.1

CAAAAAAAAAACAAUAAUAAAUGGACAAUAACCCCAUUAAAAGAAGAUAC

0.84

–3.0

AUAAAAAAAAAAGAAAAAUUACAUAAAAAAAAGAAAUAAAACAAAAUAAC

0.65

0

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

0

0

AUGGUAAGUUCCCAAGGCGGGUUGGAAGAGAUAUCAUAGGAGCUUGUCGU
(GTP aptamer 10-59)
AUAUAUAUAUAUAUAUAUAUAUAUAUAUAUAUAUAUAUAUAUAUAUAUAU

1.0

–11.9

0.18

–20.6

In rows 2 and 3, adenine is 5- or 10-fold more abundant than the other bases, respectively, representing a realistic bias in composition (6). The ﬁfth row contains the sequence of a known aptamer (42);
other sequences were computer-generated. The sixth row illustrates an unusual sequence with low C4
and low folding energy.

or algorithmic complexity, the length of the shortest
program generating the sequence (39,40)] do not suffer
from this limitation, but they are intractable to compute
and do not incorporate information about the scale at
which the underlying chemical processes are operating.
Second, the calculation of Hk for k > 1 involves nonindependent, overlapping sequences. This would be appropriate for measuring the diversity of potential
ligation sites. However, one might imagine a scenario
with much competition for binding to the same template
(high concentrations of similar sequences); in that case,
overlapping sites might interfere with one another and
perhaps an alternative measure of diversity would be
more appropriate. Nevertheless, we ﬁnd Hk to have heuristic value for the analysis described below.
The maximum possible Hk (Hmax
k ) grows with total
sequence length L. To focus on composition rather than
length, we deﬁne the relative compositional diversity Ck of
a sequence to be the ratio Hk(s)/Hmax
k (L). In addition, we
only compare Ck for sequences of the same length. Ck(s)
measures the heterogeneity of strings of length k within
sequence s. Ck(s) is zero when all subsequences are identical, and Ck(s) is one when all possible subsequences
appear equally often in s (Table 1). For our purpose, if
k is chosen to be too small, the compositional bias of
longer k-mers is not captured, but if k is too large, Ck
cannot distinguish well among different sequences. We
generally used k = 3 except when analyzing long sequences (50-mer), when we used k = 4.
We ﬁnd Ck to be a useful measure of the diversity of
k-mers within sequence s, because values of Ck close to 1
would be desirable in the RNA world for at least two
reasons. First, high Ck characterizes the vast majority of
sequence space, because the number of different sequences
corresponding to a particular composition is greater if the
composition is more uniform (43). The total number of
possible unique sequences varies approximately exponentially with Ck (Figure 1a). Biases in monomer composition

and reactivity would decrease the average Ck and thus
restrict the exploration of sequence space. For example,
a 10-fold bias in composition decreases the average Ck
from 0.94 to 0.43, which represents a severe restriction
in sequence space given the exponential dependence
(Supplementary Data). While sequence space might
contain many potentially structured molecules (44), any
search through sequence space for which the average Ck
is low would under-represent or omit a large fraction of
possible sequences. Therefore, high average Ck is desirable
for ﬁnding rare, functional molecules.
Second, Ck appears to be correlated with RNA folding
energy. Intuitively, an internally diverse sequence would
present more independent opportunities for ﬁnding complementary regions compared to a repetitive sequence of
the same length. A simple toy model for hairpin formation
veriﬁes this effect (Supplementary Data). Known ribozymes have nearly maximal C4 (average C4 of ribozyme
sequence families of length 40–60 is 0.970 ± 0.013;
Figure 1b, Supplementary Data) (45). On the other
hand, some repetitive sequences have both low Ck and
low folding energy [e.g. (AU)n; Table 1]. It is conceivable
that high Ck in ribozymes could be merely a reﬂection of
the fact that many were isolated from pools of nearly
random sequences, which have high average Ck. To understand the relationship between Ck and folding, we
computed the minimum folding energy (Em) for a large
number of random RNA sequences (Figure 1c and
Table 1). The fact that most random sequences have
high Ck would cause a spurious correlation between Ck
and Em simply because a greater range of Em is sampled by
more sequences at high Ck. To determine the correlation
between Ck and Em independently of this effect, we binned
the RNA sequences according to C4 and analyzed an
equal number of unique sequences in ﬁve bins centered
between 0.6 and 1. We also limited our analysis to sequences with GC content of 40–60%, to avoid potential
effects due to GC content alone. The folding energies are
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Measuring diversity of a pool
To quantify the diversity among different sequences in a
pool, we also measure the population-level entropy D of a
pool of molecules:
D¼

N
X

ni log2 ðni Þ,

i¼1

Figure 1. Compositional diversity, sequence space and predicted RNA
folding energy. (a) Most of sequence space is of high compositional
diversity. Histogram of C4 for RNA sequences, computed from random
sampling of 109 sequences of length 50 (black dots) in silico. The
complete histogram for all possible sequences of shorter length is computable and is similar to that of the random sample of 50-mers (length
10 = blue, 12 = pink, 14 = green, 17 = orange). (b) Compositional diversity (C4) and predicted minimum folding energy (Em) for known
ribozymes (length 40–60; see Supplementary Data) (45) are shown as
blue dots with mean and SD (blue lines). (c) C4 versus Em (black dots)
predicted by Viennafold (41) for 2.5  106 RNA sequences of length 50.
To minimize effects from GC-content, we restricted the in silico
sampling to sequences whose GC content is 40–60%. To avoid
sampling artifacts, sequences were assigned to ﬁve bins according to
C4, and an equal number of unique sequences were analyzed in each
bin. The bin averages are shown as the red line (see Supplementary
Data for values and SDs).

where i is an index for unique sequences, N is the total
number of unique sequences in the pool and ni is the
fraction of sequences in the pool that consist of copies
of the ith sequence. D is zero if all molecules are identical
and D is maximal when molecules are distributed uniformly through sequence space. In contrast to Ck (a
property of each sequence), D is a property of the entire
pool.
Simulations of prebiotically plausible reactions
To understand the effect of prebiotically plausible
chemical reactions on compositional diversity, we ﬁrst
simulated a population of binary sequences undergoing
three reactions: concatenation, template-directed ligation
and hydrolysis. During concatenation, the 50 -end of
one monomer (or polymer) reacts with the 30 -end of
another monomer (or polymer) with rate constant kcon.
This process ﬁrst polymerizes monomers into oligomers, and later joins monomers and oligomers in
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correlated with C4, and collectively the Ck explain 61% of
the variance in Em according to principal components regression analysis (Supplementary Data). There is a
notable paucity of energetically stable, low C4 sequences.
While stable folding is believed to be a prerequisite for
function (46), Ck is not a perfect predictor of function. For
example, sequence libraries containing deliberate repetitive patterns (alternating purine/pyrimidine) would have
lower Ck on an average, but they perform at least as well
as random libraries during SELEX because the design
favors hairpin formation (46). Also, some rare structures
might only be formed if the composition is biased. For
example, sequences depleted in U and enriched in G are
more likely to form stable structures, presumably because
small regions of base-pairing are stabilized by this composition (22). Computational studies suggest that structures with long loop regions are favored by enrichment
for A and C, and the optimal composition depends on
the desired motif and structure (24). Loop regions in ribosomal RNAs tend to be A-rich, while G, C and U tend to
comprise the stems (47). RNA folding simulations suggest
that folding could be improved by a small compositional
bias (nucleotide frequencies within 2-fold of each other)
(23). It should be noted that the relationship of sequence,
structure and function is complex and not yet fully understood, and well-folded structures are not always functional; mutations that preserve ribozyme fold might still
destroy activity. Nevertheless, to the extent that structure
may be important for function, in general Ck is a measure
of compositional diversity and structural potential for a
given sequence.
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Model parameters
The parameters of our simulations are the two dimensionless ratios: rcon = kconc0/kh, where c0 is the concentration
of monomers, which gives the relative strength of concatenation and hydrolysis; and rlig = kligc0/kcon, which gives
the relative strength of template-directed ligation and concatenation. In experiments, c0 is usually in the millimolar
range, rcon is roughly 1–100, and rlig is between 103 and 107
(see Supplementary Data), so we use these parameters in
our simulations. For computational tractability, we use a
two-base system in the modeling for the purpose of
building intuition. A two-base system has been proposed
as a progenitor of the four-base system (12,58), and a
ribozyme can be composed of only two bases (25).
However, because a four-base system would be more realistic and it has been argued that this alphabet size is
optimal (59), we also investigated the four-base system
to the extent that it was computationally tractable.
Regardless, a four-base system is used in our DNAbased experiments testing the predictions of the
simulations.
Based on these chemical reactions, we implemented a
stochastic simulation of a small reactor (e.g. a protocell)
and a deterministic simulation mimicking a very large
reactor. The stochastic simulations were initiated with
400 monomers (corresponding to a concentration of
10 mM in a protocell 50–100 nm in diameter). We
recorded the average Ck, D and the length distribution
after the reactors reached steady state (Supplementary
Data). While the stochastic results are most relevant to
prebiotic protocells, we used the deterministic results to
understand diversity for computational reasons. The deterministic simulations are generalizations of a previously
described ‘prelife’ framework (Supplementary Data)
(60–62). We examined both possible sources of bias:
(i) biased reactivity and (ii) biased initial monomer abundance. Based on the reactivity and abundance differences
of the literature cited earlier, the bias examined in each
case was roughly one order of magnitude.

RESULTS
Simulation: template-directed ligation causes a shift
toward longer sequences
In the absence of template-directed ligation, both sources
of bias resulted in an exponential relationship between
length and abundance at steady state, with the scaling
determined by the ratio rcon. We give an analytical proof
of this relationship, which has been seen in other models
of polymerization (63), in Supplementary Data. While
increasing concatenation would also create longer
products due to greater bond formation, even high concatenation rates would still give an exponentially
decreasing distribution of lengths. In contrast, templatedirected ligation skewed the distribution qualitatively
toward longer lengths (Figure 2a and Supplementary
Data), resulting in a substantial excess of long sequences
compared to an exponential distribution. The skew may
occur because this process uses somewhat long substrates
(greater than or equal to three bases) to make longer
products in relatively few steps. Since ribozymes and

Figure 2. Template-directed ligation increases average length and compositional diversity in silico. (a) Length distribution of binary sequences
with or without template-directed ligation [rlig = 0 (red) or 106 (blue);
rcon = 10 in both cases]. Length is the number of bases per molecule.
(b) Compositional diversity C3 at several rcon values, with or without
template-directed ligation, when monomer reactivity is biased [19-fold
difference between kcon; rlig = 0 (red) or 106 (blue); length = 15].
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template-independent
reactions.
Template-directed
ligation can occur when two oligomers anneal adjacent
to one another on a template sequence, leading to the
ligation of the two oligomers with rate constant klig (48).
Template-directed ligation appears to be a general phenomenon, occurring with peptides, small molecules and
nucleic acids (49–51), and it can greatly accelerate bond
formation (52–54). Interestingly, template-directed
ligation of oligonucleotides appears to be relatively
unbiased compared to monomer polymerization,
permitting the incorporation of nucleotides that are effectively unreactive as monomers (55). For the purpose of
modeling, we assume that three or more adjacent
‘Watson–Crick base-pairs’ (i.e. 0’s pairing with 1’s in
our two-letter model) are required for annealing
(34,54,56,57). Finally, hydrolysis of phosphodiester
bonds, an important process for RNA molecules, occurs
in our model at a constant rate per bond (kh).
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aptamers typically have a length of 30 bases or greater
(45), template-directed ligation could improve the chance
of obtaining functional molecules simply by increasing the
number of long polymers. For example, as rlig increased
from 0 to 106 (rcon = 10), the mass fraction of
ribozyme-length sequences (>30 bases) increased from
0% (numerically undetectable) to >5%. A similar trend
is seen using a four-base simulation (Supplementary
Data).

Template-directed ligation increased the average compositional diversity C3 beyond that achieved by concatenation
alone when analyzing product sequences of the same
length. When reactivities were biased, C3 depended on
the rates of both concatenation and template-directed
ligation. Without template-directed ligation, a system
with higher rcon had higher average C3 (Figure 2b). This
effect appears to be a consequence of mass action, as the
less reactive monomer is increasingly incorporated into
polymers when concatenation is fast relative to hydrolysis.
A simpliﬁed analytical model demonstrates this effect
(Supplementary Data). However, at a given rcon,
template-directed ligation further increased average C3
(Figure 2b), particularly at low concatenation rates. A
four-base system appears to give similar results, with the
caveat that our analysis was limited by computational
tractability (Supplementary Data). Since templatedirected ligation, like concatenation, increased the
amount of bond formation relative to hydrolysis, one
possible explanation might again be mass action.
Therefore, we also measured C3 as a function of the
total rate of bond-forming events (concatenation and
template-directed ligation). At the same rate of bond formation, template-directed ligation still increased the C3 of
the sequences, such that the majority of the increase of C3
with rlig was not simply the result of increased bond formation (Supplementary Data). Another possible mechanism for this increase is that template-directed ligation is a
relatively unbiased mode of ligation compared to concatenation. To illustrate this point, we performed simulations
in which we artiﬁcially relaxed the requirement for complementary base-pairing in template-directed ligation,
which we call ‘relaxed-ligation’. Relaxed-ligation retains
the effect of introducing unbiased reactions while
eliminating the more subtle effects stemming from the
information content of the reacting sequences. Relaxedligation produces average C3 that are similar to comparable
template-directed
ligation
simulations
(Supplementary Data). This result suggests that the
unbiased nature of template-directed ligation is an important explanation for the increase of C3 with templatedirected ligation.
In simulations where monomer abundance was biased,
concatenation alone resulted in relatively low average C3
(0.4), independent of rcon. The effect of templatedirected ligation was complicated but it tended to
increase compositional diversity (Supplementary Data).
This may be due to increased incorporation of the less

Simulation: diversity of the pool
While Ck measures internal heterogeneity in a sequence
and D measures population-wide diversity, we found
that these measures were highly correlated in our simulations across a range of parameters (Supplementary Data).
Therefore, increased average compositional diversity
within a sequence implied increased diversity among molecules in the pool.
Experimental: compositional diversity in template-directed
ligation of DNA
To experimentally test our main prediction that
template-directed ligation increases the average compositional diversity of a heterogeneous pool of sequences containing all 4 nt, we performed template-directed ligation in
a pool of sequences made by degenerate DNA oligonucleotide synthesis with all four bases (A, C, G, T).
The experiments described here were performed with
DNA (not RNA). We chose to use DNA because reactivity differences during synthesis are well known (64). Slight
differences in phosphoramidite reactivity result in small
biases in the composition of a degenerate pool, analogous
to the larger biases resulting from reactivity differences in
prebiotic syntheses. Since the reactivity biases in
phosphoramidite synthesis are relatively small, this experiment is a stringent test of whether template-directed
ligation can increase average Ck. We studied whether the
bias would be countered by template-directed ligation.
Degenerate templates (length 40; four bases) and
octamer substrates (four bases) were used to perform
ligation. The size difference between the templates, substrates and expected ligation products permitted later gel
puriﬁcation of the products. Bond formation was
catalyzed by cyanogen bromide after an annealing step
(34) and the products of ligation were isolated by gel puriﬁcation. Templates, octamers and products were
sequenced using the Illumina platform (Supplementary
Data). We measured the proportion of sequences that
had C3 close to that of ribozymes (C3 of 0.95 or greater)
and found that the ligation products were signiﬁcantly
shifted toward higher C3 compared to the templates
(Figure 3a and Supplementary Data). Ligation products
also had higher C3 than sequences predicted from random
concatenation of the sequenced octamers, indicating that
template-directed ligation could increase average C3
beyond unbiased concatenation by favoring compositionally diverse templates. The proportion of ligation products
of high C3 was similar to that of a uniform random pool,
indicating that template-directed ligation quantitatively
countered the initial bias of synthesis (Figure 3a). The
shift was not due to artifacts from comparing samples of
different length, experimental bias during sequencing or a
shift in GC content (Supplementary Data). We attempted
to ascertain whether sequence elements from a recently
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Simulation: template-directed ligation increases
compositional diversity

abundant monomer through complementary base
pairing in addition to the effects detailed below. Overall,
both sets of simulations suggested that template-directed
ligation caused a relative increase of compositionally
diverse sequences.
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described RNA replicase (65) could be found at greater
frequency in the pool of template-directed ligation
products compared with random concatenation of the
octamers; no difference was apparent by this test
(Supplementary Data), but the importance of this
ﬁnding is tempered by our incomplete understanding of
the sequence elements supporting ribozyme function.
The error of our measurements of compositional diversity in ligation reactants and products could be calculated
in two ways: (i) SD among experiments, as shown in
Figure 3a or (ii) SD from bootstrapping subsamples.
The error (i) reﬂects the deviation between experiments.
The error (ii) reﬂects the sampling error of
sequencing. The sampling error is similar in magnitude
to the error between experiments (Supplementary Data).
Also, a possible source of differences between templates,
octamers and ligation products is bias introduced by RNA
ligase during preparation for deep sequencing. This bias
is most pronounced at the 50 - and 30 -ends of the sequence reads (66). To conﬁrm that the differences in
measured Ck among these samples were not due to artifacts from bias at the ends of the sequences, we
randomized the ﬁrst and last base of each sequence read
(i.e. replaced the 30 and 50 bases with a randomly chosen
base: A,C,G,T). The Ck of this end-randomized set of
sequences were calculated. We found that endrandomization did not affect the conclusion that ligation
products had signiﬁcantly higher Ck than the templates
and octamers (Supplementary Data).
These results conﬁrmed the prediction that
template-directed ligation increases the compositional diversity of a heterogeneous pool of DNA sequences
comprising four bases. One possible mechanism for this
increase could be that internally diverse sequences were
better templates. We can calculate the ratio R of the

probabilities of template-directed ligation occurring on a
high Ck (phigh) versus low Ck (plow) template:
R¼

phigh
1  ð1  p1 p2 ÞN
¼
plow p1  ð1  ð1  p2 ÞN Þ

where p1 is the probability of the template annealing to
two adjacent fragments and p2 is the probability of bond
formation. Both p1 and p2 are <1 in practical situations.
The ratio R is therefore always >1 (Supplementary Data),
meaning that high Ck sequences are more likely to be templates. Therefore, templates with high Ck should be more
likely to propagate their sequence information.
To test this experimentally, we studied the dependence
of ligation efﬁciency on C3 for different templates. A set of
binary DNA templates (two bases: C,T; 32-mer) of
varying C3 was designed such that any 8-mer subsequence
within the templates was 1 of 25 known octamer sequences
(two bases: A,G), allowing the use of a deﬁned set of substrates. Although this base composition is not a good
mimic of a prebiotic reaction, it was chosen to minimize
intramolecular secondary structure in order to focus on
the effect of sequence heterogeneity. The templates were
mixed with an excess of radiolabeled 50 -phosphorylated
binary DNA octamers (A,G; Supplementary Data). All
sequences had a GC content of 47–50% except for the
template with C3 = 0. Ligation reactions were analyzed
by polyacrylamide gel electrophoresis to visualize higher
molecular weight products. We found a positive relationship between C3 and amount of products formed
(Figure 3b). A similar trend was observed using random
degenerate octamers and longer templates (Supplementary
Data). This suggests that ligation efﬁciency on heterogeneous templates is one mechanism by which Ck increases
in the products of template-directed ligation.
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Figure 3. Experimental relationship between compositional diversity and template-directed ligation. (a) Fraction of DNA sequences having high
compositional diversity (C3 > 0.95; analysis length = 16) after template-directed ligation in a heterogeneous pool of degenerate oligonucleotides
including four bases. A greater fraction of reaction products (yellow) have high C3 relative to the templates (red = average C3 of 16-mers contained
in sequenced 40-mer templates) and substrates (orange = C3 of 16-mers from in silico non-templated, random concatenation of experimentally
sequenced octamers). The fraction of high C3 sequences in a uniform random pool is shown in green. Error bars are SDs from replicate sequencing
experiments. (b) Polyacrylamide gel showing higher molecular weight products of template-directed ligation for different single templates from a
binary alphabet. Molecular weight markers are given in the left lane. ‘Ø’ indicates a reaction without template added. Template C3 increases from left
(C3 = 0) to right (C3 = 0.97; see ‘Materials and Methods’ section for list of sequences).
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Figure 4. Proposed prebiotic scenario. Monomers ﬁrst concatenate into compositionally biased short oligomers. When the oligomers are long
enough to act as templates, template-directed ligation produces relatively long, compositionally diverse sequences. These sequences can fold into
stable structures, some of which may be catalytically active, leading to the RNA world.

Our simulations and experiments suggest that compositional diversity in a pool of nucleic acids could have
emerged early on, despite biases in monomer abundance
and reactivity. The increase due to template-directed
ligation may have at least two causes. First,
template-directed ligation is relatively unbiased
compared to concatenation, so it would counter the intrinsic bias of the system. Second, ligation may happen more
efﬁciently on a compositionally diverse template, because
internal sequence correlations in a low Ck template reduce
the number of independent possibilities for ligation.
Essentially, a compositionally diverse template could
utilize a greater fraction of the substrate pool while the
subsequences within a repetitive template would compete
with each other for substrates.
While it may be possible to imagine scenarios where
different biases cancel one another to produce complex
pools, such ﬁnely tuned rates are unlikely in real
systems. Based on our results using two-letter simulations
and template-dependent DNA ligation, we can suggest the
following prebiotic scenario (Figure 4). Initially the
sequence pool would consist of short, highly compositionally biased sequences resulting from differences in reactivity among the nucleotides. However, once these sequences
become long enough to serve as templates (length  6), the
general mechanism of template-directed ligation would
favor propagation of internally diverse sequences. A
small increase in diversity would correspond to an exponentially large increase in the fraction of sequence space
that would be explored. One should note that the optimal
compositional diversity for forming secondary structures
may be less than the maximum possible. For example,
compositional bias toward GC-rich sequences may be a
reasonable criterion for identifying non-coding RNAs in
the genome due to the effect on folding stability (67),
although formal structure itself does not appear to be a
good criterion (perhaps because the compositional diversity of a genome tends to be fairly high, giving a relatively
large probability of forming structures). Nevertheless, it is
unclear whether the bias from prebiotic processes would
be in the correct direction to favor structures, and it would
still be desirable to increase diversity over the substantial
10-fold initial compositional bias estimated for prebiotic
reactions. As the compositional bias disappeared,
well-folded sequences could emerge. In addition,
template-directed ligation would rapidly stitch together
short sequences to produce a qualitative shift toward

long sequences. The combined effects on diversity and
length would enable the generation of ribozymes. These
ﬁrst inefﬁcient ribozymes could then ‘jump-start’ the evolution of sequences with greater function and complexity
through natural selection, especially within a spatially
restricted context (44,63,68).
Although it has been previously hypothesized that
abstract measures of primary sequence information are
unrelated to RNA function (11,69), we found a correlation between folding energy and Ck in silico. This
suggests that internal heterogeneity, which is calculable
from primary sequence alone, is an interesting measurement in addition to functional information or genomic
complexity (which require knowledge of functional
activity or ﬁtness, respectively) (36,69). An important
caveat regarding this relationship is that the minimum
free energy of a sequence is only one of several features
that would be important for functional activity. Other
features would also be desirable [e.g. a large energy gap
between the most stable fold and misfolded structures, or
low structural ‘plasticity’ (70)]. Many desirable features
are poorly understood. Interestingly, our simulations
results suggest that, although template-independent
processes result in exponential length distributions,
template-directed ligation would skew the distribution
qualitatively toward long sequences. A minimum length
appears to be required to ﬁnd certain activities. This was
demonstrated by a series of selections for isoleucine
aptamers that differed only by the length of the random
region; no aptamers were isolated at the shortest length
(16 bases) (32). Therefore, template-directed ligation may
increase the probability of ﬁnding functional molecules by
increasing the frequency of long sequences. Our results
also highlight the importance of templating as a special
property of nucleic acids during the origin of life: in
addition to enabling the faithful replication of information, the ability to template could have promoted a search
of functionally rich regions of sequence space.
Our modeling, while adequate for generating a hypothesis that could be experimentally tested, could be made
more realistic in several ways. The alphabet size could
be increased to include four bases, although this modiﬁcation is computationally expensive because longer sequences would be needed to differentiate among the
more varied compositions. Secondary structure could be
included, which might interfere with templating and
protect against degradation (71). The fact that our DNA
experiments (including a four-letter alphabet and the
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SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online:
Supplementary Figures 1–24 and Supplementary
References [75–86].
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detailed prediction of the outcome of prebiotically plausible reactions. Our experiments used DNA because biases
during synthesis are well known and we expect DNA to
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fold into catalytically active structures (73). Nevertheless,
an investigation of compositional diversity using RNA
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ﬁnding functional sequences also depends on the desired
activity. Functions that can be performed by short motifs,
such as aminoacylation or self-cleavage (24,31,74), could
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diverse and well-folded sequences might be produced as
a consequence of prebiotically plausible chemical
mechanisms.
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a b s t r a c t
The RNA world hypothesis, although a viable one regarding the origin of life on earth, has so far failed to
provide a compelling explanation for the synthesis of RNA enzymes from free nucleotides via abiotic processes. To tackle this long-standing problem, we develop a realistic model for the onset of the RNA world,
using experimentally determined rates for polymerization reactions. We start with minimal assumptions
about the initial state that only requires the presence of short oligomers or just free nucleotides and consider the effects of environmental cycling by dividing a day into a dry, semi-wet and wet phases that are
distinguished by the nature of reactions they support. Long polymers, with maximum lengths sometimes
exceeding 100 nucleotides, spontaneously emerge due to a combination of non-enzymatic, nontemplated polymer extension and template-directed primer extension processes. The former helps in
increasing the lengths of RNA strands, whereas the later helps in producing complementary copies of
the strands. Strands also undergo hydrolysis in a structure-dependent manner that favour breaking of
bonds connecting unpaired nucleotides. We identify the most favourable conditions needed for the emergence of ribozyme and tRNA-like structures and double stranded RNA molecules, classify all RNA strands
on the basis of their secondary structures and determine their abundance in the population. Our results
indicate that under suitable environmental conditions, non-enzymatic processes would have been sufficient to lead to the emergence of a variety of ribozyme-like molecules with complex secondary structures
and potential catalytic functions.
Ó 2020 Elsevier Ltd. All rights reserved.

1. Introduction
RNA polymers possess the ability to replicate and store information like DNA. These characteristics together with the discovery
of ribozymes (Kruger et al., 1982; Stark et al., 1978; GuerrierTakada et al., 1983) and regulatory RNA like riboswitches
(Gelfand, 1999; Miranda-Rios et al., 2001; Winkler et al., 2002;
Nahvi et al., 2002; Mironov et al., 2002) that responds to changes
in concentrations of a variety of small molecules provide indirect
evidence of an RNA world that preceded life based on DNA and
proteins. Despite such promising indirect evidence, several major
challenges (Kun et al., 2015; Gerald, 2002; Higgs and Lehman,
2014; Poole et al., 1998; Jeffares et al., 1998) remain for the RNA
world to be considered as a realistic epoch. The functional RNA
molecules present in the ribosome as well as the non-coding
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RNA regulators are all synthesized with the help of enzymes within
a living cell. Even though several ribozymes have been synthesized
in the lab primarily using in vitro selection experiments (Robertson
and Joyce, 1990; Jaeger et al., 1999), a major challenge of the RNA
world hypothesis lies in demonstrating the ability to abiotically
synthesize not just the RNA polymers but also their monomer
building blocks through non-enzymatic processes. Recent progress
on abiotic synthesis of pyrimidine ribonucleotides (Powner et al.,
2009; Powner et al., 2010; Cafferty et al., 2016; Mungi et al.,
2016) has provided deep insights into the chemical origins of such
informational molecules. Nevertheless, much work remains to be
done for a complete understanding of the emergence of functional
biomolecules via prebiotic synthesis. In addition to the challenges
of synthesis, the evolution of such biomolecules on primordial
earth also has to circumvent the error-threshold problem (Eigen,
1971) to ensure that they are not subject to mutational
degradation.
The non-enzymatic synthesis of long biopolymers depends crucially on environmental conditions. There has been much specula-
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tion on ideal prebiotic environments that can be favourable for
emergence of life that either invoke terrestrial geothermal pools
(Damer and Deamer, 2015) or hydro-thermal vents present on
the ocean floor (Baross and Hoffman, 1985; Martin et al., 2008).
While a purely aqueous environment promotes diffusion useful
for enhancing monomer availability required for polymer extension, it nevertheless leads to the hydrolysis of the existing polymers. Additionally, it results in dilution of the system making
collisions required for polymerization less favourable. On the other
hand, polymerization reactions are thermodynamically favourable
under dry conditions (Verlander et al., 1973) that also reduce
breaking up of existing polymers by hydrolysis of phosphodiester
bonds. But continuous dryness reduces the diffusivity of the molecules and hence reduces the reaction rates. Significant increase in
the likelihood of formation of RNA-like polymers is observed in
the presence of alternate wet-dry cycling conditions (Rajamani
et al., 2007; DeGuzman et al., 2014; Toppozini et al., 2013;
Forsythe et al., 2015; Mamajanov et al., 2014; Mungi and
Rajamani, 2015) prevalent in a primordial earth. In addition to concentrating the starting monomers, the dehydration phase also
enhances loss of water, thus promoting bond formation by facilitating the condensation reaction. This is thermodynamically unfavourable at room temperature in bulk water. The subsequent
rehydration phase also facilitates the re-distribution of the monomers and oligomers, consequently increasing the overall efficiency
of the reaction. Significantly, when lipids are involved in such wetdry cycling processes, they also protect the resultant RNA oligomers from degradation. Thus, such conditions have been shown
to be favourable for the formation of long polymers (25–100
nucleotides) especially in the presence of lipids (Rajamani et al.,
2007; DeGuzman et al., 2014; Toppozini et al., 2013) and salts
(Da Silva et al., 2014; Himbert et al., 2016) like NH4 Cl. Montmorillonite clay has also been suggested as a substrate (Huang and
Ferris, 2006; Joshi et al., 2009) that can enhance polymerization
rates resulting in synthesis of 50-mer long polymers. Nevertheless,
non-templated polymer extension rates achieved on clay are still a
couple of orders of magnitude less than template-directed polymer
extension rates. Such non-enzymatic template-directed primer
extension rates have been measured under various circumstances
(Bapat and Rajamani, 2015; Rajamani et al., 2010; Sosson and
Richert, 2018; Kervio et al., 2016; Jauker et al., 2015; Kervio
et al., 2014; Leu et al., 2012; Kervio et al., 2010) albeit with activated nucleotides, and suggested as a viable alternative mechanism for synthesizing long polymers.
Due to the time-limiting nature, relatively low yields of most
non-enzymatic reactions and limitation of our knowledge of prebiotic environmental conditions, experimental investigations are
often limited by the questions they can plausibly address. Considerable insights into prebiotic evolutionary processes can be derived
by supplementing experimental work with theoretical modeling. It
is therefore not surprising that several theoretical models have
been proposed to understand the origins of functional RNA polymers. Obermayer et al. (2011) showed that complex RNA replicators can emerge in an RNA reactor with a thermal gradient that
allows for spontaneous ligation of RNA strands (Obermayer et al.,
2011). Thermal gradient helps in accumulation of monomers,
which in turn helps the formation of longer RNA strands, thereby
increasing their abundance in the population (Kreysing et al.,
2015; Mast et al., 2013). Mathematical models have been constructed (Higgs, 2016; Spaeth and Hargrave, 2020) to obtain the
length distribution of non-enzymatically synthesized, RNA-like
polymers made out of just one type of monomer and wet-dry
cycles were found to facilitate formation of long polymers (Higgs,
2016). Monomer availability can control the dynamics of the system in the sense that lower rate of monomer flow can favor the

dominance of more complex sequences (Matsubara and Kaneko,
2018). Derr et al. (2012) showed that with a limited number of
monomers, template-directed ligation leads to a diverse pool of
RNA strands, where the individual strands also have high compositional diversity (Derr et al., 2012). Walker et al. (2012) analysed the
role of cycling and diffusion in a model of prebiotic polymer formation through template-directed process evolving in a flat fitness
landscape (Walker et al., 2012). Higher rates of template-directed
ligation were shown to lead to emergence of sequences having
the same type of chirality (Tupper et al., 2017). Most theoretical
models however rely on deriving conclusions through exploration
of parameter space that is unconstrained by experiments.
Our main aim in this paper is to use recent experimental data
on non-enzymatic rates of polymer extension with and without
templates to develop and analyse a realistic computational model
of prebiotic polymer formation. In the process, we explore the conditions under which long informational polymers, with the kind of
structural complexity observed in ribozymes, can emerge. The
chemical processes we examine would have occurred during the
earliest epoch of the RNA world and eventually led to the emergence of RNA replicases that were instrumental in accurate replication of strands. The latter epoch had to contend with competition
between selfish (those ribozymes that cannot replicate themselves
and depend on other altruistic replicases for their synthesis) and
altruistic RNA replicases (those ribozymes that can replicate themselves as well as their selfish counterparts) and uncover protocols,
either through spatial clustering or through confinement in protocells, that prevent unrestricted proliferation of selfish replicases
} et al., 2008; Branciamore et al., 2009;
(Szabó et al., 2002; Könnyu
Zintzaras et al., 2010; Takeuchi and Hogeweg, 2009; Takeuchi
and Hogeweg, 2012; Shay et al., 2015; Kim and Higgs, 2016;
Tupper and Higgs, 2017; Ma et al., 2010; Bianconi et al., 2013).
We allow for replication of RNA molecules via a templatedirected primer extension process in which an RNA strand can
act as template to extend a small primer by attaching monomers
to its leading end in a manner that results in complementary base
pairing with the corresponding nucleotides of the template. Upon
full extension the primer sequence will be complementary to the
template. But such processes are prone to errors, where at a low
rate, non-complementary monomers can also attach to the primer
resulting in a higher mutation rate in such systems (Rajamani
et al., 2010). Additionally, this effect has also been shown to
increase in the presence of prebiotically pertinent co-solutes
(Bapat and Rajamani, 2015). We examine the consequences of
reduced rates of primer extension after a mismatch (Leu et al.,
2012) on the length and type of sequences generated by using primer extension rates from experiments (Bapat and Rajamani, 2015;
Jin et al., 2018). We also incorporate the relatively slower but
nonetheless vital non-templated monomer/polymer extension
process by addition of a single monomer (concatenation) and show
that both these processes are essential for generating long, plausibly functional polymers with ribozyme-like structures.
To mimic the effect of prebiotic environmental cycles on polymer extension, we divide each day into different phases based on
temperature and dryness, where different reactions require different optimum temperatures for their occurrence. Even though the
average length of a day on the early Earth is thought to have been
shorter than today (Varga et al., 2006), our choice of 24 h for the
duration of a day lies within the bounds of reason. The dry phase
is preferable for spontaneous concatenation of polymers [Fig. 1
(A)] whereas the wet phase promotes hydrolysis of existing polymers. We first present a 2-phase analytical model, wellsupported by numerical simulations, to show how the effect of
cycling between wet and dry phases can lead to increase in average
length of the synthesized polymers. Template-directed concatena-
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Fig. 1. Pictorial representation of (A) non-templated concatenation process and (B)
template-directed primer extension process.

tion processes [Fig. 1(B)] are promoted under environmental conditions that allow for a supply of monomers to extend the primer
attached to the template while at the same time suppressing the
breaking of templates due to hydrolysis. Such conditions are prevalent in a semi-wet phase which motivated us to introduce a more
realistic 3-phase model where such a semi-wet phase is sandwiched between the dry and wet phases. We also incorporate
structure-dependent hydrolysis of existing sequences by imposing
different hydrolysis rates for the bonds that link unpaired nucleotides relative to the bonds that link singly or doubly-paired nucleotides (see Fig. 2) in the 3-phase model. We keep track of the
structural diversity of the RNA sequences during the entire
simulation.
Our simulations generated moderately long RNA strands with
average length  40 nucleotides, with a small fraction of sequences
extending even beyond 100 nucleotides, under certain conditions.
To better understand sequence diversity, we classified the
sequences on the basis of their secondary structures. We found
that longer sequences (>20 mers) often possessed complex foldable structures (single hairpin, double hairpin, hammerhead and
cloverleaf) of the type observed in ribozymes and tRNA. Under cer-

Fig. 2. Different types of phosphodiester bonds classified by their propensity to be
hydrolysed, depending on the presence of paired or unpaired nucleotides on either
side of the bond. If both nucleotides are unpaired, the hydrolysis rate is puu K hyd ;
where as if both of them are paired, the hydrolysis rate becomes ppp K hyd . If any one
of the neighboring nucleotides is paired, then hydrolysis occurs at a rate pup K hyd .
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tain conditions we also obtained long replicated copies (maximum
length > 30 nucleotides) of strands by the template-directed primer extension process which indicate how double-stranded RNA
molecules can also emerge via such process. Our work provides
conclusive evidence that, subject to certain environmental constraints, long RNA polymers may have been readily produced due
to a combination of both slower non-templated concatenation
reactions and relatively faster template-directed primer extension
processes. Many of the generated sequences were found to possess
complex structures that may plausibly be recognized as a proxy for
their catalytic capabilities. Even though we focus on the formation
of structurally complex RNA molecules, our results remain valid
even in a mixed RNA world where lipids, amino acids and small
peptides may also have been present. In particular, the presence
of lipids during environmental cycling will result in the RNA polymers being encapsulated in lipid vesicles forming protocells. This
can have a synergistic effect making some of the combined lipid
vesicle plus RNA polymer system more robust (Damer and
Deamer, 2020), paving the way for positive selection (Chen,
2004) to act on such protocells.

2. Methods
We choose the location of our system to be a muddy area on the
prebiotic earth (as found in the regions around geothermal pools),
which undergoes periodic hydration and dehydration due to the
effect of day-night cycles. Experiments typically use Oð10 mMÞ
monomer concentrations and Oð1 lMÞ polymer concentrations,

which means a 1 lm3 volume has Oð106 Þ monomers and Oð102 Þ
polymers on an average. Hence we consider a small open volume
of size  1 lm3 as our system, which describes a tiny fraction of
macroscopic volumes, but sufficient enough to extract the system
level properties from it. In the next section, we study a scenario
where each day is divided into 2 phases, a hot, dry phase followed
by a cold, wet phase. In subsequent sections, we introduce a semiwet (or semi-cold) phase between a dry (or hot) phase and a wet
(or cold) phase. The dry phase has the maximum temperature
 90 C, (a plausible temperature on primordial earth) and very
low amounts of water. Because of it’s high temperature, the dry
phase facilitates spontaneous concatenation, where a monomer
can concatenate to the 30 end of another monomer or an existing
polymer and form a phosphodiester bond. The system is assumed
to be rich in minerals. The concatenation rate in presence of minerals is taken to be consistent with rates reported in experiments
(Joshi et al., 2012; Ferris et al., 1996). The semi-wet phase sandwiched between the dry and wet phases is characterized by intermediate temperatures and intermediate amounts of water. The
semi-wet phase is suitable for template-directed primer extension
as the formation of hydrogen bonds between the templates and
primers requires a lower temperature, which is dependent on the
melting temperature (T m ) of the primer-template pair in question.
The presence of minerals increases the primer extension rates by
3-4-fold (Jin et al., 2018). The wet phase is the coldest one in which
the system is heavily hydrated by water. The wet phase facilitates
hydrolysis with rates that depend on the pH of the medium
(Bernhardt and Tate, 2012) and also allows for length-dependent
diffusion of polymers (Robertson et al., 2006) that preferentially filters out shorter polymers from the system. We assume a slightly
alkaline medium (pH = 8). The dry and semi-wet phase therefore
promote enhancement of polymer length in contrast to the wet
phase which leads to fragmentation of existing polymers. We
assume the monomers to be highly diffusive in all 3-phases as they
are the lightest molecules in the system. Because of the diffusive
nature of the monomers there is a constant inflow and outflow
of monomers into and out the system volume, making the mono-
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mer concentration effectively constant. Abiotic synthesis of new
monomers with time also helps ensure that the monomer concentration remains constant. Hence the concatenation and primer
extension rates are independent of the monomer concentrations
i.e. these reactions are pseudo 1st order reactions. But unlike the
monomers, the diffusion of the polymers is affected by the presence of water in the system, as they are much bigger compared
to the monomers. Polymers have highest diffusivity in the wet
phase and lowest diffusivity in the dry phase. Hence we neglect
non-templated ligation reaction between the polymers in dry
phase because of the low diffusivity of the polymers in dry phase
and also because of the fact that ligation reaction in general is significantly slower than concatenation reaction (K con  103 K lig )
(Mutschler et al., 2018; Joshi et al., 2012). Fig. 1 depicts the nontemplated concatenation and template-directed primer extension
processes respectively.
For the 2-phase model described in the next section, we begin
our simulations at the beginning of the dry phase while for the
3-phase model (described in subsequent sections), our simulation
begins at the onset of a semi-wet phase. We start with 100 homogeneously stacked sequences of lengths normally distributed
around 8 nucleotides. Stacked sequences are not formed by concatenation reactions but by condensation of monomers when there
are large number of monomers present in the system. The initial
strands are homogeneously stacked A or G polymers, in view of
the fact that purines can spontaneously aggregate to form poly-A
or poly-G sequences of small lengths. We neglect further stacking
of monomers during the simulation. Even though we used short
stacked sequences as initial condition for our 3-phase model, we
have verified that the initial stacked poly-A and poly-G sequences
have no effect on the final results. All our results also hold for the
case when we start the simulations with only free monomers at
the beginning of a dry phase. At the beginning of the semi-wet
phase we first check the templating efficiency of each strand. A
strand of length 10 nucleotides or more, will act as a template with
a probability ejEj=Ec , where Ec is the critical free energy for folding
of the strands into secondary structures. This functional choice of
templating efficiency is dictated by the fact that sequences with
lower free energy have better folding capability, whereas those
with higher free energy are less-likely to fold and therefore act
as better templates (Ivica et al., 2013). The critical free energy for
folding into secondary structures is taken as Ec = 2 kcal/mol (as
the thermal energy RT  0.6 kcal/mol at normal temperatures
and the probability of forming the secondary structures with minimum free energy is usually  0.4 (as found from the ViennaRNA
package (Lorenz et al., 2011)). Hence we choose Ec > 0.6/0.4 kcal/
mol). We choose a set of templates randomly from the set of
strands according to their templating efficiencies. We then attach
a monomer across the 30 end nucleotide of each of the chosen templates, to act as their primers, i.e. we begin with primers of length 1
nucleotide only. The type of the attached monomer depends on the
nucleotide at the 30 end of the template, across which it binds and
the corresponding relative reaction propensities for addition of the
four types of monomers (Bapat and Rajamani, 2015). The primers
are then allowed to extend along the 30  50 direction of the templates by step-wise addition of monomers according to the rates
determined from (Bapat and Rajamani, 2015; Leu et al., 2012). It
is further observed that when there is a mis-incorporation in the
previous step, i.e. a non-complementary monomer gets added
across the previous templating base, the extension rates are
reduced significantly and the probability of another misincorporation is increased (Leu et al., 2012). We use these experimentally determined rates in our model. Template-directed primer
extension rates after correct and incorrect base pairings are given
in Table 1 and Table 2 respectively. All of these rates are increased

by the same amount to account for enhanced rates in the presence
of minerals. According to Jin et al. (2018) the rate of addition of an
incoming G monomer across a C nucleotide on the template is
1

5:6 h in presence of mineral Iron(II), which is 3.54 times the rate
measured in Bapat and Rajamani (2015) in the absence of minerals.
Hence we multiply all of the rates taken from Bapat and Rajamani
(2015) and Leu et al. (2012) with a factor of 3.54 to get Table 1 and
Table 2. The strands which do not act as templates because of their
lower free energy, fold into secondary structures in the lower temperature of the semi-wet phase.
In the wet phase, the templates and their respective primers
remain connected by hydrogen bonds. The templates whose primers are not fully extended have a dangling part prone to hydrolysis. The rate of such process is proportional to the number of
phosphodiester bonds nbonds
dangle in the dangling portion i.e. the rate
will be puu K hyd nbonds
dangle , where the prefactor puu ¼ 1:0 for the dangle.
The bonds of the double stranded regions of template-primer pairs
are less prone to hydrolysis as those bonds have no open OH
groups that water molecules can attack. Hence, for the paired
regions, the hydrolysis rate is given by ppp K hyd nbonds
paired , where we
take prefactor ppp ¼ 0:01 for the paired region. The phosphodiester
bonds of folded single strands are also susceptible to hydrolysis.
But the folded (secondary) structures of such sequences, that promote base pairing between different regions of the sequence, can
protect them from hydrolysis in the same way as the paired region
of a template-primer is protected. Here also, the hydrolysis rate of
a bond depends on whether the bases on both side of the bond are
paired or unpaired. If both of them are paired then the prefactor is
ppp ¼ 0:01 . If both of them are unpaired, the prefactor is puu ¼ 1:0 .
And if one of them is unpaired, then the prefactor is taken to be
pup ¼ 0:1 . Fig. 2 shows different types of phosphodiester bonds,
depending on the paired or unpaired nature of their neighboring
nucleotides. We take the maximum hydrolysis rate per bond
1

K hyd ¼ 0:04 h from experiments (Bernhardt and Tate, 2012). Both
folded strands and template-primer pairs can get hydrolyzed into
multiple short fragments in the wet phase. But if a hydrolyzable
bond is located in the protected regions, the breakage of that bond
does not immediately result in the formation of two separate
strands. They are separated from the paired region only at the time
of transition between the wet and dry phase, when the temperature rises up and breaks down all hydrogen bonds of the
template-primer pairs and the folded strands. Thus, at the beginning of the dry phase, all templates get separated from their
respective primers, the folded single strands also unfold and the
system then consists of many single strands of shorter lengths. In
the wet phase the polymers become more diffusive compared to
the dry and semi-wet phase. But their diffusion coefficient depends
on the number of nucleotides in the polymer according to the relation D  Lc , where c ¼ 0:588 (Robertson et al., 2006). Following
this relation we assume that the template-primer pairs and the
folded strands still have low diffusion coefficient in the wet phase,
as they have many nucleotides and do not immediately fragment
due to the protection provided by the hydrogen bonds. Their number density also remain low, which further reduces their diffusivity. But after they are broken up at the transition time, the
shorter strands become more diffusive than their precursors (assuming water does not dry up immediately at the transition time)
and their number density also increases. Hence, those shorter
strands diffuse out of the system volume if there is a high concentration of short strands at the transition time. Effectively, this
amounts to modeling new RNA strand formation in a localized
region in space. In order to avoid instabilities associated with exponential growth in the number strands, we use a typical of resampling technique by defining N max as the maximum number of
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Table 1
1
Primer extension rates (h ) in the presence of minerals, after a match in the previous step.
Templating nucleotide

A
U
G
C

Incoming monomer
A

U

G

C

0.248
3.261
0.142
0.06

1.878
0.425
1.701
0.074

0.603
1.347
0.567
5.6

0.284
0.06
32.005
0.078

Table 2
1
Primer extension rates (h ) in the presence of minerals, after a mismatch in previous step.
Templating nucleotide

A
U
G
C

Incoming monomer
A

U

G

C

0.074
0.071
0.064
0.142

0.131
0.106
0.106
0.099

0.121
0.177
0.142
1.737

0.007
0.011
0.018
0.011

strands that we track in the code. This number is chosen to be large
enough to be representative of the population. After hydrolysis, if
the number of strands becomes more than N max , we sample out
N max strands from them with probabilities ð1  Lc Þ following the
relation D  Lc . The remaining strands are assumed to have diffused out of the system volume.
During the dry phase, all single strands can undergo spontaneous concatenation by step-wise addition of free monomers at
their 30 ends. The concatenation rates for addition of each type of
monomer are taken to be equal as the reaction yields using different types of monomers are found to be of nearly the same order
1

(Joshi et al., 2012) and given by K con ¼ 0:62 h (which is the concatenation rate of two D-type activated Adenosine nucleotides).
New dimers can also form in the dry phase with the same rate.
Spontaneous ligation between polymers is neglected as stated earlier. After the dry phase as the temperature drops, the next wet or
semi-wet phase (depending on the model under discussion) begins
and all of relevant processes are repeated after each 24-h cycle. We
use standard Gillespie algorithm (Gillespie, 1977) for carrying out
the various types of reactions. The secondary structures and free
energies of the RNA strands are derived using the ViennaRNA package (Lorenz et al., 2011).
2.1. Classification and detection of secondary structures
The secondary structure in Dot-Bracket notation is derived
from the ViennaRNA package. The dots indicate unpaired bases.
The round brackets: ( and ) together indicate that two bases are
paired to each other. To classify the different secondary structures that emerge, we ignore the unpaired bases and remove
them from the Dot-Bracket structures. We developed an algorithm for detecting 4 types of secondary structures based on
the arrangement of the open and closed brackets. The types of
secondary structures considered are: single-hairpin, doublehairpin, hammerhead and cloverleaf. Fig. 3 shows these 4 types
of secondary structures.
 Single Hairpin:A hairpin loop will be indicated by a set of consecutive open brackets: (, followed by a set of consecutive
close brackets: ) in equal numbers. We find the sets which
contain repeated brackets, either open or close. If the number
of such sets is 2, where the first one contains open brackets
and second one contains close brackets and the number of
brackets in both sets is equal then a Single Hairpin loop is
detected.

Fig. 3. Classification of secondary structures. Blue indicates hairpin loops. Green
indicates stems. Yellow indicates internal loops. Pink and orange indicate other
unpaired nucleotides.

 Double Hairpin:If the number of sets is 4, where the first and
the third set contain open brackets and the second and fourth
set contain close brackets, and the number of brackets in the
first & second set and in the third & fourth set are equal, then
a Double Hairpin loop is detected.
 Hammerhead:If the number of sets is 4, where the first & third
set contain open brackets and the second & fourth set contain
close brackets, but the number of brackets in first & fourth set
is more than the number of brackets in second & third set
respectively, and the condition #(first - second) = #(fourth third) is satisfied, then a Hammerhead structure is detected.
 Cloverleaf:If the number of sets is 6, where the first, third and
fifth sets contain open brackets and the second, fourth and sixth
sets contain close brackets, with the number of brackets in the
first & second set, in the third & fourth set and in fifth & sixth set
being equal, then a Cloverleaf structure is detected.

3. Results
3.1. Two-phase model: Analytical results and numerical simulations
In this section we develop a simplified analytical model for a
system with 2 phases (dry and wet). In the dry phase dimerization
and concatenation reaction occur just as in the main model; but
instead of four types of monomers, we have only one type of
monomer, with concatenation rate that is four times the rate for
1

each type of monomer taken previously i.e. K con ¼ 2:48 h . In the
wet phase polymers can break up due to hydrolysis, but the
hydrolysis rate for each phosphodiester bond is taken to be equal
in this case. We assume that in the wet phase polymers can totally
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degrade into its constituent monomers at a fixed rate K d . As in the
main model, the reaction rates are considered to be independent of
monomer concentration. We use a mean field approach to solve
this problem analytically. Two parameters which can change
because of the reactions, are the total number of polymers (N T )
and the total length of all polymers (LT ).

NT ¼

1
X
ni
i¼2

LT ¼

1
X

i ni

i¼2

Here ni is the number of polymers containing i nucleotides. First we
consider a system with a single phase, where all reactions occur
simultaneously. As a result of the concatenation reaction between
two monomers (i.e. dimerization), a new dimer can get created at
a rate K dim . Although for constant monomer concentrations, dimerization is a zeroth order reaction and concatenation of strands of
length P 2 are first order reactions; it is reasonable to associate
very similar rates to these processes in our mean field model,
because the rates of these processes are found to be similar in
experiments as well (Joshi et al., 2012; Costanzo et al., 2009). We
write K dim ¼ aK con , where a is a correction prefactor that determines
the extent to which the concatenation and dimerization rates differ.
Concatenation between a polymer and a monomer does not create a
new polymer, it only increases the length of the polymer by one
nucleotide. Hence, N T will increase because of dimerization at a rate
a K con and LT will increase due to both concatenation and dimerization reactions at a rate K con ðNT þ 2aÞ respectively.
N T strands contain ðLT  N T Þ bonds, each of which can get
hydrolyzed. Out of these ðLT  N T Þ bonds, breaking of ðLT  3N T Þ
bonds will result in creation of new polymers, as breaking of the
bonds at the two ends of a polymer leads to the creation of a polymer and a free monomer (which is not a polymer by definition).
The total length of all polymers LT can decrease due to hydrolysis
only when any of the bonds at the two ends of a polymer gets
hydrolyzed. Hence by hydrolysis N T can increase and LT can
hyd

hyd

Fig. 4. Time evolution of the average polymer length (in number of nucleotides)
from both analytical calculations (blue dotted line) and numerical simulation
(orange solid line) for the case when A: without cycling when all reactions occur
simultaneously; B: with cycling when each day is divided into a dry and wet phase
of 12 h each. The plot shows the variation over a period of several days. Other
1
1
1
parameters used: K con ¼ 2:48 h ; K hyd ¼ 0:04 h ; K d ¼ 0:3 h
in (A) and
1
K d ¼ 0:2 h in (B).

the analytically obtained average length vs time plot which clearly
matches with the simulation results.
We then model environmental cycling effects by separating the
dry and wet phases in the system. The equations for N_ T and L_ T will
be now different for the different phases. In the dry phase only the
concatenation reactions occur whereas the hydrolysis and degradation reactions take place only in the wet phase. Hence, the following equations will now govern the system dynamics.

N_ dT ¼ K con

decrease at rates K ðLT  3N T Þ and 2K N T . Finally, total degradation of polymers into its constituent monomers causes both N T and

L_ dT ¼ 2K con þ K con NdT

LT to decrease at rates K d N T and K d LT respectively. Hence, the
mean-field equations governing the dynamics of the system are,

hyd
hyd w
N_ w
þ K d ÞNw
LT
T þK
T ¼ ð3K

N_ T ¼ a K con þ K hyd LT  ð3K hyd þ K d ÞNT

hyd w
N T  K d Lw
L_ w
T
T ¼ 2K

Here the superscript d and w denote the dry and wet phase respectively. In the dry phase the coupled equations for N_ dT and L_ dT can be
easily solved to give,

L_ T ¼ 2a K con þ ðK con  2K hyd ÞNT  K d LT
The average length Lav g ¼ ðLT =NT Þ at equilibrium is,

Lav g ¼ 2 þ

K con
d

K þ 2K

(
ð1Þ

hyd

The expression shows that the contribution to the average length
comes from dimers as well as the relative importance of the antagonistic processes of concatenation and degradation & hydrolysis
that acts to respectively increase and decrease the size of polymers.
Moreover, the prefactor a for dimerization rate drops out from this
expression for average length because it controls only the number
of polymers created and not their average size. Hence, we can safely
assume that dimerization and concatenation of a monomer and a
polymer happens effectively at the same rate K con , for our following
2-phase analytical model and 3-phase numerical simulations.
1

Substituting K con ¼ 2:48 h

1

and K hyd ¼ 0:04 h and choosing
1
K d ¼ 0:3 h we get, Lav g  9 nucleotides. The equations for N_ T
and L_ T can be integrated numerically to obtain the time variation
of the average length. Fig. 4(A) shows the comparison between

NdT ðtÞ ¼ K con t þ N dT ð0Þ
2

2

LdT ðtÞ ¼ K con2 t þ ½NdT ð0Þ þ 2K con t þ LdT ð0Þ

ð2Þ

In the wet phase the coupled equations can be written in matrix
form as,

"

N_ w
T
L_ w

#

T

with

M¼

"

¼M

"

Nw
T

#

Lw
T

ð3K hyd þ K d Þ
2K

hyd

K hyd
K

#

d

The matrix M has eigenvalues k1 ¼ 2K hyd  K d and k2 ¼ K hyd  K d
with corresponding eigenvectors (1,1) and (1/2, 1). Hence, in the
wet phase, the total number of polymers and total length of all
polymers vary as,
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h
8
hyd
ðK hyd þK d Þt
>
Nw
ð2eK t  1ÞNw
>
T ðtÞ ¼ e
T ð0Þ
>
>
>
i
>
hyd
>
w
> þð1  eK t ÞL ð0Þ
<
T
h
hyd
d
hyd
w
w
>
>
> LT ðtÞ ¼ eðK þK Þt 2ð1  eK t ÞNT ð0Þ
>
>
>
i
>
hyd
>
w
: þð2  eK t ÞL ð0Þ
T

ð3Þ

In equilibrium, the cyclic boundary conditions are:

(

d
w
NdT ðt ¼ 0Þ ¼ Nw
T ðt ¼ T w Þ ; N T ðt ¼ T d Þ ¼ N T ðt ¼ 0Þ

ð4Þ

d
w
LdT ðt ¼ 0Þ ¼ Lw
T ðt ¼ T w Þ ; LT ðt ¼ T d Þ ¼ LT ðt ¼ 0Þ

where T d and T w are the duration of the dry and wet phase. Applying these cyclic boundary conditions and using the dry phase solutions (Eq. (2)) for N dT ðt ¼ T d Þ and LdT ðt ¼ T d Þ leads to a pair of linear
equations in N dT ðt ¼ 0Þ and LdT ðt ¼ 0Þ. Solving them numerically
allows us to obtain exact analytical expressions for the time evolution of the total number and length of polymers.
1

1

1

For example, using K con ¼ 2:48 h ; K hyd ¼ 0:04 h ; K d ¼ 0:2 h

and T d ¼ T w ¼ 12 h we get, N dT ð0Þ  40 and LdT ð0Þ  140. After
determining the initial values of N T and LT at the beginning of each
dry and wet phase, it is easy to get the equilibrium time variation
of the average length Lav g ðtÞ ¼ LT ðtÞ=N T ðtÞ for the dry and wet
phase from Eq. (2) and Eq. (3) respectively:

8
1K 2 t 2 þ½N d ð0Þþ2K con tþLd ð0Þ
d
con
T
T
>
< Lav g ðtÞ ¼ 2
K con tþN d ð0Þ
T

K hyd t ÞN w ð0Þþð2eK hyd t ÞLw ð0Þ
>
T
T
: Lw ðtÞ ¼ 2ð1ehyd
w
av g
K
t
K hyd t w

ð2e

1ÞN T ð0Þþð1e

ð5Þ

ÞLT ð0Þ

Fig. 4(B) shows the time variation of the average length over
5 days at equilibrium, obtained from the analytical model which
match perfectly with the results of simulations. It is also clear from
comparing the two models that the maximum length of strands in
the 2-phase model is larger than the maximum length obtained in
the single phase model as long as the duration of the dry phase is
above a certain threshold. For the set of parameters used to generate Fig. 4(A), this threshold dry phase duration is  5 hours. Our 2phase model reinforces the importance of environmental cycling in
increasing the length of polymers generated.
Using the analytical model we can also study the effect of nontemplated ligation of RNA strands. Upon inclusion of spontaneous
ligation in the analytical model we find that (see Supplementary
information), ligation affects the average length of strands only
when K lig  K con . Since we know from experiments that
K lig ¼ 103 K con (Mutschler et al., 2018; Joshi et al., 2012), we can
justify neglecting spontaneous ligation of RNA strands in the
three-phase model described in the next section.
3.2. Three-phase model: effect of the duration of different phases
In this section, we investigate the role of non-templated concatenation as well as template-directed primer extension processes in the formation of long sequences with complex
structures as the duration of the three environmental phases are
varied. Formation of long RNA polymers is a key prerequisite for
the emergence of complex structures. Quantities like the average
length, the maximum length and average free energy of synthesized strands are useful metrics that determine the fraction of templates in the population and relative abundance of the four types of
secondary structures depicted in Fig. 3. The three environmental
phases (dry, semi-wet and wet) are distinguished by the reactions
they support and hence we varied the duration of these 3 phases to
gauge the impact of different chemical processes on the emergence
of complex secondary structures. Since the length of a day was
fixed at 24 h, we chose to independently vary two (dry and
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semi-wet) of the three phases which automatically constrains the
duration of the remaining (wet) phase.
Fig. 5 shows the time evolution of the average length of strands,
average free energy (which can be used as a proxy for folding efficiency of the strands) at the end of the dry phase and the average
length of primers at the end of the semi-wet phase, for different
duration of the three phases. We also obtained 2D heat maps
(Fig. 6) for the time averaged values (obtained by time-averaging
over 100 days after equilibration) of the maximum length
(Fig. 6)) and average free energy (Fig. 6(B)) of the strands and maximum length of templates (Fig. 6)) and primers (Fig. 6(D)) that
allowed us to compare in greater detail the impact of each phase
duration on these quantities. The length distribution of strands
for different duration of the three phases are shown in Supplementary Fig. S2. We observe an increase in average length [Fig. 6(D))
and Supplementary Fig. S1(A)] and maximum length (Fig. 6(A))
of strands and decrease in average free energy (Fig. 6(A)) and
Fig. 6(B)) with increase in duration of both dry and semi-wet
phase. Increase in the duration of the dry phase allows the concatenation process to increases the length of the strands and their folding efficiency which in turn protects them from hydrolysis due to
their secondary structures. Hence, we get longer strands with
lower free energy, with an increase in the duration of the dry
phase. For a fixed duration of the dry phase, an increase in the
duration of the semi-wet phase also leads to increase in the maximum and average length of the strands as can be seen from the
columns of Fig. 6(B)) and Supplementary Fig. S1(A). This is because
the increased duration of the semi-wet phase implies a shorter
duration of the wet phase that suppresses the break-up of long
strands by reducing the likelihood of hydrolysis. Moreover, an
increase in the duration of the semi-wet phase also gives the templates more time to create longer primers with more structural
complexity due to increased mis-incorporation during primer
extension. Longer primers imply templates with shorter dangles,
which will reduce their hydrolysis rates as greater fraction of the
template-primer pair will be paired and hence protected. Fig. 5
(C) shows the time evolution of the average length of primers for
different duration of dry and semi-wet phase. The maximum
length of templates increases in a similar fashion with increase
in the duration of dry and semi-wet phase [Fig. 6(C)]. Higher average and maximum length of strands for longer duration of the dry
phase and a non-zero fraction of templates [Supplementary Fig. S1
(B)] in the system implies that the chosen templates will be of
higher lengths as well. Hence, the maximum length of templates
also increase with increasing duration of the dry phase. Increase
in the semi-wet phase duration in this case helps indirectly by
reducing the wet phase duration, which in turn boosts the average
and maximum length of strands, thereby increasing the maximum
length of templates as well. We have also verified that as the dry
phase duration increases relative to that of the other phases, the
concatenation process starts dominating and the effectiveness of
the template-directed primer extension process in increasing the
average length gradually decreases to zero.
It is clear from Fig. 6(C) and Supplementary Fig. S1(A) that a
lower average free energy (compare with Fig. 6(B)) is clearly correlated with larger average and maximum length of the strands
which in turn increases with the duration of the dry phase. However, the average and maximum length of the primers does not
show any significant increase with increase in duration of the
dry phase for fixed duration of the semi-wet phase (see Fig. 6(D)
& Supplementary Fig. S1(C)) but increase more rapidly with
increase in the duration of semi-wet phase. In most of the cases,
the average length of primers is greater than 10 nucleotides with
the maximum length in several cases extending well beyond 30
nucleotides under favourable environmental conditions. This signifies that the template-directed primer extension is effective in cre-
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Fig. 5. Time evolution of the A: average length of the strands, B: average free energy of the strands, measured in kcal/mol and C: average length of primers, for six different
duration of the dry and semi-wet phases.

Fig. 6. A: Maximum length of RNA strands and B: average free energy for folding of RNA strands at the end of the dry phase, C: maximum template length and D: maximum
length of primers; for different duration of dry and semi-wet phase, obtained by averaging over 100 days after equilibration.

ating long complementary replicates despite the slowdown of the
primer extension rates after mismatches.
The fraction of templates (i.e. those strands possessing the ability to create complimentary copies) decreases with increase in the
duration of both dry and semi-wet phase [Supplementary Fig. S1
(B)] because increasing the duration of these phases favors longer
strands with better folding efficiency. Hence, more strands fold
leaving fewer strands to act as templates. Nevertheless, the mini-

mum fraction obtained is 0:15, which is still quite significant to
facilitate template-directed primer extension processes. The fraction of templates also increases with increase in avg free energy
[Fig. 6(B)] as expected, since sequences with larger average free
energies are less likely to fold into complex secondary structures.
In Fig. 7 we checked how the abundance of different secondary
structures vary with the duration of dry and semi-wet phase. The
abundance of single hairpin structures (Fig. 7(A)) increase with
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Fig. 7. Average (percentage) abundance of A: single hairpin structures, B: double hairpin structures, C: hammerhead structures and D: cloverleaf structures; at the end of the
dry phase for different duration of dry and semi-wet phase.

increase in the duration of dry and semi-wet phase up to moderate
values, but for even longer duration of those phases we see a
decrease in the abundance of single hairpins. The abundance of
the double hairpin, hammerhead and cloverleaf structures [Fig. 7
(B), (C), (D)] on the other hand always increase with increase in
the duration of dry and semi-wet phase. For lower duration of
the dry phase, the length of sequences produced are not large
enough to permit the formation of such complex secondary structures which require polymer lengths larger than  45 (for hammerhead structures) or  50 (for cloverleaf structures).
Increasing the duration of the semi-wet phase for fixed duration
of the dry phase can also facilitate the emergence of more complex
secondary structures as observed from [Fig. 7(C), (D)]. This occurs
due to the lower likelihood of breaking up of larger existing
sequences via hydrolysis as well as the increased time available
for replication via template-directed primer extension. The former
factor also explains the increase in maximum length of sequences
observed along a column in (Fig. 6(A)) while the latter factor can
also lead to increased structural complexity through incorporation
of mismatches during replication via the primer-extension process.
An increase in duration of the semi-wet phase coupled with a
decrease in duration of the wet phase leads to the increase in the
number of longer polymer fragments at the beginning of the dry
phase each of which can be further extended through the nontemplated concatenation process prevalent in the dry phase. In
summary, a short to medium duration of dry and semi-wet phase
favor single hairpin structures, but longer dry and semi-wet phases
promote emergence of more complex structures thereby underscoring the importance of both non-templated as well as
template-directed polymer extension processes.
The average percentage of mismatch in the primers of length
greater than 10 nucleotides increase very slightly for increase in
the duration of the dry phase. This can be attributed to the production of longer templates increasing the likelihood of mismatches
even though the semi-wet phase duration remains fixed. But the
percentage error increases rapidly with increase in the duration
of the semi-wet phase [Supplementary Fig. S1(D)]. From Table 2
it is evident that the primer extension rates decrease significantly
after a mismatch. Hence the primers can extend to greater lengths
only if they have fewer number of mismatches. For small duration

of the semi-wet phase only those primers which have fewer number of mismatches, will extend their lengths by a large amount, as
the primers get a relatively small amount of time to extend. But for
higher duration of the semi-wet phase, even primers with more
number of mismatches can also significantly increase their lengths
as all primers then get more time to extend. Hence, a smaller duration of the semi-wet phase favors error free replication of strands.
The hydrolysis and non-templated concatenation rates are not
known as accurately as template-directed extension rates. To
account for the possibility of variation of these rates, we carried
out simulations where these rates as well as the protection prefactors of the phosphodiester bonds were varied over a plausible
range. Fig. 8(A) shows that increasing the prefactors reduces the
average length of the strands, up to the theoretical limit when all
bonds are equally susceptible to hydrolysis. Reduction in the
hydrolysis rate causes increase in average length (Fig. 8(B)). But
increase in hydrolysis rate even by a couple of orders of magnitude
does not cause significant decrease in the average length because
we calculate the average length at the end of dry phase. Hence,
even if the high rate of hydrolysis causes total breakdown of
strands into monomers, new strands are created and extended in
the dry phase by dimerization and concatenation processes. This
leads to a lower bound on the length of RNA strands that depends
only on the concatenation rate. Fig. 8(C) also shows that the average length is highly dependent on the concatenation rate.
4. Discussion
The ability to generate long sequences with complex structures
that encode catalytic functions, through non-enzymatic processes
acting on basic chemical building blocks, is the holy grail of the
RNA world scenario. Our results show that by using realistic reaction rates derived from experiments, it is possible to generate long
RNA strands in plausible primordial environmental conditions
that allow for temporal segregation of reactions that promote
non-templated concatenation, template-directed primer extension
and hydrolysis. The efficacy of evolving structurally complex
sequences therefore crucially depend on the duration of the dry
and semi-wet phases. Despite the relatively low rate of the nontemplated concatenation reactions, they are crucial for extending
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Fig. 8. Average length of strands vs time for A: different values of protection prefactors, B: different hydrolysis rates and C: different concatenation rates; when each of the 3
phases are of duration 8 h.

the length of the polymers in the existing pool thereby increasing
the likelihood of generating longer templates. This in turn facilitates replication through the faster template-directed primer
extension process.
An alternative model to the one examined here involves selfassembly of enzymes from constituent oligomers (Hayden and
Lehman, 2006; Vaidya et al., 2012; Meyer et al., 2012). Such experiments show that ribozymes (J200 nucleotides) (Vaidya et al.,
2012), polymerases and ligases (Meyer et al., 2012) can be synthesized from sequence fragments each of which catalyze the formation of another fragment in a cyclic manner thereby providing
concrete realizations of auto-catalytic networks (Kauffman, 2011;
Tkachenko and Maslov, 2015) which may have played an important role in the origin of life. However, such models still need to
explain how large sequence fragments first appeared. The prebiotic
processes discussed here provide a mechanism for synthesizing the
sufficiently large sequence fragments that can form the nodes of an
auto-catalytic network needed to assemble larger ribozymes like
the Azoarcus ribozyme.
In our model we assumed that all template-primer pairs get
separated from each other in the dry phase, which has a maximum
temperature of  90 C. But in reality, the template-primer pairs
with a more than  30 paired nucleotides (even with maximum
 30% mismatched nucleotides) will not get separated in the dry
phase, as their melting temperatures are higher than 90 C (Le
Novere, 2001; Dumousseau et al., 2012). For such pairs even if
some of the phosphodiester bonds in the paired regions get hydrolyzed in the wet phase, those bonds will re-form as these templateprimer pairs will still remain connected in the dry phase. Hence,
these template-primer sets will remain paired in the following
day, undergo further extension of the primers in the next semiwet phase and can eventually get fully extended. This will lead
to an increase in the probability of formation of complementary
template-primer pairs with more than 30 paired nucleotides,
which are more resistant to strand separation in the hot, dry phase.

In this way stable double stranded RNA molecules can form. From
Fig. 6 we see that the maximum length of primers is greater than
30 nucleotides for several different duration of the dry and semiwet phase. The more stable double stranded RNA molecules that
emerge will serve as reliable storage of genetic information,
whereas some of the ribozyme-like structures resulting from
folded single strands may start showing enzymatic activity. Once
that happens, some of the functional RNA molecules (e.g. replicases) may catalyze the process of error free replication by reducing the rates of mis-incorporations or mutations. However, the
effectiveness of the increased duration of the dry phase in generating longer sequences is incumbent on the unlimited supply of
monomers for non-templated concatenation process. While this
is a reasonable assumption as long as the duration of the dry phase
is finite, this becomes less and less valid as the duration of the dry
phase becomes very long. Hence, periodic hydration is required to
allow for replenishment of the monomer pool and keep the concatenation reaction independent of monomer concentration. Moreover, we see from Fig. 7(C) & (D) that increasing the duration of the
semi-wet phase for moderate duration of the dry phase can also
help in generating long sequences with complex secondary structures. Hence, the presence of the 3 phases creates the most ideal
environment for functional bio-molecules to emerge in an RNA
world.
The transition between any two phases is very sharp in our
model. But in reality the transition between the phases is likely
to be continuous. During the transition between dry and semiwet phase, while the temperature drops gradually, the sequences
with lower free energies will fold before the ones with comparatively higher free energy. Such an overlap between the dry and
semi-wet phases also amount to coexistence of the concatenation
and template-directed primer extension processes. The strands
which fold later will undergo further concatenation reaction,
increasing their length. Primers will also start attaching to the
strands that are yet to fold. Upon attachment of a primer, the pri-
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Emergence de la complexité biologique dans le “monde ARN”

S. Roy et al. / Journal of Theoretical Biology 506 (2020) 110446

mer can extend along the 30  50 direction of the template by
template-directed primer extension while the template can also
extend along the 50  30 direction by concatenation. Hence coexistence of concatenation and template-directed primer extension
processes can lead to template-primer pairs having dangles on
both sides, with the central portion being connected by hydrogen
bonds. Continuous transition between semi-wet and wet phase
will lead to coexistence of template-directed primer extension
and hydrolysis which act antagonistically. On one hand, the primer
extension process can then take place for some duration giving
more time for the primers to extend fully. However, that will be
possible only when the templates do not get truncated by the onset
of hydrolysis towards the end of the semi-wet phase. The average
length of sequences would then be modulated by the relative
importance of these competing processes. At the transition
between wet and dry phase the gradual increase of temperature
can result in the appearance of a semi-wet phase at their transition
time, which will give further boost to the full extension of those
primers that don’t get separated from their templates due to long
paired region. Hence continuous transitions will likely favor the
emergence of double stranded regions in the RNA molecules. This,
in turn, could protect them from back hydrolyzing completely, thus
leading to a further increase in the maximum length of the resulting RNA strands in these realistic scenarios.
Our model assumes a continuous and constant supply of all
type of monomers during all three phases, implying that each type
of monomer has a fixed and equal concentration in the system. But
it is quite possible that there is greater supply of monomers in the
wet phase due to high diffusivity and consequently lower supply of
monomers in the dry and semi-wet phase i.e. besides preventing
polymer diffusion, dry conditions are likely to inhibit monomer
diffusion too. Then the monomer concentration will not remain
constant with time and the spontaneous and template-directed
primer extension rates will depend on the monomer concentration
at any instant. But even in that case, the emergence of complex
structured RNA and double stranded RNA is possible if the total
number of monomers in the system is significantly higher than
the total number of strands; which implies that the change of
monomer concentrations will be negligible, thereby ensuring that
the rates do not drop significantly.
Remarkably, our simulations generate tRNA-like secondary
structures, thereby indicating that such pre-tRNA’s may have
evolved quite early in the prebiotic RNA world. These precursors
of tRNA’s could have eventually evolved to self-catalyze aminoacylation, non-specifically at first, but subsequently with increasing
specificity brought on by selection pressures. It seems plausible
that the components of a primitive translation machinery, such
as pre-tRNA self-catalyzing their aminoacylation and ribozymes
catalyzing amino-acylation of tRNA’s, may have progressively
evolved in an RNA world (Wolf and Koonin, 2007). Our work indicates that a longer duration of dry and semi-wet phases in an ecological niche characterized by mineral-rich muddy pools can
provide the ideal conditions for emergence of long RNA strands
with complex structures and potential catalytic functions. Such
an RNA world will also include double-stranded RNA molecules
capable of storing genetic information like DNA and therefore
showcase all the characteristics that can kick-start primordial life
based on RNA only.
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La machinerie élémentaire : les protéines

Dans cette section, nous changeons doucement d’échelle, nous passons des acides aminés
aux protéines. A cette échelle, les processus de régulation sont omniprésents. Notre intérêt
est de mettre en évidence les mécanismes physiques sous-jacents qui peuvent expliquer ces
régulations biologiques. Nous discutons dans cette section deux types différents de contrôles.
D’abord le contrôle protéolytique qui permet la régulation en taille d’amas de protéines, puis
le phénomène de réaction-diffusion qui permet la régulation de la taille chez les bactéries,
grâce à une machinerie sophistiquée à base de protéines (les protéines MIN).
1.3.1

Régulation de taille en biologie

Contexte
(a)

(b)

(c)

(d)

(e)

(f)

Figure 1.3 – Exemples de différents systèmes biologiques où la régulation en taille est
importante. (a) Visualisation d’injectisomes, des aiguilles qui servent à certaines bactéries à
se défendre et qui sont régulées en taille[49]. (b) Flagelles bactériens[50]. (c) Les télomères
sont trouvés à l’extrémité des chromosomes et leur taille est aussi régulée. Schéma d’après
Wikipédia. (d) Assemblage d’actine[51]. (e) Flagelles de l’algue Chlamydomonas reinhardtii[52].
(f) Ilots de lipides[53]
Le problème de la régulation de taille est omniprésent en biologie. C’est une nécessité
requise par nombre de structures biologiques, et les solutions utilisées sont assez diverses.
Certaines bactéries possèdent un élément particulier utilisé pour infecter d’autres cellules.
Inspiré des flagelles, et appelé injectisome, Il s’agit d’une structure similaire à une aiguille (à
la différence d’une structure de type filament + crochet) (voir figure 1.3a). Il a été démontré
que la longueur de cette aiguille est déterminée par un mètre moléculaire (molecular ruler)
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[49]. C’est-à-dire qu’une protéine indépendante sert de mesure étalon. C’est un premier type
de mécanisme possible. La taille du crochet (Hook, voir figure 1.3b) des flagelles de bactéries
motiles a aussi une taille invariante, mais n’est pas déterminée par un mètre moléculaire. Il
semble que ce soit le nombre de sous-unités qui la compose qui soit régulé[50]. On appelle
ce mécanisme measuring cup. D’autres mécanismes existent encore. Des protéines
spécifiques sont utilisées par la levure Saccharomyces cerevisiae pour le contrôle de la
longueur des extrémités des télomères. C’est l’hybridation de cette protéine spécifique avec
l’ADN qui permet alors de réguler la taille[54]. Une explication plus physique a été avancée
pour la régulation en taille d’agrégats de biopolymères (voir figure 1.3d). Dans ce cas, ce sont
des considérations énergétiques qui favorisent un nombre optimum de polymères agrégés à
l’équilibre[51] D’autres systèmes sont encore mal compris. C’est le cas du contrôle de la
longueur des flagelles de l’algue Chlamydomonas reinhardtii (voir figure 1.3e) où certaines
protéines ont été mises en évidence sans que le mécanisme précis soit élucidé[52]. C’est
aussi le cas des ı̂lots de lipides dans les membranes (voir figure 1.3f). L’observation montre
que les lipides s’organisent en micro-domaines différents, de tailles différentes[53]. C’est
enfin le cas du système de sécrétion de type 2 (T2SS) chez certaines bactéries Gram-négative.
Nous allons nous intéresser plus en détail à ce système. Il permet le transport de protéines à
travers la membrane lipidique de la bactérie.

Figure 1.4 – Schéma de principe du fonctionnement du système de sécrétion de type 2. D’après
wikipédia. Les composants importants à noter sont les pseudo-pilins qui peuvent s’assembler
pour former une sorte de piston qui expulse les protéines à l’extérieur de la membrane. Une
version encore plus simplifiée est représentée figure 1.5
La figure 1.4 montre de façon schématique les éléments principaux de cette machinerie. Les
protéines sont repliées dans le périplasme (entre les deux membranes), et le T2SS va assembler
une sorte de piston (pilus ou pili au pluriel) formé de briques élémentaires (pseudo-pilins) qui
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vont pousser et exporter les protéines à l’extérieur de la bactérie. C’est la régulation de la taille
de ce piston qui a été mise en évidence. En effet, le pilus doit être aussi long que la taille du
périplasme, et pourtant il n’est jamais observé plus long[55, 56].

OM
(E)

(D)

IM
(+)
(-)

(C)

Figure 1.5 – Vision simplifiée du système de sécrétion de type 2, d’après[57]. les protéines
’G’ sont représentées en rouge, elles peuvent diffuser (D) dans la membrane interne (IM), se
condenser dans un agrégat (C), s’évaporer de ces agrégats (E), ou encore être dégradées (-).
Enfin, l’agrégat peut s’assembler en un pilus qui peut s’étendre jusqu’à la membrane externe
(OM).

Les pseudo-pilins, qui constituent le pilus, ont différents noms selon le type de bactérie
dont il s’agit[57]. Sans rentrer ici dans les détails, il existe deux types de sous unités. L’une
majoritaire que nous appellerons ’G’, l’autre minoritaire que nous appellerons ’K’.
Expérimentalement, il a été observé que la sur-expression des ’G’ aboutit à des structures
longues, visibles à l’extérieur de la cellule. Le même phénomène a été observé avec une
sous-expression des ’K’. Le mécanisme de régulation n’est donc ni du type measuring cup,
ni du type mètre moléculaire. Au contraire, les observations semblent cohérentes avec un
mécanisme stochiométrique, où les ’G’ s’assemblent jusqu’à un ’K’ qui donnerait le signal de
terminer la structure.
Un tel contrôle stœchiométrique serait possible si un seul ’K’ était disponible dans un
ensemble de ’G’. Un problème cependant survient du fait que les ’G’ sont partagés entre
plusieurs pili et donc plusieurs ’K’. On peut à vrai dire calculer ou simuler la probabilité de
distribution de longueurs de ces structures avec les hypothèses simplificatrices suivantes :
— M pili qui partagent un ensemble de Ng monomères
P
— n est le nombre de ’G’ dans l’ensemble de base (Ng = n + M
i=1 li , où les li sont les
tailles des différents pili)
— t est le rapport de probabilité entre la croissance de la structure (à cause d’un ’G’) et
de
(’K’).
 terminaison
p+ (n) = n/(n + t)
—
p− (n) = t/(n + t)
Lorsque le nombre de pili est quelconque il faut avoir recours à des simulations
stochastiques. Mais pour un seul pilus, la solution est analytique, et la densité de probabilité
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Figure 1.6 – Gauche : distribution de probabilité pM (l) de la taille maximum atteinte par
un assemblage dans le cas où l’ensemble des sous-unités est partagé par M pili (M =
1, 2, 3, 4, 6). Les paramètres utilisés sont t = 0.3 et Np = 40. Le même comportement
est observé pour d’autres choix de paramètres. Les lignes continues sont les résultats
d’une simulation stochastique, alors que les ligne pointillées rouges représentent les deux
distributions limites analytiques p1 et p∞ , superposées respectivement au cas M = 1 et au
cas M = 6. Droite : diagramme de stabilité correspondant à l’équation 1.10. En fonction
de la valeur de α par rapport aux autres paramètres, le système dynamique change de
comportement. Vert : α = 0, pas de protéolyse, et le mûrissement induit un amas infini.
Bleu : α très fort par rapport au terme énergétique, le système n’admet pas de point stable,
et reste à l’état de vapeur N = 0. Rouge : le cas intermédiaire de contrôle protéolytique. Le
système admet deux points d’équilibre, dont un point stable qui garantit la régulation de la
taille des amas.

Cette solution est bien piquée comme indiqué sur la figure 1.6. Cela confirme que la
méthode stœchiométrique donne une taille bien régulée pour un ensemble de pseudo-pilins
rattachés à un seul pilus. En revanche cette distribution s’aplatit très vite dès que le nombre
de pili augmente. Pour que la technique stochiométrique s’applique aux bactéries qui
possèdent quelques pili (M ∼ 5), il faut donc un mécanisme supplémentaire pour
partitionner les pseudo-pilins équitablement entre pili. C’est ce mécanisme que nous avons
étudié en détail.
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Figure 1.7 – Visualisation instantanée d’une simulation stochastique dans le cas des pili pour
différentes valeurs du temps caractéristique de dégradation protéolytique. Vert : τ = 1 jour ;
rouge : τ = 1 heure ; bleu : τ = 10 secondes. Nous simulons une membrane de bactérie où
les molécules ’G’ peuvent diffuser sur une grille 2D de dimension 400× 400 en conditions aux
limites périodiques.
Le point de départ est que les protéines de type ’G’, comme beaucoup d’autres protéines,
sont connues pour avoir des interactions attractives entre elles. Elles sont donc soumises au
mécanisme d’Ostwald ripening. Le mûrissement va former des amas de protéines de plus
en plus grands. Cet effet est aussi connu sous le nom de théorie LSW pour Lifshitz, Slyosov
et Wagner[58]. On peut alors montrer que la dynamique de l’augmentation de taille R d’un
amas de protéines varie ainsi


1
dR
1
1
−
∼
(1.9)
dt
R Rc R
où Rc représente le rayon critique, en-dessous duquel l’amas s’évapore, et au-dessus duquel il
mûrit en grandissant vers un amas infini. L’intérêt du contrôle protélotytique est de rajouter un
terme stabilisateur à l’équation 1.9. Si α est le taux de protéolyse (dégradation des protéines),
alors nous avons montré que l’équation dynamique pouvait s’écrire pour N le nombre de
protéines dans un amas :
dN
E
= S − √ − αN
dt
N

(1.10)

avec S un terme de source, E un terme lié aux propriétés d’attraction des protéines, et α le
terme de dégradation protéolytique. Nous pouvons étudier comment varie le système
dynamique lorsque le taux de dégradation protéolytique varie. Le diagramme de stabilité de
la figure 1.6 montre que le nombre de points fixes varie. Pour α = 0 le système ne possède
qu’un point fixe qui est instable : le système converge vers un amas infini. Lorsque α
augmente, un deuxième point fixe apparaı̂t, il est stable cette fois-ci, et correspond à une
taille typique d’amas en équilibre avec une vapeur. Cette taille diminue lorsque α augmente,
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jusqu’à ce que les deux points fixes fusionnent et disparaissent. Le système est alors sous
forme de vapeur uniquement.
Pour illustrer notre propos, nous avons réalisé des simulations correspondant au cas des
pili où l’interaction protéines-protéines a été mesurée expérimentalement[59]. Le taux de
dégradation protéolytique est l’inverse d’un temps caractéristique de dégradation des
protéines α = τ1 . Nous avons testé différentes valeurs de ce temps caractéristique qui
redonnent les trois cas typiques discutés dans la figure 1.6. Des captures visuelles des
simulations ont été réalisées et sont affichées figure 1.7. Elles montrent qualitativement que le
système dynamique possède bien un point stable qui permet la régulation en taille de l’amas
pour des valeurs adéquates de taux de dégradation protéolytique. Nous avons de plus
montré quantitativement la monodispersité de cette distribution (voir article [57] reproduit
ci-après).
Publication
Le détail de ces résultats ainsi que les conséquences de cet effet ont été publiés dans
Physical Review E. L’article est reproduit dans les pages suivantes
— Julien Derr and Andrew D. Rutenberg. ”Monodisperse domains by proteolytic control
of the coarsening instability.” Physical Review E 84.1 (2011) : 011928.
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Monodisperse domains by proteolytic control of the coarsening instability
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The coarsening instability typically disrupts steady-state cluster-size distributions. We show that degradation
coupled to the cluster size, such as arising from biological proteolysis, leads to a fixed-point cluster size.
Stochastic evaporative and condensative fluxes determine the width of the fixed-point size distribution. At the
fixed point, we show how the peak size and width depend on number, interactions, and proteolytic rate. This
proteolytic size-control mechanism is consistent with the phenomenology of pseudopilus length control in the
general secretion pathway of bacteria.
DOI: 10.1103/PhysRevE.84.011928

PACS number(s): 87.16.A−, 64.75.Jk, 87.16.dt

I. INTRODUCTION

Living cells control the sizes of subcellular structures.
Mechanisms of size control include molecular rulers for
bacterial injectisome length [1], measuring cups for the length
of the bacterial flagellar hook [2], counting for telomere ends
[3], and equilibrium energetics for actin bundle radius [4]. Size
control is also evident in the length of eukaryotic flagella [5]
or the size of lipid rafts [6].
Size control is challenging in bacteria because of the
strong stochastic effects expected in such small cells. It
is especially interesting how bacteria control the size of
extracellular macromolecular assemblies, such as bacterial
secretion systems and pili. In this paper, we investigate a
length-control mechanism that may apply to the pseudopilus
(here “ppilus”) of the type-II secretion system (T2SS) of
Gram-negative bacteria [7]. In the general secretory pathway,
proteins are first secreted across the bacterial inner membrane
by the Sec or Tat systems, then across the outer membrane
by the T2SS. The T2SS pushes folded proteins across the
periplasm, and out a secreton in the outer membrane, using
an assembling and disassembling ppilus that is thought to
function as a piston or plunger [7]. The ppilus assembles from
the energized inner membrane and spans the periplasmic space.
The primary pilin subunit that assembles into the pseudopilus
of the T2SS is variously called PulG in Klebsiella oxytoca,
XcpT in Pseudomonas aeruginosa, or more generally GspG
(here “G”) and is homologous to the PilA pilin of the type-IV
pilus used in twitching motility in, e.g., P. aeruginosa or
Myxococcus xanthus [8].
For a functioning T2SS, the ppilus length should span
the periplasm, which is approximately 21 nm across [9]—or
85 G monomers in the ppilus structure [10]. The ppilus is not
normally seen outside the cell [7], hence the “pseudo” prefix,
indicating an effective length-control mechanism. Overexpression of G leads to visible extracellular ppili [11–13], which
rules out the (fixed-size) molecular ruler or measuring cup
mechanisms of size regulation.
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Underexpression of a minor pilin (XcpX [11], PulK [13], or
GspK—here “K”) leads to long extracellular ppili. Therefore,
it has been proposed that simple stoichiometric control applies
to T2SS ppilus length control [14]. However, stoichiometric
control faces the inherent challenges of precisely controlled
protein expression [15]. Furthermore, while a single “stoichiometric” ppilus with a fixed size pool of G monomers
can have a narrow length distribution peaked at the pool
size [16], this is not true of multiple ppili sharing a common
pool of G monomers. With multiple ppili stoichiometric
length distributions are exponential, as seen in stochastic
simulations with more than one ppili (see Appendix A). Since
five to ten ppili are present on each individual bacteria [17],
stoichiometric length control of each individual ppilus requires
an additional mechanism to partition G proteins equally
between the ppili.
II. MODEL

The observations of G-G interactions [18] and of G clusters
in individual bacteria [18,19] are consistent with clusters of
G that could be associated with each ppilus, as illustrated
by the dashed regions in Fig. 1. The size of each cluster,
i.e., the number of G monomers, would then determine
the maximal length of the associated ppilus, converting a
ppilus length-control problem into a G-cluster size-control
problem. Nevertheless, thermally driven evaporation, condensation, and diffusion [Fig. 1, (E), (C), and (D), respectively)
will destabilize spontaneous partitioning of G among many
clusters. The subsequent coarsening of the size distribution,
treated by Lifshitz, Slyozov, and Wagner (LSW) [20], would
lead to a single large cluster (condensed phase) of G in
equilibrium with small clusters of G (vapor) in the bacterial
inner membrane. The net growth of large diffusively coupled
2d clusters can be expressed in terms of their radius R by
dR/dt = A (1/Rc − 1/R) /R, where A is a constant. Cluster
growth is the net result of a condensation flux (due to the
supersaturation of G monomers in the inner membrane) and
an evaporative flux (due to the curved boundary of the cluster
within the membrane). Rc is the critical cluster size above
which clusters grow and below which they shrink, and it
typically grows with time due to the decreasing supersaturation
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FIG. 1. (Color online) Cartoon of the bacterial periplasmic space
showing the inner (IM) and outer (OM) membrane, with pilin “G”
proteins (red circles). Two pseudopili are shown, extending from their
inner membrane base toward their outer membrane secretons (green
squares). The IM clusters associated with the ppili are indicated
by the dashed circles. The number of G proteins in the ppilus
together with its associated cluster is unchanged by ppilus assembly or
disassembly (not shown). Numbers change by the physical processes
of condensation (C), evaporation (E), proteolysis or recycling (−),
and insertion (+). Diffusion (D) of monomers couples the clusters.

associated with increasing average cluster radius via the
Gibbs-Thompson effect. Growth of the average cluster size is
also associated with a decreasing number of clusters and with
a broad distribution of cluster sizes [20]. This is qualitatively
unchanged for collections of smaller or irregularly shaped
clusters.
In a biological system, we should add both protein synthesis
and proteolysis. Protein synthesis will simply contribute to
the supersaturation, but proteolysis will add a degradative
term to the LSW dynamics proportional to the number of
monomers in the cluster. Bacterial proteolytic mechanisms
include cytoplasmic proteosomes [21], ubiquitin-like targeting
systems [22], and periplasmic proteases [23]. Nondegradative
recycling of components away from the membrane has an
equivalent effect [24–26]. In terms of the number of monomers
in a large 2d cluster of size N , we will then have
E
dN
= S − √ − αN,
dt
N

0

P (N )
0.02

N

0.01

0

0

50

100

150
N

200

250

300

FIG. 2. (Color online) Cluster-size probability distribution,
P (N ), vs number of monomers in a cluster, N , for low (α = 10−9 ,
green, right), medium (α = 5 × 10−8 , red, center), and high (α =
10−5 , blue, left) proteolytic rates (per protein per time step, where
t ≈ 10−4 s). Other parameters are J˜ = 1.67 and ρ = 2 × 10−3 .
The dotted lines represent the reconstruction of the probability
distribution via Eq. (2). Intermediate proteolytic rates stabilize
a peaked steady-state cluster-size distribution with multiple large
clusters, as illustrated by the corresponding snapshot of the system.
The inset is a stability diagram from Eq. (1), illustrating the effects
of low (green, top curve, with only an unstable fixed point), medium
(red, center curve, with an additional stable fixed point as indicated),
and high (blue, bottom curve, with no fixed points) proteolytic rates
on the domain size dynamics dN/dt vs domain size N .

(1)

where S corresponds to condensation due to supersaturation,
E corresponds to evaporation, and α is the proteolytic
rate. Equation (1) is an approximate mean-field equation,
without stochastic effects or higher-order curvature corrections
expected for smaller clusters. However, it illustrates (see inset
of Fig. 2) how intermediate values of the proteolytic term
should generically stabilize coarsening to a steady-state cluster
size (red dot in inset), while for large enough proteolytic rate
no stable fixed point exists (blue curve in inset).
To test these ideas, we model G clustering in the bacterial
membrane with a stochastic Ising lattice gas in two dimensions
(see, e.g., [27]). The dynamics are (conserved) particle
exchange, subject to a Metropolis acceptance criterion with
a reduced interaction energy J˜ ≡ J /(kB T ). We supplement
these dynamics with a dimensionless proteolysis rate α (per
monomer per time step), where (to minimize finite-size effects)
monomers are removed and immediately replaced at random
positions in the system. Using a typical monomer size of x =
5 nm and diffusivity of D = 70 000 nm2 /s = δx 2 /(4δt), we
have t ≈ 10−4 s [27], and the proteolytic lifetime is τ =
t/α. In units of x, we use a linear lattice size L = 400
and check that finite-size effects are not significant. A typical
bacterium is larger in every direction, with L ≈ 2000 [27].

III. RESULTS

Figure 2 illustrates the steady-state results of the stochastic
simulations. For a high proteolytic rate (α = 10−5 or protein
lifetime τ ≈ 10 s), no large domains are seen. At an intermediate proteolytic rate (α = 5 × 10−8 or τ ≈ 2000 s), stable
domains with a characteristic size are seen. At a low proteolytic
rate (α = 10−9 or τ ≈ 105 s), proteolysis is insufficient to
stabilize the largest domain against coarsening to the limits
of the system size. For the remainder of the paper, and for
intermediate proteolytic rates, we quantify the peak size N0 as
well as the full width at half maximum W of the steady-state
distribution of domain sizes, and explore how they vary with
proteolytic rate, total membrane density of G, and reduced
interaction J˜.
The growth dynamics of a given cluster of size N is
given by the difference of incoming and outgoing flux,
Ṅ = Ṅ+ (N ) − Ṅ− (N ). This gives us the transition probabilities of monomer addition + (N ) ≡ Ṅ+ /(Ṅ− + Ṅ+ ) and
subtraction − (N ) ≡ Ṅ− /(Ṅ− + Ṅ+ ). If P (N ) is the resulting
steady-state probability distribution of clusters of size N ,
then the detailed balance condition of the transition probabilities is + (N − 1)P (N − 1) = − (N )P (N ). Approximating P (N ) as a continuous distribution of cluster sizes
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FIG. 3. (Color online) (a) Dependence of the steady-state most-likely cluster size N0 (red circles) and the full width at half maximum W
(green squares) of the cluster-size distribution vs the proteolytic rate α. Crosses (×) indicate corresponding values derived from fluxes near N0
via Eq. (2). The inset shows the relative width W/N0 (blue squares) and the fraction of G proteins in large domains (purple circles) vs α. Error
bars indicate statistical errors, which are often smaller than point sizes. Other parameters are J˜ = 1.67 and ρ = 2 × 10−3 . (b) The top figure
shows size N0 (red circles) and width W (green squares) vs average membrane density ρ ≡ Ng /L2 . The bottom figure shows the dependence
of relative width W/N0 (blue squares) and the cluster fraction f (purple circles). Other parameters: J˜ = 1.67 and α = 5 × 10−8 . (c) Size N0
(red circles) and width W (green squares) vs the clustering interaction J˜ ≡ J /(kB T ). The inset shows the relative width W/N0 (blue squares)
and the fraction of G proteins in large domains f (purple circles) vs J˜. Other parameters: ρ = 2 × 10−3 and α = 5 × 10−8 .

[where dP /dN  P (N) − P (N − 1)], then in steady state we
have
 
 N 
− (n)
1−
dn ,
(2)
P (N)  P (1) exp
+ (n − 1)
1

where we choose P (1) such that m P (m) = 1.
We have measured the steady-state evaporation and condensation rates N± (N), and used the resulting transition
probabilities ± (N) in Eq. (2) to compare with the measured
P (N). We find reasonable agreement (see, e.g., the dotted lines
in Fig. 2 or the crosses in Fig. 3), showing that the dispersity
of domain sizes around the stable fixed point N0 [where
N+ (N0 ) = N− (N0 )] is due to stochastic fluctuations driven
by the finite fluxes. Intuitively, and as proven in Appendix B,
the stochastic width W of the size distribution increases either
with increasing absolute flux at the fixed point (i.e., |N± |) or
with decreasing net (stabilizing) flux (|N+ − N− |) near the
stable fixed point.
Figure 3(a) shows the peak position and the width of
the steady-state cluster-size distribution vs proteolytic rate
α. Increasing α decreases the stable domain size until, for
α  4 × 10−6 , the distribution becomes peaked at N0 = 0.
This is consistent with Eq. (1) and the stability plots in the
inset of Fig. 2. The width decreases with α as the net stabilizing
flux near the stable point increases. As shown by the inset of
Fig. 3(a), the relative width W/N0 nevertheless increases with
α. The fraction f of G monomers that are found in larger
clusters (under the second peak in Fig. 2) slightly decreases
with α but remains a considerable fraction (more than half) of
the total, which indicates that proteolysis can be an efficient
size-control mechanism. Experimentally, it appears that at least
20% of G monomers are in ppili [28].
In contrast, the steady-state peak cluster size N0 , the width
W near the peak, and the fraction of G in the peak clusters stay
roughly constant over a large range of average G densities,

ρ ≡ Ng /L2 , as shown in Fig. 3(b). We understand this as
an effective (nonequilibrium) coexistence between a fixed
density of G monomers and excess G in clusters—increasing ρ
simply increases the number of clusters without significantly
changing their size distribution. [When approximately one
cluster is seen in the system, for smaller ρ, finite-size effects
do appear—decreasing both N0 and W . This is beginning to be
apparent at the lowest ρ in Fig. 3(b). Strong finite-size effects
are seen in the condensed-cluster fraction f , but simply arise
from an approximately constant vapor density as ρ varies.]
The lack of strong dependence of the cluster size N0 on
the total membrane density ρ is advantageous in terms of
robust control of cluster size in the face of stochastic protein
expression.
At a fixed proteolytic rate and expression level, the effects
of varying J /(kB T ) (i.e., G-G interactions) are shown in
Fig. 3(c). Thermal evaporation decreases with increasing
J˜—leading both to an increasing f [see inset of Fig. 3(c)],
a decreasing effective supersaturation, and a smaller stable
N0 . The fractional width W/N0 of the peak of the clustersize distribution is narrower for weaker interactions, but at
the same time a smaller fraction of G monomers are in
clusters.
IV. DISCUSSION

We find that intermediate levels of proteolysis control the
natural coarsening instability of condensed clusters, and leads
to steady-state clusters with a relatively narrow distribution
of sizes. For an intermediate proteolytic rate α = 5 × 10−8
(turnover time τ ∼ 2000 s), we obtain a cluster size N0 ≈
80—remarkably close to the 85 G required to assemble a ppilus
that spans the periplasmic space [9,10]. The fractional width is
then about 30%, consistent with the lack of extracellular ppili
observed under normal conditions. For cluster-size control to
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JULIEN DERR AND ANDREW D. RUTENBERG

(article 3)

43

PHYSICAL REVIEW E 84, 011928 (2011)
APPENDIX A: STOICHIOMETRIC LENGTH CONTROL

We present here analytical limits as well as computational
simulations for a stoichiometric model for length control. This
system consists of M polymerized pili sharing a common
pool of Ng = MNp monomers, where Np is the average
number of monomers per pilus. Each pilus has a probability
p+ of growing and p− of terminating growth and completely
disassembling, and these probabilities are dependent only on
the pool of monomers. The total number of monomers is

constant, so that Ng = n + M
i=1 li , where li are the lengths
of the pili and n the number of monomers remaining in the
monomeric pool. Since the growth rate is proportional to n,
while the termination rate t is fixed, then the growth and
termination probabilities are p+ (n) = n/(n + t) and p− (n) =
t/(n + t), respectively, where p+ + p− = 1.
For a single pilus, the probability of achieving a maximum length l can be written as the product of the individual probabilities: p1 (l) = p+ (Ng ) × p+ (Ng − 1) × · · · ×
p+ [Ng − (l − 1)] × p− (Ng − l). This leads to
p1 (l) =

(A1)

0.04

0.03

M=1

0.02

M=2

0.01

M=3
0
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t(Ng + 1)(Ng + t − l)
,
(Ng + t + 1)(Ng − l + 1)

which is peaked around Np for t  1, as shown with M = 1 in
Fig. 4. A single pilus can achieve length control by assembling
most of the available pool of monomers before disassembly is
triggered.
For the more biologically appropriate case of multiple pili per cell, we can use a mean-field approximation. In this case, t becomes Mt and Ng becomes
˜ where l˜ is the average length of the pili,
MNp − M l,

p( )

effectively control ppilus length, we predict that G clusters are
associated with the secreton base of the T2SS. Mutational
variation of G monomers to affect either their proteolytic
susceptibility [α; see, e.g., Fig. 3(a)] or G-G interactions
[J˜; see Fig. 3(c)] should also affect the distribution of ppilus
lengths. We believe stoichiometric mechanisms, via GspK
[11–13], control the ppilus length from individual associated
G clusters, while our proteolytic size control mechanism
ensures that multiple G clusters remain approximately equally
sized.
We have shown that a mean-field fixed point in the
cluster-size distribution arises from proteolysis, while the
dispersity of cluster sizes around the fixed point arises
from stochastic growth and shrinkage of clusters. The noise
associated with proteolysis is intrinsically multiplicative, in
that proteolysis only targets existing G proteins. Our lattice-gas
model naturally implements both proteolysis and the thermal
evaporation and condensation of clusters in a membrane.
The result is a monodisperse cluster-size distribution with
a nonzero peak size, which qualitatively differs from some
earlier work on lipid raft sizes in membranes that only found
distributions peaked at N0 ≈ 0 [25,26]. We believe this is
due to the approximate evaporation-condensation dynamics
[25] or the additive noise [26] used in those works. In
contrast, earlier coarse-grained models of ternary mixtures
with recycling [24]—also applied to lipid nanodomains—
did recover a nonzero peak size, though did not include
recycling noise. Our microscopic two-component model is
simpler, and the mean-field flow we present shows how
the results are expected to be generic for proteolysis or
recycling.
Proteolysis is not just for cellular cleanup. Targeted degradation can adjust time scales and levels of transcription or
translation (see, e.g., [15]). We have shown how it can also
be used to control cluster sizes within the cell. Proteolysis
contributes an “evaporative” term that limits coarsening with a
mean-field fixed point for the cluster size (inset of Fig. 2).
The same mechanism will qualitatively apply whether the
proteolysis targets all proteins in a cluster [as in Eq. (1)],
appropriate for cytoplasmic or periplasmic proteases, or
targets the cluster periphery, as might be appropriate for
membrane associated proteases. In both cases, the loss term
in Eq. (1) will grow with N, and so will lead to a stable
fixed point at some N0 . Proteolysis provides a size-control
mechanism to cells. We expect that proteolysis or analogous
degradation terms, such as recycling, are widely exploited to
achieve monodisperse steady-state clusters in other biological
systems.

40

80

M=4 M=6

120 160 200 240 280

FIG. 4. (Color online) Probability distribution pM (l) of the
maximum length for various number of pili (M = 1,2,3,4,6) sharing
the same common pool of monomers. We use t = 0.3 and Np = 40,
though qualitatively similar results are seen with other parameters.
The continuous lines are the result of the stochastic simulation. The
red dashed lines represent the two exact limiting distributions p1
and p∞ , overlaying the M = 1 data and close to the M = 6 data,
respectively.
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Phénomènes d’Auto-organisation dans le vivant

MONODISPERSE DOMAINS BY PROTEOLYTIC CONTROL . . .

J+ = a(N − N0 ) + J0 ,
J− = b(N − N0 ) + J0 ,

N0

N

FIG. 5. Mean-field fixed-point cluster size N0 that occurs where
the evaporative and condensative fluxes are equal (J− = J+ = J0 ).
The fixed point is stable when evaporation is stronger than condensation (J− > J+ ) for N > N0 , as illustrated. The demonstration
of monotonicities in Appendix B are for N ≈ N0 , where a linear
approximation for J± holds.

˜ × p+ (MNp − M l˜ − 1) ×
and then pM (l) = p+ (MNp − M l)
· · · × p+ [MNp − M l˜ − (l − 1)] × p− (MNp − M l˜ − l). The
p+ are constant at O(1/M), so that in the limit M  1, we
recover an exponential distribution
t + 1 − Nt+1
l
e p +t .
Np + t

(A2)

For the intermediate regime, with finite M > 1, we performed
stochastic computer simulations—as illustrated in Fig. 4.
The exponential limit is quickly approached for M  4.
However, even for M = 2, the peak around Np seen for M = 1
is lost.

APPENDIX B: ANALYTICAL MONOTONICITIES
OF THE WIDTH

For the proteolytic size-control mechanism described in the
text, we detail here the formal derivations of the variation of
the full width at half maximum (FWHM) W of the nonzero
peak in the size distribution. We consider the evaporative and
condensation fluxes J+ and J− , respectively, close to the stable
fixed point size N = N0 , where J+ = J− = J0 (see Fig. 5).
We allow for linear dependence of the fluxes near the fixed
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balance condition is p(n) = p(n − 1)+ (n − 1)/ − (n). We
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where the stability of the fixed point requires J− > J+ for
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Régulation spatio-temporelle, le cas du système MIN

Phénomènes d’Auto-organisation dans le vivant

Nous venons de discuter la régulation en taille d’un amas de protéines, nous nous
intéressons désormais à une échelle supérieure : la régulation en taille des bactéries.
Introduction : importance de la régulation en taille des bactéries
Lorsqu’une bactérie comme Escherichia coli mère se divise en deux, chacune des deux
cellules filles doit récupérer la moitié du matériel génétique de la mère. La symétrie de la
division cellulaire est donc cruciale. C’est pourquoi dans la nature la régulation en taille est
observée avec une étonnante précision. La partie gauche de la figure 1.8 montre le
développement d’une colonie de bactéries image par image. On y observe à l’œil une
parfaite régulation en taille lorsque des cellules filles naissent.

Figure 1.8 – Gauche : développement d’une colonie de bactéries. On observe qu’à chaque
nouvelle génération la taille des bactéries est parfaitement régulée. D’après [60]. La barre
d’échelle est de 5 µm. Droite : Image agrandie environ 66 000 fois : une cellule produisant
une mini-cellule (d’après[61]).
Si la division ne se fait pas symétriquement, une cellule plus petite ne récupère pas de
chromosome. On parle de mini-cellule (minicell). Ces mini-cellules ont été étudiées depuis
longtemps car même si elles ne peuvent pas se reproduire, elle conservent à court terme
une activité métabolique pouvant avoir des intérêts à but thérapeutique[62]. En 1967, Adler et
al. ont découvert un mutant d’Escherichia coli qui produit très souvent des mini-cellules (voir
partie droite de la figure 1.8). Par la suite, de Boer et al. ont identifié trois gènes associés à
cette mutation minC, minD, minE, ces gènes eux-mêmes associés aux protéines de mêmes
noms[63].
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Depuis, ces trois protéines ont été étudiées extensivement[64]. Les observations-clefs sont
les suivantes :
1. La protéine minC inhibe la formation de l’anneau Ftsz Quand une bactérie se divise,
c’est cet anneau ( formé des protéines FtsZ) qui se contracte pour “guillotiner” la cellule.
La contraction de cet anneau est favorisée par la courbure naturelle des filaments qui
la composent[65]. La formation de cet anneau est inhibée par le nucléoı̈de, mais aussi
par les protéines minC[66] (figure 1.9)
2. Les protéines minD et minE oscillent temporellement et spatialement La figure 1.10
montre l’évolution temporelle des concentrations de minD et minE. Ces deux protéines
oscillent de pôle à pôle avec un léger décalage. La résultante est que la protéine minD
a une concentration effective très faible au centre de la bactérie.
Puisque la protéine MinC interagit avec la protéine MinD[67], on la décrit souvent comme
la passagère de l’oscillation Min (créée uniquement par MinD et MinE). Elle se répartit
conformément à MinD [68], c’est-à-dire avec une concentration très faible au centre de la
bactérie, permettant ainsi la formation de l’anneau Z.

Nucleoid occlusion

MinC

FtsZ ring

Figure 1.9 – Gauche : l’anneau Z ou ’Z ring’ s’assemble au milieu de la cellule. A cet endroit,
la concentration des inhibiteurs est minimum (pas d’occlusion nucléotidique, ni de protéines
MinC). D’après [69]. Droite : schéma de principe des connaissances biochimiques sur le
système MIN. (1) MinD :ATP sous la forme cytoplasmique peut s’attacher à la membrane, et
ceci préférentiellement là où des protéines MinD :ATP sont déja présentes. (2) MinE provenant
du cytoplasme peut se lier à un MinD :ATP de la membrane. (3) MinE active l’hydrolyse de
l’ATP et relâche la forme MinD :ADP dans le cytoplasme. (4) MinD :ADP est recyclé dans le
cytoplasme en MIND :ATP. D’après [70]

Mécanismes Même si certains détails de la biochimie liée à ces protéines restent sujets à
débat, l’essentiel des règles d’interaction des protéines Min est désormais connu [64]. Seules
les protéines MinD et MinE sont responsables de l’oscillation et leurs lois d’évolution sont
schématisées figure 1.9. MinD existe sous deux formes : une forme liée à de l’ATP qui peut

48

Chapitre 1
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Figure 1.10 – Oscillations des protéines Min. Haut : les protéines MinD (en bleu) oscillent de part
et d’autre de la bactérie . Bas : les protéines MinE (en rouge) suivent cette oscillation avec un
léger temps de retard. Notez la présence d’un anneau plus concentré qui se propage à vitesse
quasi constante. La bactérie qui est représentée sur le côté droit donne l’échelle (longueur
typique micrométrique). Crédits : Andrew Rutenberg d’après[71].

s’attacher à la membrane pour former préférentiellement des polymères de MinD[72], et une
forme liée à de l’ADP qui est libre dans le cytoplasme. MinE peut se fixer localement à une
protéine MinD de la membrane et former un complexe MinDE. Ce complexe active l’hydrolyse
de l’ATP et permet donc de relâcher localement des MinD dans le cytoplasme[73]. Finalement,
les protéines MinD :ADP relâchées dans le cytoplasme peuvent être régénérées par le
métabolisme de la cellule en MinD :ATP[70].

Un système typique de réaction-diffusion ? Ce mécanisme biochimique peut être modélisé
simplement par un système de réaction-diffusion contenant quatre espèces : MinD et MinE
cytoplasmiques notés “D” et “E” qui peuvent diffuser d’une part, MinD et MinE attachés à
la membrane (“d” et “e”) qui ne diffusent pas. Ce système a été formalisé par Howard et
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Rutenberg[74]. Il s’écrit :
∂ρD
∂t
∂ρd
∂t
∂ρE
∂t
∂ρe
∂t

∂ 2 ρD
σ1 ρD
+ σ2 ρe ρd
−
2
∂x
1 + σ10 ρe
σ1 ρD
− σ2 ρe ρd
=
1 + σ10 ρe
∂ 2 ρE
σ4 ρe
= DE
−
σ
ρ
ρ
+
3
D
E
∂x2
1 + σ40 ρD
σ4 ρe
= σ 3 ρD ρE −
1 + σ40 ρD
= DD

(1.11)

où DD et DE sont les coefficients de diffusion associés à “D” et “E”. Les ρ représentent
les densités, et les σ les termes de réaction correspondant aux interactions biochimiques. Le
σ3
e. Le détachement de d est
recrutement de E à la membrane est activé par D : E(+D) −→
σ4
0 ρ
1+σ4
D

σ2

activé par e : d(+e) −→ D. Le détachement de e est inhibé par D : e(−D) −−−−→ E. Le
σ1
0 ρ
1+σ1
e

recutement de D est inhibé par e : D(−e) −−−−→ d (voir [74] pour les détails).
Le système dynamique représenté par le système d’équations aux dérivées partielles 1.11
présente une bifurcation de Hopf[75] avec apparition d’un cycle limite. Pour les paramètres
typiques d’une bactérie d’Escherichia coli, nous nous trouvons dans ce cas. La figure 1.11 montre
qu’en effet les densités de protéines oscillent dans le temps, laissant une concentration de MinD
plus faible au centre de la bactérie.
Problématique : l’aspect polymérique des filaments de MinD, le MinE ring et le stuttering
Malgré leur élégance et leur succès apparent, les modèles de type réaction-diffusion ratent
un point important des observations biologiques : le caractère polymérique des filaments des
protéines MinD. Cette polymérisation a été mise en évidence à la fois in vitro[72, 76] et in
vivo[77, 78].
Cette polymérisation n’est mise en évidence que pour les protéines MinD et non pour les
protéines MinE. Pourtant les protéines MinE semblent se regrouper en foyer intense appelé
l’anneau MinE ou E-ring (voir figure 1.12). Une question naturelle émerge : est-il possible
d’expliquer cet E-ring sans invoquer de polymérisation de MinE ?
Une autre question émerge : est-il possible de conserver les oscillations des protéines
Min dans un modèle où les protéines MinD formeraient des polymères ? Quel est le lien avec
le mécanisme de bégaiement (ou stuttering) qui consiste en un renversement du sens des
oscillations, et qui se produit parfois expérimentalement [71] ?
Résultats principaux
Mise en évidence de l’auto-organisation du MinE ring Nous avons mis en évidence
l’auto-organisation de l’anneau MinE. Un tel anneau peut être obtenu sans polymérisation des

50

Chapitre 1
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Figure 1.11 – Diagrammes spatio-temporels de la densité de MinD (gauche) et MinE (droite).
Les niveaux de gris vont de 0 à 2 fois la densité moyenne. Les profils du bas indiquent la
moyenne temporelle des densités, mettant en évidence la déplétion de MinD et l’augmentation
de MinE. Le temps s’écoule sur une centaine de secondes et la largeur de la bactérie est de
2µm. D’après[74]

protéines MinE, et ceci par simple effet dynamique. Pour le montrer, nous avons développé un
modèle qui considère la dépolymérisation d’un filament MinD en régime permanent, où le MinE
ring progresserait à vitesse constante (ceci est conforté par les observations, voir figure 1.10).
Dans ce régime il est possible de faire un modèle analytique (1D) qui prédit la forme du profil
de densité de MinE. Nous avons confronté ce modèle à des simulations stochastiques 3D. Notre
approche a permis de comprendre la création de cet anneau et de discuter les implications
pour différents mutants qui ont des anneaux plus ou moins forts. Remarquablement, notre
modèle prédit en effet la possibilité d’anneaux ”faibles” qui ont une forte densité de MinE sans
avoir une forte extension spatiale. Cet effet explique donc certains mutants qui oscillent assez
rapidement sans présenter d’anneaux très visibles. Le détail du modèle et de ces résultats est
discuté dans le papier publié dans Physical Review E et retranscrit page 53.
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Figure 1.12 – Gauche : polymérisation in vitro de MinD en filaments ; la barre d’échelle
représente 50nm [76]. Centre et droite : fluorescence GFP de MinD (respectivement MinE) .
MinD polymérise en filaments hélicoı̈daux. MinE décore les filaments de MinD avec une zone
plus concentrée en forme d’anneau, le MinE ring. D’après [77].
Réconciliation du caractère polymérique et des oscillations dans un modèle, et
étude du stutering Notre modèle stochastique 3D, qui a d’abord été étudié en régime
permanent lors de la phase de dépolymérization, a ensuite été étendu au système complet. Il
s’agissait de simuler la géométrie complète d’une bactérie en traquant l’intégralité des
protéines MinD et MinE interagissant selon les lois biochimiques connues, avec formation de
filaments polymériques de MinD. Ce modèle nous a permis :
1. l’obtention d’oscillations MIN dans un modèle polymérique
2. la reproduction du mécanisme de stuttering
3. l’identification de trois mécanismes capables, seuls ou combinés de combattre ce
stuttering pour retrouver des oscillations robustes. Il s’agit de la processivité (le fait
qu’une protéine MinE relâchée en bout de filament puisse se réattacher rapidement à
l’extrémité d’un filament), de la protection (un filament dont l’extrémité est liée à une
protéine MinE ne peut pas croı̂tre en taille) et de la fragmentation (un polymère a une
probabilité de se fragmenter si une protéine MinE se lie à lui, même en dehors des
deux extrémités).
Tous ces résultats (et le détail du développement du modèle stochastique 3D) sont discutés
dans le papier publié dans Physical biology, et retranscrit page 61.
Ouverture Je me suis écarté de ce sujet depuis 2012, mais le système MIN reste un modèle
formidable pour les scientifiques de toutes disciplines[64]. Récemment des physiciens
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théoriciens ont formalisé le fait que ce système de type réaction-diffusion a la particularité
d’avoir une longueur d’onde qui s’adapte à la taille du système[79] (la bactérie). Les
biochimistes ne cessent d’affiner leurs connaissances des interactions protéines-membranes
[80]. En microfluidique, il est désormais possible de reconstruire une bactérie artificielle avec
un système MIN fonctionnel[81, 82]
Reste une grande question plus philosophique : pourquoi la bactérie Escherichia coli
utilise-t-elle ce système dynamique aussi compliqué et coûteux en énergie alors que d’autres
bactéries comme Bacillus subtilis ont un dispositif statique, plus simple et économe, qui
réalise la même tâche ? [62]. Un preprint encore tout chaud[83] vient d’apporter une
information intéressante, il se pourrait que le gradient de protéines observé chez Bacillus
subtilis soit aussi dynamique !
Publications
Dans les pages suivantes sont retranscrits les deux articles suivants :
— Derr J, Hopper JT, Sain A, Rutenberg AD. Self-organization of the MinE protein ring in
subcellular Min oscillations. Physical Review E. 2009 Jul 27 ;80(1) :011922.
— Sengupta S, Derr J, Sain A, Rutenberg AD. Stuttering Min oscillations within E. coli
bacteria : a stochastic polymerization model. Physical biology. 2012 Aug
29 ;9(5) :056003.
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(article 4)

PHYSICAL REVIEW E 80, 011922 共2009兲

Self-organization of the MinE protein ring in subcellular Min oscillations
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We model the self-organization of the MinE ring that is observed during subcellular oscillations of the
proteins MinD and MinE within the rod-shaped bacterium Escherichia coli. With a steady-state approximation,
we can study the MinE ring generically—apart from the other details of the Min oscillation. Rebinding of
MinE to depolymerizing MinD-filament tips controls MinE-ring formation through a scaled cell shape parameter r̃. We find two types of E-ring profiles near the filament tip: either a strong plateaulike E ring controlled
by one-dimensional diffusion of MinE along the bacterial length or a weak cusplike E ring controlled by
three-dimensional diffusion near the filament tip. While the width of a strong E ring depends on r̃, the
occupation fraction of MinE at the MinD-filament tip is saturated and hence the depolymerization speed does
not depend strongly on r̃. Conversely, for weak E rings both r̃ and the MinE to MinD stoichiometry strongly
control the tip occupation and hence the depolymerization speed. MinE rings in vivo are close to the threshold
between weak and strong, and so MinD-filament depolymerization speed should be sensitive to cell shape,
stoichiometry, and MinE-rebinding rate. We also find that the transient to MinE-ring formation is quite long in
the appropriate open geometry for assays of ATPase activity in vitro, explaining the long delays of ATPase
activity observed for smaller MinE concentrations in those assays without the need to invoke cooperative MinE
activity.
DOI: 10.1103/PhysRevE.80.011922

PACS number共s兲: 87.17.Ee, 87.16.A⫺, 87.16.dr

I. INTRODUCTION

The oscillation of the proteins MinD and MinE from pole
to pole of individual cells of the bacterium Escherichia coli
is used to localize cellular division to midcell 关1兴. One cycle
of the oscillation, lasting approximately 1 min, starts with
adenosine triphosphate 共ATP兲-associated MinD binding to
the bacterial inner membrane and polymerizing into helical
filaments 关2–4兴 共see also 关5兴兲. This occurs at alternating poles
of the bacterium, with the MinD forming a polar “cap.”
MinE is recruited to the membrane-bound MinD, where it
forms a distinctive “E ring” 关6–8兴 at the edge of the MinD
cap by accumulating near the MinD-filament tips 关2兴. Because the rate of hydrolysis and subsequent release of ATP
MinD is stimulated by MinE 关3,4,9兴, the E ring drives depolymerization of the MinD filament which allows the oscillation to proceed. The depolymerization occurs with an approximately fixed E-ring width and speed along the cell axis
关7,8兴, indicating an approximate steady state during this part
of the Min oscillation. However, little is known about the
mechanism of E-ring formation, its detailed structure, or how
important it is for Min oscillations. Indeed, Min oscillations
have been observed without prominent E rings 关10兴.
Most models proposed for Min oscillation do not have
explicit MinD filaments 关11–15兴, though they do have E
rings. Recently, several models of Min oscillations that include explicit MinD polymerization have been proposed
关16–19兴, two of which display strong E rings that track the
tips of depolymerizing MinD-filament caps with constant

*julien.derr@espci.org
†

andrew.rutenberg@dal.ca

1539-3755/2009/80共1兲/011922共8兲

speed and width 关18,19兴. In these models, E rings are the
result of MinE polymerization either orthogonal to 关18兴 or
along 关19兴 MinD filaments. While MinD polymerization has
been observed in vitro 关3,4兴, there have been no reports of
MinE polymerization in the experimental literature. Indeed,
the faint MinE “zebra stripes” associated with the MinD
zones adjacent to the MinE ring 关7,8,10兴 seem to imply
sparse lateral binding of MinE to the body of MinD
filaments—not MinE polymerization.
In this paper, with both stochastic three-dimensional 共3D兲
simulations and a deterministic one-dimensional 共1D兲 model,
we show that local 共nonpolymeric兲 rebinding of MinE released from depolymerizing MinD-filament tips is sufficient
for E-ring formation. We impose and characterize a dynamical steady state of an E ring on a depolymerizing semiinfinite MinD filament in order to address the approximate
steady-state speed and width of the E ring in vivo 关7,8兴. We
investigate the roles of spatial dimension, cell length, radius,
and multiple MinD filaments and their helical pitch. We estimate the time scale of E-ring formation and obtain results
consistent with the significant delay before ATPase activity
seen with small MinE concentrations and large MinD membrane coverage in vitro 关3,4兴. Finally, we discuss how competition between the intrinsic and the MinE-stimulated ATPase activity of MinD controls the instability that leads to the
initial formation of the E ring from a uniformly decorated
MinD filament.
Qualitatively, we predict that the width of MinE rings will
increase as the MinD-filament depolymerization speed is increased through manipulation of cell shape, MinD to MinE
stoichiometry, or mutations that affect the MinE binding rate
to MinD. Eventually, the depolymerization speed will saturate but the E-ring width can still grow. Conversely, as the
depolymerization speed is decreased, MinE rings will un-
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0.9

probability 0 共determined by the relative cellular amounts of
MinE and MinD particles兲. 关Effectively we are studying
semi-infinite MinD filaments under the approximation of
uniform MinE binding for z ⬎ L.兴 In the steady state, the
fraction of MinE released by the depolymerizing MinDfilament tip that reaches the absorbing boundaries will then
be 0 / tip, where tip is the fractional MinE occupation of the
filament tip. The depolymerization speed v can be determined self-consistently by tip, though we will see below that
v is small and can be practically ignored in terms of the
E-ring structure.
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FIG. 1. 共Color online兲 Fractional occupancy of MinE on the
MinD filament  vs distance along the bacterial axis z for the 3D
stochastic model 共continuous lines兲 and the 1D model 共dashed
lines兲 for parameters typical of E. coli: L = 2 m, R = 0.5 m, and
0 = 0.35. The MinE binding parameter was 3 = 0.3 m3 / s, while
for the 1D model f = 0.06 was used. One MinD filament supports
either 共a兲 a strong plateaulike E ring for pitch p = 0.45 m or 共b兲 a
weak cusplike E ring for pitch p = ⬁ 共straight filament兲. The width
W of the strong E ring, given by 共W兲 = 共1 + 0兲 / 2, is indicated. The
inset illustrates the cylindrical geometry of the 3D model, showing
the underlying helical MinD filament with its depolymerizing tip at
z = 0. The helical pitch p is indicated.

dergo a transition from a plateaulike “strong” E ring to a
cusplike “weak” E ring. To our knowledge, systematic experimental studies of the E-ring width have not yet been
done.

II. E-RING MODEL

As illustrated in the inset of Fig. 1, we represent the bacterial geometry as a cylinder of radius R and length 2L. In
the right half 共0 ⬍ z ⬍ L兲, n filaments of MinD are placed on
the cylinder, each with the same helical pitch p but with
random 共unbundled兲 helical phases. MinD filaments are
composed of monomers of length a0, each of which can bind
one MinE. We depolymerize MinD from filament tips at z
= 0, and any released MinE diffuses in the cylinder interior
共cytoplasm兲 with a diffusion constant D. Released MinE can
bind to unoccupied MinD monomers; if not it is removed
from the system at z = ⫾ L. This open boundary condition
represents the sinks for MinE provided by other MinD in the
system. Depolymerized MinD is removed from the system
without further interaction, reflecting the nucleotide exchange needed before MinD rebinding is possible. This dramatically simplifies our model since we may then explicitly
consider only MinE dynamics on an implicit MinD filament.
Both the boundary conditions and the neglect of depolymerized MinD will be addressed again in the discussion.
In order to study a steady-state E ring, we keep the filament tips centered at z = 0—the “tip frame.” In the tip frame,
bound MinE moves along MinD filaments at a constant depolymerization speed v while new monomers of MinD are
introduced at z = L decorated with MinE with a constant

A. Stochastic 3D implementation

The dimensionless parameter ␣ᐉ ⬅ vᐉ / D, the fractional
axial distance one MinE advects at speed v while it diffuses
a distance ᐉ, characterizes the importance of the depolymerization speed. Even with ᐉ = 4 m, v = 0.03 m / s 关7,8兴, and
D = 10 m2 / s 关20兴, ␣ᐉ = 0.01 is small and depolymerization
is slow compared to diffusion. Accordingly, our stochastic
3D model quasiadiabatically follows each released MinE until it either rebinds or is removed from the system before
allowing further depolymerization. Each MinE diffuses by
taking a randomly oriented step of fixed length ␦ every time
step ⌬t, where D = ␦2 / 共6⌬t兲. Diffusing MinE binds to a free
MinD with probability Pstick when it hits the bacterial membrane within a distance rbind of the MinD. We take rbind = a0.
This leads to an effective binding rate of 33,local, where
3,local is the local bulk concentration of MinE and the
2
Pstick / 共2␦兲. We take 3
bulk reaction rate 3 = 3Drbind
= 0.3 m3 / s 共this is approximately the threshold between
strong and weak E rings given the cell geometry; see below兲.
The steady state reached after successive depolymerization
steps is independent of small ␦ if we vary Pstick with ␦ to
keep 3 constant.
B. Analytic 1D treatment

We also study a deterministic 1D model that exactly corresponds to the 3D stochastic model in the limit R Ⰶ a0. This
enables us to explore the role of spatial dimension and stochastic effects in the E ring and also helps us to identify the
combinations of parameters that control the E-ring structure.
Our 1D model tracks both the linear densities of bound MinE
共B兲 and of freely diffusing MinE 共F兲,
Ḃ − vB⬘ = 1F共Bmax − B兲

for z ⬎ 0,

Ḟ − vF⬘ = DF⬙ − 1F共Bmax − B兲 + vB共0兲␦共z兲,

共1兲
共2兲

where the dots and primes indicate time and spatial derivatives, respectively. For z ⬍ 0 there are no filaments so B = 0.
For z ⬎ 0, the linear density of potential binding sites 共i.e., of
MinD兲 is Bmax = 1 / a and the 1D rebinding rate is 1. The v
dependent terms on the left side of the equations represent
advection of bound MinE in the tip frame, while on the right
of Eq. 共2兲 is a source term due to MinE release at the depolymerizing filament tip. If we rescale all lengths by L 共so
z̃ ⬅ z / L兲 and define dimensionless fields B̃ ⬅ B / Bmax and
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F̃ ⬅ DaF / 共vL兲, then we can consider the scaled steady-state
equations,
for z̃ ⬎ 0,

共3兲

0.6
(a)

0.5
0.4
0.2

0.4

weak
ring

W 0.3
L
strong

共4兲

The boundary conditions are F̃共⫾1兲 = 0 and B̃共1兲 = 0. The
behavior is controlled by the dimensionless parameters ˜1
⬅ 1L2 / 共Da兲 and ␣L = vL / D, as well as by 0. We integrate
Eq. 共4兲 for z̃ ⬍ 0 where B̃ = 0 and impose flux conservation of
MinE at the boundaries with F̃⬘共−1兲 − F̃⬘共1兲 = 0. For z̃ ⬎ 0
the equations are then integrated numerically to find the
steady state.
Following the discussion of the stochastic 3D implementation, we expect ␣L to be small and anticipate that it is
irrelevant for the E-ring structure—leaving only 0 and ˜1 as
relevant control parameters. Nevertheless, the 1D treatment
allows us to explore this assumption. We find that ␣ ⱗ 0.05
does not change the observed E-ring steady-state structure by
inspection, while we expect ␣L ⬇ 0.01 at room temperature in
vivo and even lower values for weak E rings. The fourfold
speedup observed for the Min oscillation at body temperature 关21兴 puts the depolymerization speed 共i.e., ␣兲 closer to,
but still under, relevance with respect to the structure of the
steady-state MinE ring.
III. RESULTS

We can compare results of our 1D deterministic model
with our 3D stochastic model using F ⬅ R23,av, where 3,av
is the bulk density averaged over the bacterial cross section.
Then the 1D and 3D binding rates of MinE are related by
1 = 3 f / 共R2兲, where f ⬅ 3,local / 3,av. We expect that f will
vary with distance from the filament tip due to local release
at the tip followed by diffusion and capture. We find f ⱗ 1
away from the filament tip due to rebinding to the MinD
filament, and we expect f ⲏ 1 at the filament tip due to local
release from the depolymerizing tip. Effects of multiple filaments 共n兲 and filament pitch 共p兲 can be included in the 1D
model by using the MinD monomer spacing projected along
the bacterial axis a, where
a = a0/共n冑1 + 42R2/p2兲.

W 0.3
L
0.2

ring

A. Strong and weak E rings

Figure 1 illustrates the fractional occupation  共equivalent
to B̃ in the 1D model兲 of MinE binding sites on the MinD
filament vs distance z along the bacterial axis. Occupation
monotonically decreases from the tip value, tip ⬅ 共0兲,
due to local rebinding of MinE following depolymerization
from the tip. Following the quantification of Shih et al. 关10兴,
there are a few thousand MinD monomers within a typical
bacte-rium. With L = 2 m and a0 = 5 nm 关3,4兴, they can

0.1

0
1

0
1
(b)

(d)

0.9

ρtip

0.9

ρtip

0.8
0.7
0.6
0.5

0.8
0.7
0.6

0

0.05

0.1

r̃

0.15

0.2

0.5

0

0.05

0.1

r̃

0.15

0.2

FIG. 2. 共Color online兲 MinE profile, characterized by W / L and
tip, as a function of the scaled aspect ratio r̃. 共a兲 and 共b兲 Straight
filaments 共p = ⬁, 0 = 0.35兲. 1D model results are shown with solid
lines 共using f = 0.06兲; 3D stochastic results are indicated by symbols. Single filaments 关n = 1, green 共light gray兲 data兴 for L = 1 m
共䊐兲, L = 2 m 共䊊兲, and L = 3 m 共䉭兲; multiple filaments 关n = 2 or
5, blue 共dark gray 䉮兲 data兴 for L = 1 m. 共c兲 and 共d兲 Helical filaments 共n = 1, 0 = 0.35兲 with L / p = 20 共䊐兲, 10 共䊊兲, 4 共䉭兲, and 0 共〫兲.
For all these data, 3 = 0.3 m3 / s, and R is varied to explore r̃.
Similar results are obtained when 3 is varied.

be arranged either in one single helical filament 共with
p ⬇ 0.45 m 关2兴兲 or about seven straight filaments 共with
p = ⬁兲. In either case, we find 共A兲 a strong E ring 共n = 1
shown兲 with tip ⬇ 1 and a plateau shape of the density profile near the tip. With only one straight filament 共B兲, we find
a weak E ring with enhanced density at the tip but no saturation 共tip ⬍ 1兲 and no plateau. Strong or weak E rings have,
respectively, negative 关⬙共0兲 ⬍ 0兴 or positive 关⬙共0兲 ⬎ 0兴
curvature at the tip.
The 1D model profiles reasonably match the 3D results
away from the filament tips, using f = 0.06. This best value of
f depends on rbind. Using the same f near the tips, the 1D
model systematically underestimates the fractional occupation. This implies that a larger f ⬅ 3,local / 3,av is appropriate
there, in agreement with the increased likelihood that MinE
will be found near the tip shortly after it is released at the tip.

共5兲

Differences between the two approaches are either due to the
1D vs 3D geometry or due to the deterministic vs stochastic
nature of the models.

(c)

0.5

0.1

F̃⬙ = − ␣LF̃⬘ − B̃⬘ − B̃共0兲␦共z̃兲.
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B̃⬘ = − ˜1F̃共1 − B̃兲

(article 4)

B. Scaling collapse of E-ring width

For both strong and weak E rings, we can define the width
W of the E ring such that 共W兲 = 共1 + 0兲 / 2. Motivated by
the importance of the scaled MinE-rebinding rate ˜1 in the
1D deterministic equations and by the correspondence of 1
and 3, we investigated the influence of the scaled aspect
ratio r̃ ⬅ 冑 f / ˜1 = R / L冑Da / 3 on the profile shape, as characterized by W / L and by tip, in Fig. 2 for both the 3D
stochastic model 共symbols兲 and the 1D deterministic model
共lines兲. Two regimes are demarcated by a vertical dashed
line: for small r̃ we have a strong E ring with ⬙共0兲 ⬍ 0, a
saturated tip 共tip ⬇ 1兲, and good agreement between the 1D
and 3D models for the E-ring width; for larger r̃ we have a
weak E ring with ⬙共0兲 ⬎ 0, tip no longer saturated, and a
smaller width W.
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FIG. 3. 共Color online兲 共a兲 and 共b兲 MinE profile, as characterized
by W / L and tip obtained by the 3D model 共points兲 and the 1D
model 共lines, using f = 0.06兲 as a function of r̃ for different values of
stoichiometry; 0 = 0.2 共䊐, continuous lines兲, 0.35 共䊊, dashed
lines兲, and 0.50 共䉭, dotted lines兲. For each stoichiometry, the same
collapse as Figs. 2共a兲 and 2共b兲 is obtained: data are compiled for
n = 1, 2, 3, 4, and 5, L = 1, 2, and 3 m, p = ⬁, 3 = 0.3 m3 / s, and
R varies to explore r̃. Similar results are obtained when 3 is varied.

The agreement between the 3D and 1D results for tip and
W at small r̃ shows that the essential physics of strong
E rings is one-dimensional. For small enough R the bacterial
cross section is well explored by MinE by the time it has
diffused to free binding sites a distance W from the filament
tip. However, by effectively averaging the radial profile
the 1D model systematically underestimates the occupation
fraction near the tip, as seen with tip in Fig. 2 and also in
the profiles shown in Fig. 1. The disagreement becomes
stronger as r̃ increases, reflecting the increasingly 3D character of the stochastic system at larger aspect ratios. However, the system still exhibits a remarkable collapse for all
values of r̃. This shows that although the 1D model misses
important details about the tip enhancement, the scaling behavior of the 3D system with straight filaments is similar to
the 1D model.
As shown in Figs. 2共c兲 and 2共d兲, r̃ also captures the effects of helical MinD filaments. Smaller pitches lead to
stronger E rings. However, the 3D stochastic results do not
show scaling collapse with respect to r̃ as the monomer spacing along the filament a0 is a relevant length scale in addition
to the projected axial monomer spacing a. Since the 1D
model only uses the effective a, it incorrectly exhibits perfect
scaling collapse.
As shown in Figs. 3共a兲 and 3共b兲, 0 共the ratio of the number of MinE and MinD particles兲 also controls the scaling
curves of W / L or tip vs r̃. Agreement between 1D and 3D
models for small r̃ and scaling collapse is preserved for each
 0.

lations is a strong E ring 共with a plateau of MinE occupation
near the MinD-filament tip兲 but near the margin between
weak 共with tip ⬍ 1兲 and strong. This implies 关see Eq. 共6兲
below兴 that the tip occupation tip, and hence the depolymerization speed and the oscillation period, will strongly depend
on the stoichiometry of MinE to MinD. Since kS / kI Ⰷ 1,
changes to tip even at the percent level should be significant.
Indeed, MinD overexpression leads to a 2.5-fold increase in
the period 关22兴. This also implies from Fig. 3共a兲 that the
width of the E ring will strongly depend on the
stoichiometry—though this has not 共yet兲 been explored experimentally. At a fixed stoichiometry of MinE to MinD 共0兲,
we expect that overexpression of Min will increase the number of filaments and/or decrease the pitch. As a result, we
expect a slightly stronger E ring and a slightly faster
period—as seen 关22兴.
Optically reconstructed E rings 关2兴 show a plateaulike
decoration along the MinD filament, consistent with a strong
E ring. E rings have also been seen in long filamentous cells
关6–8兴 and exhibit approximately the same width W, though
both the spacing between MinD caps and the cell length are
considerably longer in filamentous cells than in rod-shaped
cells. This indicates that the effective L may not be determined by cell shape but rather by other processes preserved
between rod-shaped and filamentous bacteria such as the
length of the MinD filaments or spontaneous lateral release
共without MinD hydrolysis兲 of MinE away from the tip of the
MinD filament.
Shih et al. 关10兴 identified MinE point mutants 共MinED45A
and MinEV49A兲 that led to fainter E rings and double mutants
共MinED45A/V49A兲 that resulted in most of the MinE being
cytoplasmic with no strong E rings. Assembly and disassembly of MinD polar zones continued with no more than
doubled periods 关10兴—too rapid to be explained by intrinsic
depolymerization alone 共in contrast, see 关19兴兲. From Eq. 共6兲
共below兲 the observed disassembly rates would only require a
moderately enhanced tip ⬇ 0.9, i.e., a weak E ring. Indeed,
in all of these constructs there appears to be enhanced colocalization of MinE with the MinD polar zones 关10兴. We
believe that the lack of visible E rings in these mutants can
be explained with decreased 3 共as suggested previously in
关13兴兲 and/or enhanced spontaneous MinE unbinding away
from filament tips. Local rebinding of MinE near filament
tips would still lead to an enhanced tip. We predict that the
oscillation period in these mutants should be strongly susceptible to the MinE to MinD stoichiometry.

C. Correspondence with in vivo Min oscillations

IV. TRANSIENTS

Experimentally, W / L ⬇ 0.3 is observed in rod-shaped cells
关6–8兴, where we take L as half the bacterial length. Using
0 ⬇ 0.35, which is consistent with the ratio of MinE to
MinD if we assume that MinE is always dimerized 关10兴, then
from Fig. 3共a兲 we see that W / L ⬇ 0.3 is recovered for r̃
⬇ 0.07—which corresponds to 3 ⬇ 0.3 m3 / s. 共This 3 is
of the same order of magnitude as used in a number of previous models in three dimensions 关13,16兴 and in one dimension 关15,17,18兴 if we assume R = 0.5 m.兲 Interestingly, this
indicates that the E ring of the normal wild-type Min oscil-

We may use our models to check that the transients before
steady state are fast enough in the context of the normal Min
oscillation. If we initially decorate the MinD filament with
MinE monomers released from z = −L consistent with MinE
released from a different depolymerizing MinD cap, we find
共data not shown兲 an initial decoration pattern that has a plateaulike strong E ring from the beginning 共as previously
noted 关23兴兲, so that we expect rapid E-ring formation without
appreciable delay during Min oscillations 共as also observed
experimentally 关7,8兴兲.
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A. Transients before the steady state in vitro

1
(a)

While delays are not observed for E-ring formation during
Min oscillations in vivo, significant delays are observed in
vitro. MinD binds to phospholipid vesicles in the presence of
ATP and undergoes self-assembly, constricting the vesicles
into tubes with diameters on the order of 100 nm 关3兴. Electron microscopy revealed that MinD assembles into a tightly
wound helix on the surface of these tubulated vesicles with a
pitch 共helical repeat distance兲 of only 5 nm. Hu et al. 关3兴
reported a significant delay 共several minutes兲 for stimulated
ATPase activity when small concentrations of MinE were
added, while this delay vanished for larger MinE concentrations. Similar delays were seen in vitro by Suefuji et al. 关4兴.
Furthermore, the eventual steady-state ATPase activity was
smaller for smaller concentrations of MinE 关3,4兴. This has
led to the hypothesis of explicit cooperativity of MinE binding, which has then been explicitly included in reactiondiffusion models 关14,24兴 and in MinE polymerization in
models with MinD polymers 关18,19兴. Here we show that our
stochastic model for the MinE ring, with no explicit MinE
cooperativity, can recover the MinE concentration dependent
ATPase delays and activities observed in vivo. We conclude
that MinE cooperativity is not needed to explain the in vitro
results, apart from cooperative effects that arise implicitly
from the self-organization of the MinE ring.
We use an “inside-out” open geometry corresponding to
what is reported in vitro 关3兴, with a narrow phospholipid
cylinder that is tightly wound by MinD filaments. MinE,
when released by a depolymerizing filament tip, will diffuse
outside the cylinder. We consider a helical MinD filament of
radius R = 50 nm and pitch 5 nm 共equal to a0兲. Upon MinD
depolymerization, we allow any released MinE to diffuse
until either it binds to an available MinD binding site or it is
absorbed by the boundaries at z = ⫾ L. We impose reflecting
boundary conditions at r = R but otherwise allow MinE to
diffuse freely for r ⬎ R. Our stochastic 3D model is otherwise
the same as before though with an emphasis on the transients
approaching steady state.
The transient to steady state is shown in Fig. 4共a兲, with
the fractional occupation of MinE at the MinD-filament tip
共tip兲 shown as a function of the number of depolymerized
monomers from the filament tip, N. The MinE occupation
fraction at the MinD-filament tip is experimentally observable through the ATPase activity 共i.e., the MinD depolymerization rate兲. The initial condition is a uniform occupation 0,
corresponding to an initially random binding of MinE on the
MinD filament. The larger the 0 is, the shorter the transient
and the stronger the eventual steady state tip. Significant
enhancement of tip is obtained even for small fractions of
MinE. For 0 ⲏ 0.2 we see that tip ⬎ 0.8, though, as shown
in Fig. 4共b兲, strong E rings are predicted only for very large
stoichiometry 共0 ⲏ 0.8兲. The inside-out in vitro geometry includes some small radius features 共the helical winding of the
MinD filament兲 and some large radius features 共no closed
boundary at large r兲. The tight helical winding of the MinD
filament contributes to long transients, while the semiinfinite radial geometry contributes to the weak E ring for
small and moderate 0.

(b)
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FIG. 4. 共Color online兲 Transients and E-ring structure for an
“inside-out” open geometry appropriate for in vitro experiments,
where a MinD filament is tightly wound on the outside of a cylinder
of small radius 共R = 50 nm兲 with open boundaries at R = ⬁. 共a兲 Evolution of tip as a function of the number of depolymerization steps
N 共measured in thousands兲 after the uniform initial conditions for 0
equal to 0.8 共solid兲, 0.4 共long dash兲, 0.3 共short dash兲, and 0.2 共dotted兲; 共b兲 steady state 共z兲 as a function of axial distance z along the
helical axis for the same 0.

To convert the number of depolymerization steps N to a
time t共N兲 we need to sum the average time for each step,
N
which will depend on tip : t共N兲 = 兺n=1
⌬t共n兲, where
⌬t共n兲 = tip共n兲/kS + 关1 − tip共n兲兴/kI .

共6兲

The time steps are determined by kI when the tip of the
MinD polymer is unoccupied by MinE and kS when it is
occupied. Using kS / kI = 20 关4兴 and kS = 1 / 共20 ms兲 given by
the maximal depolymerization speed in vivo 共assuming tip
⬇ 1, with a strong E ring兲 关25兴, we plot the cumulative total
ATPase activity N共t兲 共equal to the number of depolymerization steps兲 vs elapsed time t in Fig. 5.
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FIG. 5. 共Color online兲 For the same inside-out in vitro geometry
described in the previous figure. Cumulative ATPase activity N共t兲
共measured in thousands of depolymerization steps兲 versus time t for
various 0. Asymptotic behavior is plotted as thin dotted lines.
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The stoichiometric ratio of MinE to MinD corresponds to
0 if the MinE mostly binds to available MinD before depolymerization proceeds significantly. For small amount of
MinE 共typically 0 ⱗ 0.3兲 we obtain a significant delay of
about 5 min, corresponding to the ATPase delay seen in vitro
关3,4兴 and for larger MinE amounts 共0 going to 1兲 the delays
decrease toward zero also in agreement with in vitro studies.
When the steady state tip is reached, the ATPase rate will
also be in a steady state as indicated by the linear asymptotes
in Fig. 5. Since tip can be large even for smaller 0, we
expect the ATPase rates to be comparable for moderate or
larger 0, as seen in vitro 关3,4兴. For smaller 0 the steadystate ATPase activity is reduced, as also observed.
We conclude that the delay of ATPase activity seen in
vitro is determined by the time needed to reach the steady
state tip. We see that it is considerably longer in an open
than in a closed geometry. Our local rebinding model recovers the delays seen in vitro without any explicit MinE cooperativity 共see, conversely, 关3,4,14,18,19,24兴兲.
B. E-ring instability

In the tip frame, the MinD-filament tip is bistable during
Min oscillations 关19兴 and the formation of the E ring
switches the filament tip between polymerization and depolymerization. While long transients for this switching are not
expected during Min oscillations in vivo because of initially
nonuniform tip decoration 关23兴, we may ask about the transient to form the E ring from a nonoscillating state—such as
seen experimentally after exposure to high levels of extracellular cations 关26兴. We consider a MinD filament that is initially uniformly decorated with MinE. To tractably include
the MinD polymerization dynamics, we use a uniform
共mean-field兲 bulk MinD density D. Because we are interested in the initial slow stages of E-ring formation, we consider MinE binding only near the tip with occupation fraction
tip 共initially equal to 0兲
The net polymerization rate of a MinD filament is R
⬅ k+D − 关tipkS + 共1 − tip兲kI兴, where D is the bulk MinD
monomer concentration and k+ controls MinD monomer addition. Depolymerization of n monomers from a single tip
will enhance tip due to local rebinding of MinE, so that
dR / dn = k+ / V − 共kS − kI兲dtip / dn for cell volume V. The depolymerization time per monomer is ⌬t ⬇ 1 / kI for an initially
weak E ring 共with tip small兲, and the change in tip occupation in one depolymerization step will be proportional to
both the number of MinE released 共tip兲 and the locally
available binding sites 共1 − tip兲, so that
dR
= k+kI/V − A共kS − kI兲kItip共1 − tip兲,
dt

共7兲

where the constant A is the fraction of MinE that rebinds to
available sites at the filament tip. For kS sufficiently greater
than kI this represents an instability 共dR / dt growing more
negative with time兲 that will lead to E-ring formation. We
therefore expect that both significant difference between intrinsic and stimulated ATPase activities of MinD and significant intrinsic ATPase activity are needed for E-ring formation and hence for the initiation of Min oscillations.

We have neglected any lateral unbinding of MinE from
the MinD filament, which will kill the instability if dR / dt is
small enough. We also neglect the presence of other MinDfilament tips, which will buffer the bulk MinD density and
reduce the effect of the k+ term in Eq. 共7兲. These effects will
shift the threshold but will not change the presence of the
E-ring instability.
Since tip ⯝ 0 initially, we also predict from Eq. 共7兲 that
both low and high proportions of MinE to MinD will also
preclude Min oscillations by making the MinD-filament tip
initially stable against depolymerization. However, using k+
= 100/ 共 Ms兲 关19兴, A ⬇ 1, and V = 1 m3 we estimate a tiny
stoichiometry threshold of 0.003 共for 0 or 1 − 0兲. While our
predicted stoichiometry thresholds are unlikely to be relevant
in vivo, they may be approachable in vitro. We also note that
initially slow E-ring formation dynamics near the instability
threshold should be observable when Min oscillations are
restarted after being halted 关26兴.
Previous models of the full Min oscillation have found
limiting MinE:MinD stoichiometries, either both low and
high 关12,15,18兴 or just high 关13,17兴. Sufficiently low stoichiometries may not have been explored in the later models.
Conversely, Min oscillations have always been seen in vivo
with moderate stoichiometry changes 关22兴. It would be desirable for a more systematic exploration of the role of stoichiometry on Min oscillations, given the predicted stoichiometry limits for the existence of oscillations predicted in
this and other models.
V. DISCUSSION

We have presented a model of the self-assembly of the
MinE ring within single E. coli bacteria, without invoking
either MinE cooperativity or MinE polymerization. We highlight the difference between strong E rings, with tip ⬇ 1 that
have essentially 1D physics and a maximal depolymerization
speed, and weak E rings with tip ⬍ 1 that have 3D physics
with depolymerization speeds, which sensitively depend on
the parameters and especially on the amount of MinE in the
cell. In contrast to previous filamentous models that had only
strong E rings 关18,19兴, our model shows how changing the
stoichiometry of MinE and MinD can change the oscillation
period through the depolymerization speed of MinD filaments. MinE rings in nonpolymeric reaction-diffusion models 关11–15兴 follow essentially our local rebinding mechanism
in the 1D regime but will deviate from polymeric models for
weaker E rings in the 3D regime where the monomer scale
a0 enters. Since the experimentally measured E-ring width
indicates that E rings in vivo are close to the threshold between weak and strong, the detailed response of the E-ring
structure 共i.e., the width W or the depolymerization speed via
the tip occupation tip兲 to experimental manipulations that
change the oscillation period 共stoichiometry through 0 or,
e.g., 关26兴兲 is unlikely to be correctly captured by 1D or nonfilamentous models.
We have explained the anomalous delays of MinEstimulated MinD ATPase activity seen in vitro 关3,4兴 and have
also identified an instability of MinE-ring formation that is
required to develop from a disordered initial state to the full
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ization rate—which would allow further rebinding. This appears to be observed in the occasional E-ring reversal in vivo
关7,10兴. While interesting, poisoning appears to be typically
avoided during Min oscillations—perhaps by filament cutting or by lateral MinE release and rebinding, neither of
which has been experimentally characterized—and so we are
justified in neglecting it for steady-state E rings. Poisoning
may however weaken the E-ring instability described by Eq.
共7兲, and this deserves further study. The next step is to develop a full 3D Min oscillation model with MinD filaments
but without MinE polymerization.
Previous work has considered the steady states of semiinfinite filaments with tip-directed depolymerization enhanced by bound motors 共in this paper, bound MinE兲 关29兴.
That work used a uniform 共mean-field兲 cytoplasmic motor
distribution and obtained tip-enhanced motor density by a
combination of diffusion and directed motion along the filament together with a “processivity” retention probability p̄
for motors at the depolymerizing tip. In contrast, in our
model MinE remains immobile on the filament. 关Note that
advection 共v兲 represents the dragging of MinE along with the
MinD filament, not motion with respect to the filament.兴 Furthermore, we explicitly consider the cytoplasmic MinE random walk or diffusion upon release from the filament tip.
While this does lead to implicit processivity 共local retention
of MinE兲, it also correctly allows for rebinding of MinE
away from the filament tip. This physical modeling of the
cytoplasmic MinE allows us to consider, e.g., the 3D vs 1D
crossover, realistic transients for the inside-out in vitro geometry, and the E-ring width. Note that the enhanced local
rebinding of MinE to the MinD filament upon release is related to ligand rebinding 共see, e.g., 关30兴兲, and similar dimension and geometry dependent effects are seen there.

Min oscillation. We have shown that MinE-ring structure and
dynamics can be treated independently of a full Min oscillation model. The instability to E-ring formation, and subsequent MinD-filament depolymerization, that we identify neither depends on nor determines the spatial pattern of Min
oscillation—which could be selected by either diffusion and
rebinding of MinD 关27兴 or phospholipid heterogeneities 关28兴.
We have constructed our E-ring model to obtain a steady
state. The steady state is formed by balancing the MinE entering the system as a bound fraction 0 on the MinD filament with the MinD lost by diffusing across the open boundaries at z ⫾ L. Other geometries, such as an open boundary at
z = −L and closed at z = L or a filament tip placed asymmetrically 共away from z = 0兲, will also lead to a steady-state E ring
that should be qualitatively similar to the one we have described. An extreme example of this is the inside-out geometry we used to describe in vitro ATPase experiments. What
we have accomplished is to characterize the steady state and
use it to explore the effects of cell shape, helical pitch,
MinE-rebinding rate, and stoichiometry on the E-ring structure. Our model is expected to be a generic part of full oscillation models that exhibit E rings.
It is worth speculating on how our simplified E-ring
model would be modified by possible additional ingredients
within a full model of the Min oscillation. 共1兲 We do not
expect that filament cutting 共see e.g., 关16,17兴兲 will qualitatively affect our results, though it would lead to many more
free ends and faster depolymerization. The MinE ring would
still only be expected to form near the very end of the MinD
filament, and significant depolymerization would only occur
within its width W from the end. Similarly, our results should
apply to models without filaments 共see, e.g., 关12–16兴兲. In that
case, we expect that our analytic 1D treatment is a better
approximation due to the absence of an intrinsic monomer
spacing a0 that is relevant near the filament tip. 共2兲 We expect that lateral release of bound MinE away from filament
tips, without associated cutting, would affect the E-ring profile, a distance ᐉ = v away from the tip 共where v is the depolymerization rate and −1 is the lateral release rate兲. This
can be crudely included in our model by placing our boundary conditions at L ⬇ ᐉ. 共3兲 We have neglected the rebinding
of MinD to the filament tip. We would expect rebinding to
“poison” the E ring by significantly reducing the depolymer-
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Abstract
We have developed a 3D off-lattice stochastic polymerization model to study the subcellular
oscillation of Min proteins in the bacteria Escherichia coli, and used it to investigate the
experimental phenomenon of Min oscillation stuttering. Stuttering was affected by the rate of
immediate rebinding of MinE released from depolymerizing filament tips (processivity),
protection of depolymerizing filament tips from MinD binding and fragmentation of MinD
filaments due to MinE. Processivity, protection and fragmentation each reduce stuttering, speed
oscillations and MinD filament lengths. Neither processivity nor tip protection were, on their
own, sufficient to produce fast stutter-free oscillations. While filament fragmentation could, on
its own, lead to fast oscillations with infrequent stuttering; high levels of fragmentation
degraded oscillations. The infrequent stuttering observed in standard Min oscillations is
consistent with short filaments of MinD, while we expect that mutants that exhibit higher
stuttering frequencies will exhibit longer MinD filaments. Increased stuttering rate may be a
useful diagnostic to find observable MinD polymerization under experimental conditions.

1. Introduction

ADP into the cytoplasm, together with MinE. Released MinE
can immediately rebind to nearby membrane-bound MinDATP, but MinD-ADP must undergo nucleotide exchange
before it can rebind. In rod-shaped E. coli, membraneassociated MinD is observed to form polar caps at alternating
poles, and MinE associates with the medial edge of these caps
in ring-like structure (the E-ring).
Dynamic filamentous structures of MinD have also been
reported in vivo [7, 8], and are consistent with the observation
of MinD polymerization in vitro [9, 10] and the delays of
MinE-stimulated MinD-ATPase activity seen in vitro [11].

Subcellular oscillations of the proteins MinD and MinE within
the rod-shaped bacterium Escherichia coli (E. coli) help
restrict division to midcell [1–6]. Pole-to-pole Min oscillations
arise from an interplay between diffusion and membrane
binding/unbinding of MinD and MinE proteins in the confined
bacterial geometry. MinD-ATP binds to the membrane in
a cooperative manner, and MinE binds to the membranebound MinD-ATP. Subsequent MinE-stimulated hydrolysis of
membrane-bound MinD-ATP leads to the release of the MinD1478-3975/12/056003+09$33.00
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The Min oscillation in vivo may thus involve the periodic
polar nucleation, polymerization and depolymerization of
MinD filaments. Nevertheless, long polymeric structures are
not seen in electron cryotomograms [12], and while static
filamentous MinD structures were reported in a reconstituted
planar Min system [13] (see figure S11) dynamic filaments
were not reported. It remains unclear how ubiquitous
membrane-associated MinD polymers are in normal E.coli
Min oscillations [14, 15], and what length any polymeric
filaments have. While short MinD polymers would not be
easily observable, could they still significantly affect the
observable phenotype of the Min oscillation?
The stuttering of the disassembly of the polar MinD caps
that has been observed in wild-type (WT) Min oscillations
[16], and is common in certain mutant systems [17, 18], has
not been recovered in existing models of Min oscillation [19].
Organization of a small number of Min molecules (roughly
2000 MinD monomers and 700 MinE dimers [17]) into an
even smaller number of filaments should enhance stochastic
effects. Indeed, Min stuttering has a natural explanation in
tip-directed depolymerization models, where the bistability of
individual filaments selected by MinE tip decoration allows
switching of individual filaments between disassembly and
growth [11]. If many of the filament tips are denuded of MinE
at the same time, which switches them from depolymerization
to polymerization, then the collective oscillation should stutter.
Surprisingly, existing stochastic polymerization models
[20–24] have not reproduced the stuttering phenomenon.
Instead, we believe that stuttering has been strongly suppressed
in all existing models. The stochastically switched 1D model
of Borowski and Cytrynbaum [24] does not allow switching
while the filament tip is decorated with any MinE and does not
have any spatial distribution of free monomers, and so cannot
capture temporary reversal, i.e. stuttering. Similarly, the 1D
model of Drew et al [20] precludes temporary reversals by
keeping all of the bound MinE at the MinD tip. Alternatively,
the 1D model of Tostevin and Howard [23] allows MinEinduced filament fragmentation or cutting by allowing slow
MinD unbinding away from filament tips. The resulting
proliferation of rapidly depolymerizing tips is similar to what
is seen in non-polymerizing reaction–diffusion models. This
proliferation of tips avoids collective poisoning. A similar
mechanism of filament fragmentation was used by Pavin
et al [21] and Krstić et al [22] in 3D.
In this paper, we explore three tuneable mechanisms to
inhibit poisoning of individual filaments in a polymerizing
model for Min oscillations. The first is to allow for the
processivity of MinE (with the parameter PpassE , described
below), such that tip-bound MinE is not always released
from the filament upon depolymerization but has a chance to
immediately rebind [11, 25]. This is similar to the ‘Tarzan of
the Jungle’ mechanism proposed by Park et al [26], but applied
to polymeric MinD. However, we find that this mechanism is
not enough on its own to suppress stuttering. So in addition
to processivity, our second mechanism is to allow for tipbound MinE to protect the filament from further MinD-ATP
binding (with the parameter Pprotect , described below). This
protection mechanism was also included in the polymeric

model of Tostevin and Howard [23]. The third mechanism
is to allow the MinE that are bound to the MinD filaments to
cut filaments away from the tip (with rate k f , described below)
[21–23].
We investigate stuttering, or transient reversals of the
disassembly of polar MinD caps, within the context of a
stochastic polymerization model of the Min oscillation. This is
a 3D, molecular-dynamics style, ‘all-molecules’ model, where
the stochastic effects due to shot noise and stochastic binding
and unbinding are all implicitly included.

2. Our stochastic polymerization model
We model the 3D E. coli bacterium by a cylindrical membrane
of length 2L and radius R, capped with two polar hemispheres
of radius R—all enclosing the fluid bacterial cytoplasm where
diffusion occurs. We work with experimental number densities
scaled to an E. coli cell of length 4 μm and diameter 1 μm
and so containing approximately 3500 MinD monomers and
1200 MinE dimers [17]. Each cytoplasmic MinD or MinE
diffuses by taking a randomly oriented (isotropic) step of
fixed length δ in every timestep t, leading to a diffusion
constant D = δ 2 /(6t ). We use DD = 16 μm2 s−1 and
DE = 10 μm2 s−1 for MinD and MinE [27], respectively, and
choose t = 10−2 s. Both MinD monomers and MinE dimers
are treated as non-interacting particles while diffusing.
MinD-ATP monomers can bind as an isolated monomer
(with rate σD , see figure 1(a)) or can bind to an isolatedbound MinD monomer (with rate σnuc , see figure 1(b)).
These rates naturally translate into probabilities (see the
next subsection) for diffusing particles that encounter the
membrane. Cooperative binding to a bound MinD monomer
initializes a polymer of length 2a0 , where a0 = 5 nm is the
bound subunit spacing along MinD protofilaments [10]. The
orientation of the growing polymer is determined at nucleation.
In this paper, we have taken all polymers to be straight along
the geodesic line from one cell pole to the other, i.e. on great
circles on end caps and axial along the cylindrical portion of
the membrane. MinD-ATP monomers can extend an existing
polymer by binding to its tip monomer with a rate σdD (see
figure 1(c)). Every monomer added extends the polymer by a0 .
MinD-ATP binds to the closest membrane-bound MinD, either
monomer with rate σnuc or tip with rate σdD , that lies within
the radial distance rnuc or rD , respectively, of the point where
MinD strikes the membrane. We require this finite interaction
range in order to speed our computational algorithm: it allows
us to take larger random steps during diffusion, and it allows
us to turn off membrane diffusivity of MinD. Since most
MinD is membrane associated, this represents an enormous
computational efficiency.
To include the effect of PL heterogeneity [28, 29] and
account for the observation that MinD associates with anionic
CL-rich PL more than non-polar PL [30], we have allowed
the rate (σD cl ) of association of MinD to the CL-rich end
caps to be greater than its rate (σD ) of association elsewhere
on the membrane. We furthermore only allow MinD filament
nucleation (via σnuc ) only at the CL-rich polar caps. We also
briefly consider a fully homogeneous model with σD cl = σD
and homogeneous nucleation.
2
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MinE, need no recovery time before rebinding. In contrast,
after stimulated release MinD-ADP spends time τc in the
cytoplasm before it is converted to MinD-ATP by nucleotide
exchange and becomes capable of binding to the membrane
again [31].
When MinE is released from the filament tip it is passed
on to the next MinD site on the filament with a ‘passing’,
or processivity, probability PpassE , provided the site is not
already occupied by a MinE—see figure 1( f ). Processivity
arises naturally from the efficient exploration of the tip
environment by a continuously diffusing tip-released MinE
[11]. Processivity may also be enhanced by MinE–membrane
interactions [26]. In addition to processivity, we inhibit binding
of MinD to the tips of filaments that are already decorated by
MinE with probability Pprotect (see figure 1(g)). Both PpassE and
Pprotect range from 0 to 1, and serve as tuneable parameters that
inhibit poisoning of individual filaments.
2.1. Implementation details

Figure 1. Schematic of kinetic parameters in our Min model.
(a) Cytoplasmic MinD-ATP (yellow circles) binds to the membrane
with rate proportional to σD . (b) Filaments nucleate by binding of
second MinD-ATP to a membrane-associated MinD-ATP, with rate
proportional to σnuc . (c) Filaments elongate by tip binding of
MinD-ATP, with rate proportional to σdD . (d) MinE (green square)
binds to any of the filamentous MinD (binding to the tip is
illustrated) with rate proportional to σE , leading to MinDE.
(e) MinE-stimulated MinD-ATPase activity of MinDE leads to
disassociation of MinD-ADP (darker, rose coloured, circle) and
MinE from the filament tip, with rate kS . ( f ) With probability PpassE
the tip-released MinE from (e) will processively associate with an
adjacent MinD-ATP rather than being released into the cytoplasm.
(g) With probability Pprotect , MinD-ATP binding will be blocked
from filament tips that have MinDE. (h) With rate k f , MinDE away
from filament tips will disassociate and fragment the filament into
two. We find that the last three processes ( f )–(h) control stochastic
stuttering of Min oscillations.

As mentioned above, we implement diffusive motion through
a randomly oriented step of fixed length δ0 , where D =
δ02 /(6t0 ). We keep the timestep t0 fixed to allow
synchronous motion, and so adjust the step size δ0 to give
the desired cytoplasmic diffusivities of MinD and MinE. If
the step would cross the cytoplasmic membrane then binding
is checked (see below). If the particle does not bind, it
is reflected specularly from the membrane. This ensures a
uniform volume density in the non-interacting limit. For
computational efficiency, we have chosen a relatively large
maximal timestep t0 = 10−2 s that is still much less than the
Min oscillation period. This timestep is used for unbinding,
for nucleotide exchange and for diffusing proteins far from
the membrane. For bulk MinD-ATP or MinE close to the
membrane, we use a random spatial step length δ equal to half
the separation of the protein from the closest membrane—but
no less than a0 = 5 nm. We adjust the timestep t = δ 2 /(6D)
accordingly, and take these smaller steps until t0 is reached.
As a result, the simulation is efficient and synchronous, but
retains a relatively fine spatial scale close to the membrane.
Reaction–diffusion membrane association rates are
mapped to ‘sticking’ probabilities of MinD-ATP and MinE
upon collision with the cytoplasmic membrane [11]. The
mapping agrees dimensionally with the one given by Pavin
et al [21, 22] but our dimensionless prefactors differ. For a
particle a distance z < δ from a membrane, steps within
a polar angle θz = cos−1 (z/δ) will hit the membrane. The
corresponding solid angle gives a fraction f (z) = (1 − z/δ)/2
of particles hitting the surface with one randomly oriented
step of length δ. For a bulk density ρ, integrating over z
gives a sticking rate per unit area of Pρδ/4—where P is
the desired sticking probability. Equating this to the expected
change in one timestep using reaction–diffusion rates, σ ρt,
gives P = 4σ t/δ = 2σ δ/(3D). This is used for MinDATP binding to the membrane. For binding to a small patch
of area π r2 , e.g. at the filament tip, we can use the previous
rate per unit area to obtain the binding rate π r2 Ptip ρδ/4 and
equate that to the reaction–diffusion rates σtip ρt to obtain

MinE can bind (with rate σE , see figure 1(d)) to the closest
membrane-bound MinD-ATP that lies within the distance rE of
the point where MinE strikes the membrane. We report results
for rE = rD = 5a0 and rnuc = a0 . However, we have explored
a wide range of rD and rE values and observed Min oscillations
for rD and rE values as low as a0 and 2a0 , respectively.
MinE can bind to any membrane-associated MinD, whether
they are in filaments or not. When MinE binds, it forms a
MinDE complex. Unbinding of MinDE primarily proceeds
through MinE-stimulated MinD-ATPase activity of the MinDE
complex. If the MinE is bound to an isolated membrane-bound
MinD monomer the release rate is kSM , the release rate at the
tips of a filament is kS (see figure 1(e)). We investigate the
effects of MinE-stimulated MinD release away from filament
tips (through the rate k f , where k f  kS ), which cuts or
fragments the filament (see figure 1(h)). We also allow a
small intrinsic (non-hydrolyzed) release rate of bound MinD
monomers with rate kI . MinE can also spontaneously release
from a MinDE complex without hydrolysis of the associated
MinD with rate kE . These small spontaneous release rates of
MinD and MinE without hydrolysis represent the reversibility
of binding interactions. Spontaneously released MinD, like
3
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Ptip = 2σtip δ/(3π r2 D). We use this for MinD-ATP binding
to the filament tip, filament nucleation and for MinE binding
to membrane-associated MinD. We return particles released
from the membrane to the position that they originally bound
from in order to recover uniform bulk densities in the absence
of other interactions.
We have investigated a variety of initial conditions, such
as randomly distributed MinD and MinE or an inhomogeneous
condition with all MinD randomly placed near one pole and
all MinE randomly placed near the other. Our results are
unaffected by the initial conditions, though we typically used
inhomogeneous initial conditions to minimize the duration of
initial transients before steady-state data could be taken.

(data not shown) on the ratio of MinD to MinE copy numbers,
with a critical minimum ratio required to sustain oscillations
[2, 31]. We found oscillations with both helically pitched
(data not shown) and straight MinD filaments, with both
filament fragmentation and tip-directed depolymerization, and
with a variety of bacterial lengths and widths. In all cases
the oscillations were end-to-end, and were observed in both
length L = 2 μm and L = 4 μm cells. Typically the shorter
cells stuttered more. With some parameter sets we observed
oscillations only with heterogeneous binding. For simplicity,
and in lieu of direct biophysical measurements of most of the
interaction parameters, we have restricted ourselves to one
core parameter set (see the caption of figure 2) that exhibits
oscillations with both homogeneous and inhomogeneous PL
patches, one bacterial size and with axially oriented MinD
filaments.
Figure 2 shows spatio–temporal Min oscillations in a cell
of length 4 μm through the process of periodic growth and
decay of several polymer filaments at alternate ends of the
cell. Filament nucleation was restricted to the hemispherical
poles and MinD monomer binding was enhanced there as
well—this is motivated by the inhomogeneous CL distribution
seen in vivo. For the sake of clarity, only membrane-bound
Min molecules are shown in the figure with blue representing
MinD-ATP and red representing MinE bound to MinD-ATP.
MinD filament scan can be observed to start forming in the left
end of the cell in figure 2(a). As time progresses, the filaments
gradually grow longer and become more numerous (panels (b)
and (c)) and many of them are also decorated by MinE, though
the MinE is still sparsely distributed in panels (b) and (c).
The gradual shrinking of the filaments that are predominantly
capped by MinE (the E-ring) can also be observed in the
opposite (right) end of the cell, in synchrony with the growth of
MinD-ATP filaments in the left end of the cell. The growth of
the filaments on the left end is eventually halted and shrinking
of filaments, primarily by the MinE-stimulated hydrolysis of
MinD-ATP, is observed in panels (d), (e) and ( f ). This Ering-driven shrinking is associated with growth of the MinD
filaments at the opposite pole. The period of oscillations was
approximately 42 s, which is consistent with observations in
WT cells at room temperature.
In figure 3, we consider the same set of parameters but
with homogeneous nucleation and binding of MinD along the
membrane (i.e. σD cl = σD )—corresponding to the absence
of anionic PL patches at the cell poles. Panels (a)–( f ) show
snapshots of the resulting oscillation; the filaments are more
uniformly distributed along the length of the cell and are
both shorter and more numerous. The oscillation period is
approximately double than the inhomogeneous case.

2.2. Data analysis
To simply characterize oscillations in a manner amenable
to experimental measurement, we have recorded the
amount of membrane-associated MinD, nD (t ), in each polar
hemispherical cap at 1 s intervals. We have also recorded the
number of filaments and their length. The plots of MinD in
one pole versus time, as illustrated in figures 2 and 3, showed
an initial transient and then periodic oscillations. We ignored
the earliest 10% of the data (similar results were obtained
with 20%) to avoid initial transients. We then characterized
the time average nD , the variance σD2 =n2D  − nD 2 and the

corresponding standard deviation σD ≡ σD2 .
From the nD (t ) plot shown in figure 2, we identified local
minima and maxima that were below nD  − σD or above
nD +σD , respectively, in order to accurately identify the peak
and trough of the oscillations. These local minima or maxima
sometimes clustered, but the clusters alternated between
minima and maxima. Within each cluster we took the smallest
minimum or largest maximum as the corresponding extremum
of one oscillation. The region nD ∈ [nD  − σD , nD  + σD ],
from one maximum to the next minimum, was identified as
the disassembly interval. Several disassembly intervals are
indicated in figure 2 with thicker red lines. Between 130
and 1300 oscillations were analysed for each parameter set,
depending upon the period and the computational efficiency.
Statistics of stuttering, polymer number and length were
extracted only from disassembly intervals. Polymers of MinD
were counted if they were of length two or more, i.e. monomers
were excluded. Stuttering was defined by a transient increase of
polar MinD during the disassembly interval, and the duration
of the transient increase was the stutter duration. While
excluding short stutters reduced the number of stutters, and
degraded their statistics, it did not appear to change their
overall functional dependence on various model parameters.
Accordingly, we typically counted any stutter that lasted
for 1 s or more—accessible to experimental timescales and
avoiding fluctuations due to individual polymerization events.
The stutter rate was defined to be the average number of stutters
observed per disassembly interval.

3.1. Effects of Pprotect and PpassE on the Min oscillation
In figure 4, we consider the effects of relaxing either PpassE
or Pprotect from PpassE = Pprotect = 1, where we always have
processivity of released MinE from filament tips and always
protect MinE-bound tips from growth. As either Pprotect (red
squares) or PpassE (blue stars) decreases, oscillation periods
grow both longer and more variable. The effect is more

3. Results
We recovered pole-to-pole Min oscillations for a wide range
of parameters. The oscillation period was strongly dependent
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Figure 2. Min oscillations—inhomogeneous nucleation. Consecutive snapshots (a)–( f ) from our simulation video shows periodic
polymerization and depolymerization of MinD filaments at the two ends of a rod-shaped cell. The cylindrical portion of the cell has length
L = 4 μm with radius 0.5 μm; the hemispherical end caps have the same radius. Only membrane-associated molecules are shown:
MinD-ATP in blue and MinD-MinE in red. We apply inhomogeneous nucleation where MinD filaments can only nucleate at the
hemispherical poles, and σD cl = 10 σD . The oscillation of the number of membrane-bound MinD in the left third of the cell is shown in (g).
The oscillation period is approximately 43 s, after a short initial transient from inhomogeneous initial conditions. Also shown are the mean
nD  with a dashed blue line, and nD  ± σD with the two dotted green lines. Four disassembly regions, which go between the dotted green
lines, are illustrated with thicker red lines. The parameters are as follows: ρD = 1200 μm−3 , ρE = 400 μm−3 , DD = 16 μm2 /sec,
DE = 10 μm2 /sec, σD = 100 μm/sec, σdD = 5.5 × 108 μm3 /sec, σE = 8.0 × 108 μm3 /sec, σnuc = 1.6 × 107 μm3 /sec, kI = 0.1/sec,
kSM = 10/sec, kS = 6/sec, kE = 0.01/sec, τc = 1.0 sec, rD = rE = 25 nm, rnuc = 5 nm, δt = 0.01 sec, PpassE = 0.9, Pprotect = 1.0.

pronounced as Pprotect is decreased. In the inset, we see that
the amplitude of the oscillation, as measured by twice the
standard deviation of the polar MinD content (2σD ), remains
appreciable over the parameter ranges shown. We note that
regular oscillations were not observed with no processivity
(PpassE = 0), and that (data not shown) shorter L = 2 μm
cells had appreciably longer and more variable periods for
PpassE < 1—which was not seen with any other parameter
variation in this figure or subsequent.
Qualitatively, both PpassE and Pprotect improve the quality
of oscillation by strengthening the decoration of filament tips
with MinE. With a fixed microscopic stimulated disassembly
rate kS , oscillations are slowed with decreased PpassE or
Pprotect by interrupting the rapid disassembly of MinD
filaments. Interestingly, oscillations are much more sensitive
to Pprotect than to PpassE because of the approximately uniform

concentration of MinD-ATP monomers ready to assemble
unprotected filaments. The interruptions are stochastic, and
lead to an increased variability of the cycle-to-cycle duration.
We expect that this will also be associated with an increased
stutter rate.
In figure 5, we consider the stutter rate, as measured by
the number of transient reversals of polar disassembly per
oscillation, for the same parameter ranges as in figure 4. We
show stutters of longer than 1, 2 and 3 s with the solid, dashed
and dotted lines respectively. We see that the functional form of
the different stutter durations are similar, and we subsequently
show all stutters of 1 s or longer duration. We also see that very
few stutters are observed until PpassE  0.8, while significant
stutters are seen for any Pprotect < 1. We note that less than
about 1000 oscillation periods were recorded for any parameter
set, so stutter rates below 10−3 were not observable. In the inset
5
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Figure 3. Min oscillations—homogeneous nucleation. Consecutive snapshots (a)–( f ) from our simulation video shows periodic
polymerization and depolymerization of MinD filaments at the two ends of a rod-shaped cell. Only membrane-associated molecules are
shown: MinD-ATP in blue and MinD-MinE in red. We apply homogeneous nucleation where MinD filaments can nucleate everywhere and
MinD monomers bind homogeneously σD cl = σD . Other parameters are the same as in figure 2. The oscillation of the number of
membrane-bound MinD in the left third of the cell is shown in (g). The oscillation period is approximately 85 s, and is reached after a short
initial transient from inhomogeneous initial conditions.

we show the average filament length during the disassembly
phase, measured in monomers, at corresponding values of
Pprotect (red squares) or PpassE (blue stars). Reduced stuttering
corresponds to shorter filaments, on average.
Tip protection, through Pprotect , and processivity, through
PpassE , both reduce tip poisoning and hence stuttering. This
echoes what was seen in the previous figure with the
degradation of the oscillation period. Better MinE coverage of
filament tips during disassembly leads to quicker disassembly,
shorter periods, shorter filaments, less stochastic pausing
during disassembly and less stuttering. Both Pprotect and PpassE
must be close to unity for reliable oscillations with infrequent
stuttering.

figure 6, small levels of filament cutting significantly decreases
stuttering even in systems (green circles) with no processivity
or tip protection. As shown in the inset, the corresponding
oscillations are regular with large amplitudes. Small levels of
cutting also reduces stuttering in conjunction with processivity
(purple squares) and with partial protection and processivity
(orange triangles). We see a broad minimum of the stutter rate
near k f ≈ 0.1 sec−1, and the subsequent increase of apparent
stuttering is associated with (see the inset) a significant
reduction of the oscillation amplitude. Qualitatively, when
k f  0.5 sec−1 the traces for polar MinD appear (not
shown) to be noisy and irregular. Nevertheless, for k f 
0.2 sec−1 good oscillations are observed for all of the systems
investigated.
As shown in figure 7, increasing k f leads to shorter MinD
filaments (solid lines, same colour and point type as figure 6)
and more MinD filaments (dashed lines). As shown in the inset,
this also leads to shorter oscillation periods—following from
faster disassembly of the shorter filaments. Further increasing
k f continues the trend. For our model parameters, regular

3.2. Effects of filament cutting (k f ) on the Min oscillation
In the previous section, we explored models with unbroken
MinD filaments by only allowing tip-directed disassembly.
In this section, we allow MinE-stimulated ATPase activity
to break filaments away from MinD filament tips through
the cutting or fragmentation rate k f . As shown in
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Figure 4. Effect of Pprotect and PpassE on the oscillation period. We
show the mean oscillation period as either tip protection or
processivity, Pprotect (red squares) or PpassE (blue stars) respectively, is
varied from Pprotect = PpassE = 1. The vertical bars indicate the
standard deviation of the period, σT —statistical errors are much
smaller. We see that with maximal processivity and tip protection,
oscillations are fast and precise, but that decreasing either Pprotect or
PpassE both slows and degrades the oscillation—this is particularly
pronounced with smaller Pprotect . In the inset, we show the
corresponding oscillation amplitude (2σD ) versus P. While the
oscillation amplitude does degrade somewhat as Pprotect decreases,
the amplitudes remain large for periods less than 1000 s. Parameters
for this and subsequent figures are as in figure 2, unless otherwise
mentioned.

Figure 6. Stutter rate versus fragmentation rate. Shown is the
number of 1 s or longer stutters per oscillation (the stutter rate)
versus the filament fragmentation rate k f (in units of sec−1).
Statistical errors are as indicated. The various curves are for no
protection but full processivity (purple squares), partial protection
with Pprotect = 0.9 and full processivity (orange triangles), and
neither protection nor processivity (green circles). For all three
curves, stuttering decreases as k f increases from small values,
reaches a broad minimum, then increases for further increases of k f .
The inset shows the oscillation amplitude (2σD ), which sharply
decreases at k f  0.1 sec−1—corresponding to when the stutter rate
begins to increase again. Interestingly, processivity significantly
increases the minimal stuttering rate (purple versus green curves)
unless tip protection is also present (orange curves).

10

100
1000
period

number

stutter rate

1

100
10
0.0001

length

0.1

0.01
kf

0.1

100

10

10
0.4 0.5 0.6 0.7 0.8 0.9

0.01
0.4

0.001

1

0.0001

0.5

0.6

0.7
P

0.8

0.9

0.001

0.01

0.1

kf

1

Figure 7. Number of polymers and polymer length (in numbers of
monomers) versus fragmentation k f (in units of sec−1). The solid
lines show the average length of MinD filaments during the
disassembly phase of oscillations at either pole, while the dashed
lines show the corresponding average number of filaments. The
points and colours are the same as the previous figure. The inset
shows the corresponding oscillation periods. We see that increased
fragmentation leads to shorter filaments, more filaments and shorter
oscillation periods.

Figure 5. Effect of Pprotect and PpassE on the stutter rate. The points
show the stutter rate per oscillation period as either tip protection or
processivity, Pprotect (red squares) or PpassE (blue stars) respectively, is
varied from Pprotect = PpassE = 1. Statistical error bars are shown.
The stutter rate is the average number of transient reversals of the
indicated duration (1, 2 or 3 s indicated by solid, dashed and dotted
lines, respectively) or longer during polar disassembly per
oscillation. We see that moving away from full protection or
processivity leads to significant rates of stuttering. We also see that
stutters of different duration are similarly distributed. The inset
shows the corresponding average filament length, measured in
number of monomers.

stochastic effects, such as transient polymerization of
individual filaments or nucleation of new filaments, are then
more likely to lead to transient increase of the total MinD (i.e.
stuttering, as we have measured it). This results in the increase
of measured stuttering at larger k f  0.1 sec−1, and a broad
minimum of the stuttering rate. Interestingly, the minimal
stuttering rate without any tip protection or processivity (green

oscillations are not observed with filaments that are shorter
than approximately ten monomers.
Qualitatively, excessively high fragmentation (k f 
0.1 sec−1) degrades the oscillation amplitude. Microscopic
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circles) is significantly increased if processivity (PpassE = 1)
is added without tip protection (purple squares). How could
processivity increase stuttering? We speculate that in this case
processivity leads to some filaments retaining more bound
MinE as they rapidly disassemble—allowing other filaments
to experience increased tip poisoning, which then leads to
increased collective stuttering. This increase is avoided when
tip protection is also added (orange triangles). Clearly, there
is a rich interplay between multiple filament tips mediated by
the association dynamics of MinE and cytoplasmic MinD.

filament cutting and protecting filament tips from poisoning
led to lower stuttering rates.
How does this compare with stuttering observed in vivo?
WT oscillations ‘occasionally’ stutter [16], which we take
as no more than 1% stutter per cycle. The ‘C1’ MinE
mutant (R10G/K11E/K12E) [18] exhibited frequent stuttering,
extended MinD polar zones, slower oscillations and weaker Erings. The D45A/V49A MinE mutant was qualitatively similar
[17, 18]. The quantification is crude, but oscillation periods
of 2–3 times slower and stutter rates of approximately 50%
of cells over 1 h (corresponding to approximately 10% per
cycle) are consistent with all of our mechanisms. However,
the observation of longer MinD polar zones in the stutter
mutants [17, 18] together with the infrequent reports of long
filaments in WT Min oscillations (only [7, 8]) could both be
explained by significant filament fragmentation operating in
WT oscillations and reduced fragmentation and longer MinD
filaments in the stutter mutants.
While more structural evidence is accumulating on how
MinE binds to MinD [26, 32], there are essentially no
measurements of biochemical rates or of MinD polymer
lengths that might distinguish our mechanisms. We note that
our processivity mechanism is qualitatively similar to the
‘Tarzan of the Jungle’ model of Park et al [26], in which
active MinE is passed from one membrane-associated MinD
to another. We do note that such processivity is likely to
be local, and so may be limited to polymeric models: even
very slow protein conformational timescales of 1 ms would
only allow several nm of diffusion—much less than the
expected separation of isolated MinD on the membrane but
not so different from monomer spacing within MinD polymers.
Hence, we believe processivity is inherently polymeric.
The observed minimal stutter rate of less than 1% per
cycle at intermediate filament cutting rates (k f ∈ [0.01, 0.1]
sec−1, see figure 6), corresponding to short MinD polymers
with length between 10 and 20 monomers (see figure 7) leads
us to believe that a polymeric model with filament cutting is
appropriate for describing WT Min oscillations in vivo [21–
23]. The expected filament cutting rate, k f , depends on other
mechanisms that can suppress stuttering, such as processivity
PpassE [26] and tip protection Pprotect .
It would be interesting to compare our results with stutter
rates in other stochastic polymeric models of Min oscillations
[21–23] as fragmentation rates are varied. We anticipate that
1D models [23] may effectively enhance the true processivity
PpassE due to recurrence of random walks in one dimension—
so studies in 3D are called for. Unfortunately, 3D moleculardynamics simulations such as our study, and those of Pavin et al
[21, 22] are slow—and extensive parameter searches to achieve
quantitative agreement with experimental phenomenology are
not practical. Given the variety of mechanisms that are needed
to restrict stuttering, and the number of other parameters in Min
oscillation models, what is needed is the careful experimental
characterization of microscopic rates and structures akin to
what is available for actin polymerization [33]. We expect that
this is possible in in vitro systems [13].

4. Discussion and conclusions
We have demonstrated a polymeric model of Min oscillations
with MinD filaments, consistent with structures seen both
in vivo [7] and in vitro [9, 10]. Like the polymeric Min
model of Pavin et al [21, 22], our model is 3D and fully
stochastic, including random motion of individual cytoplasmic
proteins within the bacterial volume. However, we also
systematically explore stuttering—the transient reversal of
polar MinD disassembly that has been observed in vivo
[16–18]. Stuttering has not been recovered in any nonpolymeric model of Min oscillations, and we believe it to
be intrinsically a polymeric phenotype [19].
Frequent poisoning (i.e. binding of MinD to a DEcomplex at the tip of a polymer filament) of a rapidly
depolymerizing MinD filament by denuding the filament tip of
MinE is an issue facing normal Min oscillations in quantitative
polymeric models. The existence within the cell of filament
tips that are polymerizing at the same time that others are
depolymerizing means that a depolymerizing MinD tip that is
poisoned will rapidly switch to polymerization, slowing the
oscillation and potentially causing a stutter.
To recover fast regular oscillations, we needed to suppress
stuttering. Three mechanisms in our model reduced stuttering.
The first was MinE processivity, the immediate rebinding
of MinE associated with MinD filament tips upon MinD
depolymerization—through PpassE . The second was to protect
MinD from binding to the tip of an already depolymerizing
(MinE decorated) MinD filament—through Pprotect . We found
that both of these mechanisms together were sufficient to
recover fast oscillations with long filaments, as illustrated
in figure 2 with PpassE = 0.9 and Pprotect = 1. However,
oscillations were more sensitive to changes in Pprotect than PpassE
with oscillations degenerating even for a value of Pprotect as
large as ≈ 0.80. Independent of processivity and tip protection,
we were also able to suppress stuttering by allowing MinE
bound away from filament tips to cut MinD filaments. This
mechanism has been included in previous polymeric Min
models [21–23], but was not systematically explored.
In general, we found that more stuttering is associated with
longer oscillation periods and longer filaments. For parameter
values that recovered typically observed oscillation periods in
the range of 10–100 s, a stutter rate of approximately one stutter
in every 100 oscillations was observed. For some parameter
values no stutters were observed in hundreds of oscillations.
Combining several stutter suppression mechanisms, such as
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Conclusion

Nous avons vu dans ce chapitre différents mécanismes d’auto-organisation en biologie.
A chaque fois des propriétés globales émergent de règles locales d’interactions. Formation
de longs polymères complexes à partir de polymérisation (par concaténation ou par ligation
dirigée), régulation de taille d’ensembles, ou régulation spatiale.
Ces travaux concernent essentiellement des thématiques de recherche démarrées
antérieurement à mon arrivée à MSC. Parmi celles-ci seul le projet sur l’émergence de la vie
dans un monde ARN, en collaboration avec Sudha Rajamani via un soutien financier PICS du
CNRS, est toujours d’actualité.

Chapitre 2

Morphogénèse dans des systèmes vivants

Dans le chapitre précédent, nous avons discuté de systèmes où des sous-unités (ARN ou
protéines) s’auto-organisaient à l’intérieur d’un système plus grand. Dans ce chapitre nous
changeons de point de vue. Nous regardons des systèmes où l’auto-organisation
essentiellement spatiale est liée à l’émergence de la forme globale du système : on parle de
morphogénèse.
Ce terme était déjà utilisé à la fin du 19ième siècle. Davenport explicite la morphogénèse
comme l’étude qui tente d’expliquer le développement de la forme à la fois de l’individu
(ontogénèse) et de l’espèce (phylogénèse)[84] . Au 20ième siècle deux grandes contributions
scientifiques vont faire évoluer le concept de morphogénèse. En 1917, D’arcy Thompson
publie la première édition de son œuvre majeure : “On Growth and Form”[85]. C’est un
recueil essentiellement descriptif, mais il souligne l’importance des lois physiques et de la
mécanique dans l’évolution des formes des êtres vivants. Il énonce en particulier une idée
simple mais clef qui est que la forme est la conséquence de variations locales de croissance.
En 1952, Turing publie un chef-d’œuvre scientifique[86]. Il y décrit mathématiquement
comment des motifs oscillant spatialement peuvent émerger spontanément dans la nature, à
partir de conditions initiales uniformes. À partir de là, le concept de morphogénèse s’est
développé. Les exemples se sont multipliés dans lesquels la nature s’auto-organise à partir
d’interactions locales reposant sur des lois physiques[22]. C’est ce point de vue que nous
adoptons dans ce chapitre, pour parcourir quelques systèmes naturels d’une richesse
morphologique particulière.
Nous commençons par nous intéresser aux petites échelles avec les diatomées,
organismes unicellulaires micrométriques dont la forme est d’une diversité incroyable
(section 1). Puis nous nous intéresserons à l’os de seiche qui semble être un exemple parfait
de structure de Turing. Enfin nous détaillerons la morphologie remarquable d’une espèce
particulière de gorgones gorgona ventalina (section 3). Pour tous ces exemples nous
soulignerons l’importance de l’observation et de la description, mais aussi le lien de
l’organisme étudié avec son environnement qui le façonne.
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Les diatomées sont des algues unicellulaires qu’on trouve dans toutes les eaux du globe,
salées ou non. Après les bactéries, elles constituent la forme la plus commune de vie sur terre.
Elles ont le pouvoir remarquable d’absorber de la silice lors de la synthèse de leur coquille.
Cette coquille, appelée frustule, les protège du milieu extérieur. La beauté de ces frustules est
incroyable[87] 1 . La figure 2.1 montre en particulier la diversité et la régularité géométrique des
motifs observés.
Les diatomées ont aussi une importance écologique capitale. On les reconnait de plus
en plus comme des indicateurs de changements environnementaux[88]. Elles pourraient être
des marqueurs précieux en ces temps de changement climatique. C’est pourquoi leur étude
est importante. Mais quels sont les mécanismes morphogénétiques des diatomées ? C’est la
problématique qui nous intéresse ici.

Figure 2.1 – Une scène artistique faite de diatomées. D’après un site web qui vous
explique comment réaliser vos propres œuvres d’art ! (https://www.mccrone.com/
mm/the-collecting-cleaning-and-mounting-of-diatoms/). Même si les tailles
varient, les dimensions caractéristiques des diatomées sont de l’ordre de la dizaine de microns.
L’explication de la forme passe par d’abord par une description attentive de la morphologie.
Dans une première sous-section, nous retranscrivons un article correspondant à une analyse
morphologique de diatomées soumises à la condition d’un pH externe changeant. Dans un
1. Voir aussi par exemple la galerie de Klaus Kemp : https://www.pinterest.fr/epicypotato/
klaus-kemp/
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second temps nous détaillons nos travaux de modélisation où nous avons isolé les mécanismes
qui nous semblent centraux. Ce dernier travail n’est pas encore publié.
2.1.2

Observation : influence de l’environnement extérieur sur la morphologie de la
diatomée Thalassiosira weissflogii

Nous retranscrivons dans les pages suivantes le fruit d’une collaboration avec le groupe
de Pascal Jean Lopez (Muséum National d’Histoire Naturelle), spécialiste des diatomées. Nous
avons étudié l’influence de l’environnement extérieur sur la morphologie de la diatomée
Thalassiosira weissflogii. En particulier, nous avons montré que les conditions extérieures
(dans ce cas précis la modification du pH extérieur) influencent les mécanismes de création
de motif car elles modifient la cinétique à laquelle le processus se déroule. Le travail a été
publié dans Plos One biology et l’article est reproduit dans les pages suivantes.
— Hervé V, Derr J, Douady S, Quinet M, Moisan L, Lopez PJ. Multiparametric analyses
reveal the pH-dependence of silicon biomineralization in diatoms. PloS one. 2012 Oct
29 ;7(10) :e46722.
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Abstract
Diatoms, the major contributors of the global biogenic silica cycle in modern oceans, account for about 40% of global
marine primary productivity. They are an important component of the biological pump in the ocean, and their assemblage
can be used as useful climate proxies; it is therefore critical to better understand the changes induced by environmental pH
on their physiology, silicification capability and morphology. Here, we show that external pH influences cell growth of the
ubiquitous diatom Thalassiosira weissflogii, and modifies intracellular silicic acid and biogenic silica contents per cell.
Measurements at the single-cell level reveal that extracellular pH modifications lead to intracellular acidosis. To further
understand how variations of the acid-base balance affect silicon metabolism and theca formation, we developed novel
imaging techniques to measure the dynamics of valve formation. We demonstrate that the kinetics of valve morphogenesis,
at least in the early stages, depends on pH. Analytical modeling results suggest that acidic conditions alter the dynamics of
the expansion of the vesicles within which silica polymerization occurs, and probably its internal pH. Morphological analysis
of valve patterns reveals that acidification also reduces the dimension of the nanometric pores present on the valves, and
concurrently overall valve porosity. Variations in the valve silica network seem to be more correlated to the dynamics and
the regulation of the morphogenesis process than the silicon incorporation rate. These multiparametric analyses from
single-cell to cell-population levels demonstrate that several higher-level processes are sensitive to the acid-base balance in
diatoms, and its regulation is a key factor for the control of pattern formation and silicon metabolism.
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changes in iron chemistry, acidification from around 8.6 to 7.7,
decreased iron uptake rates in two centric diatoms from the
Thalassiosira genus and in one pennate species (Phaeodactylum
tricornutum) [12]. Lowering the pH also decreased the proportion
of total intracellular carbohydrate storage in Chaetoceros muelleri, and
increased the amount of dissolved carbohydrate exudates [13].
Likewise, high CO2 combined with silicate or nitrate limitation
increased production of the toxine domoic acid by Pseudo-nitzschia
[14,15]. Long-term adapted cultures (ca. 100 generations) of
Thalassisosira pseudonana showed only a slight decrease of their C:N
ratios, a slight increase in red fluorescence and very few
modifications in the expression of genes encoding for carbonic
anhydrase or RUBISCO [16], suggesting that some diatom species
may well adapt to acidification. These laboratory experiments
already reveal that several physiological parameters are influenced
by medium acidity, and that the response level may well depend
on the species and/or be compensated for if the species has
sufficient time to adapt.
Diatoms are found in many acidic or very basic freshwaters
[17]. The species richness and their distribution across a large
range of pH values make diatoms a good ecological indicator for
monitoring environmental changes. For example, sedimentpreserved diatom assemblages are used to reconstruct paleoocea-

Introduction
Diatoms are a class of unicellular photosynthetic eukaryotes that
can dominate marine and freshwater microalgal communities
[1,2]. They assimilate silicic acid, the soluble form of silicon, and
use it to form their skeletons, named frustules. Frustules have been
proposed to play an important role in diatoms. They can serve as a
structural element for defense against predators [3], or be used to
counter-balance turgor pressure or regulate exchanges with the
environment [4]. They also act as an effective pH buffer [5], and
protect cells against infection by parasites [6]. Therefore,
disturbances in diatoms’ ability to build up their siliceous skeleton
is expected to have a large impact on cell growth, which can in
turn impact the silicon cycle [7,8]. Moreover, as diatoms can
contribute to the formation of particle aggregates and frustules can
function as ballast, disturbances of the frustule formation process
can also modify the carbon export mechanism [9,10,11].
Alternatively, disturbances of diatom growth can also favor the
growth of non-siliceous species of phytoplankton and therefore
alter global primary productivity.
Recently, a few studies more specifically addressed the
consequences of an increase in pCO2/decrease in pH on diatom
physiology. Laboratory experiments showed that, as predicted by
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procedure allows for relating the 485/395 background-corrected
excitation ratios to pH values [24]. Different rows of cells were
treated at external pH values ranging from 6.4 to 8.5 (Figure S1B),
and background fluorescence was determined in a row of
unloaded cells. The average ratio of the central 50% of the cells
(7 different planes were averaged, equivalent to 6 mm in depth)
was used for calibration (Figure S1B). The region of interest used
to calculate the ratio corresponded to the whole cell. Background
fluorescence was subtracted for each excitation.
To measure intracellular pH values, cells were first loaded with
10–12 mM BCECF-AM for 20 min, resulting in a final cytosolic
concentration that yielded similar fluorescence intensity to the
intensity obtained with the dye alone. To remove the unloaded
dye, cells were rinsed twice with the culture medium, and
resuspended in fresh medium. Again, for each cell the average
fluorescence ratio of the center of the cell (6 mm) was considered.
Again, the region of interest (ROI) used to calculate the ratio
corresponded to the whole cell, and background fluorescence was
subtracted for each excitation. Furthermore, for about half of the
analyzed cells we made measurements in a ROI that corresponded
to about 1/5th of total cell area, and at a distance from any visible
chloroplast. We did not find any important difference (,18%) in
the fluorescence ratios between small regions and whole cells; this
suggests that our measurements correspond to cytoplasmic signals
(not shown).

nographic events [18] and estimate freshwater pH values [19,20].
Beside the active discussions about the number of pH specialists or
generalists diatom species [21,22], pH reconstruction data also rely
on a good understanding of the phenotypic plasticity of individual
diatom species, and therefore on a better understanding of the
impact of local/global conditions on morphometric traits.
To our knowledge, no study has so far addressed the effects of
external pH changes on the biomineralization process at the single
cell and cell population levels. Using the marine diatom
Thalassiosira weissflogii, we report that external pH (pHe) variations
have various impacts on physiology, e.g., growth rate and
intracellular pH homeostasis, and on silicon biomineralization,
e.g., intracellular silicic acid and biogenic silica concentrations. We
also develop several new approaches to show that pHe directly
affects valve morphodynamics and valve pattern.

Methods
Cell culture
The diatom strain Thalassiosira weissflogii (Grun.) Fryxell and
Hasle was obtained from the Provasoli-Guillard National Center
for Culture of Marine Phytoplankton (CCMP-1051). Axenic cells
were cultured in batch at low cell density (from 26104 to 36105
cells mL21) in an artificial sea water medium (for details about the
medium preparation see [23]), under a 12:12 hr light-dark cycle
with a light intensity of ca. 100 mEinstein m22 s21 (ca. 7,000 Lux),
and at 19uC. After sterilization, the artificial sea water medium
was completed by adding 175 mM silicic acid (a non-limiting
concentration), dipotassium hydrogen orthophosphate and vitamins. The pH of the medium was adjusted to the expected value,
using sterile 0.2 M HCl or 0.2 M NaOH, prior to and after
sterilization. To measure the different parameters, including the
kinetics of valve formation, T. weissflogii cells were first acclimated
to the appropriate medium for 3 to 6 days, to ensure that the cells
were in exponential growth phase. For each experiment,
duplicated growth rate measurements were performed from
independent cultures, and all conditions were cultured in parallel.
Algal cell density was determined by flow cytometry counting.

Determination of the biogenic and intracellular silicon
pools
The biogenic silica content per cell (BSi quota) and the
intracellular silicon content per cell (Sii quota) were determined
using a procedure modified from a previous report [25]. Briefly,
samples from cells in the exponential phase were first centrifuged
(10 min, 1,500 rpm, 19uC) in Falcon tubes. The supernatant was
discarded and the pellet was resuspended in 1 mL MilliQ H20.
Then, cells were lysed by treatment at 95uC for 10 min. After
cooling, tubes were centrifuged again (10 min, 1,500 rpm, 19uC)
and supernatants were used to estimate the intracellular silicon
content per cell. Pellets were rinsed and washed twice with 1 mL
MilliQ H2O before starting alkaline hydrolysis of biogenic silica
with NaOH (0.2 M) for 45 min at 95uC. Hydrolyzates were then
neutralized with HCl (1 M) and stabilized with Tris-HCl (10 mM
final concentration, pH = 7.0). After centrifugation, the supernatants were used to measure biogenic silica contents per cell. All
silicic acid concentrations were determined using the molybdenum-blue method.

Intracellular pH value measurements
In order to measure cytosolic pH in diatoms, the cell-permeant
form of the ratiometric H+-indicator BCECF (29,79bis(2carboxyethyl)5(and6)carboxyfluorescein) was used. In vitro calibration of
BCECF-free acid (Life Technologies) was performed by loading
5 mM BCECF in a buffer containing approximate cytosolic
concentrations of major ions (100 mM KCl, 30 mM NaCl,
500 mM mannitol, 25 mM MES, 25 mM HEPES; conductance = 11.07 mS cm21) (Figure S1A). The ratio of fluorescence
emission at 535630 nm was measured with sequential excitation
at l1 = 485625 nm and l2 = 436610 nm. Images were acquired
using a 1006PL APO 1006/1.40-0.70 Oil CS objective on a DM
IRB microscope (Leica) coupled to a Cool Snap HQ CCD camera
(Photometrics). To ensure correct adjustment along the z-axis,
nanometric particles (PS-SpeckTM Microscope Point Source, Life
technology) were highly diluted and images were then collected at
different Z-positions (+/21 mm). In situ calibration was then
performed to confirm that the cytosolic pH indicator responded to
changes in intracellular pH in the same manner as for in vitro
calibration. Cells loaded with BCECF-AM (Life Technologies)
were exposed to the buffer mentioned above (except that [KCl]
was 200 mM and conductance 18.18 mS cm21). To allow for the
complete equilibration of extracellular and intracellular H+
concentrations, 10 mM nigericin, an H+-K+ exchanger, and
10 mM monensin, an Na+-H+ exchanger, were also added. This
PLOS ONE | www.plosone.org

Microfluidics experiment setup, data acquisition and
analyses
At the beginning of the light period, cells were concentrated by
gentle centrifugation (1,200 rpm, 5 min, 19uC) and re-suspended
in a fresh medium containing 1 mM HCK-123. At that
concentration HCK-123 accumulation in the cytosol is very
limited. However, we should keep in mind that in diatoms
Lysotracker results depend on species, dye and concentrations
[26,27]. Then the cells were introduced by means of an external
sample loop, using Medium Pressure Injection Valves (Upchurch
ScientificH), into a rectangular (0.05 mm61.00 mm) capillary
device (VitroCom) connected via a NanoPort (Upchurch ScientificH) to PHD 2000 syringe pumps (Harvard Apparatus, USA).
After cell sedimentation on the inner surface of the capillary, the
pump was run at a slow rate of 1 mL hr21, corresponding to a
dilution rate of 2.2 s21. Such a dilution rate allowed for constant
renewal of the medium but generated some motility (see cell
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tracking below and Methods S1). Cells were imaged on a single
plane every 5 to 7 min using the HC PL APO 106/0.40 CS
objective, whose calculated depth of field is about 8 mm. That way,
most of the fluorescent signal of a single cell on a single plane (the
width of our T. weissflogii cells was about 10 mm; Table S1) was
inside the depth of field. In-between each acquisition of both
bright-field and green fluorescence (HCK-123 signal), cells were
illuminated under white collimated LED light (Thorlabs) set to ca.
100 mEinstein m22 s21 using neutral density filters. The capillary
device, the entire microscope and the culture media were
maintained at 19uC using a cell imaging box (Life Imaging
Services). The total duration of the experiment was 8 to 10 hours,
corresponding to a maximum of ca. 8 seconds of illumination in
the green channel. Image analyses were performed using
combined software, including Metamorph software 7.5 (Molecular
Devices) and ImageJ 1.44 d.

Results
Impact of the environmental pH on cell growth
To understand the potential impacts of the external pH (pHe)
on diatom physiology, we used the centric species Thalassiosira
weissflogii (Figure S3), a ubiquitous coastal marine diatom found in
marine habitats [28]. We first determined growth rates in an
enriched artificial sea water medium [26], and over a range of 2
pH units (pHe 6.4 to 8.5). In all cases the pH of the medium was
controlled by organic buffers (Tris and MES, 17 mM and 3 mM,
respectively) which ensured that the pH of the medium did not
change significantly over a period of about 8 days, corresponding
to the exponential growth phase. Such a broad range of pH values
is wider than the one predicted by the different acidification
scenarios [29], but is compatible with observed seasonal fluctuations and daily variations in coastal ecosystems [30].
For this diatom the fastest division rate of ca. 3267 hours (n = 11
experiments, with some experiments performed in duplicate) was
found for a pHe value of 7.8, slightly lower than the average
surface ocean pH. Analyses of growth rates calculated from cells in
exponential phase revealed that acidification or basification of the
medium led to decreased growth rates (Figure 1A). These results
give indications on the capability of T. weissflogii to get acclimated
to short-term variations in environmental pH, from circumneutral
to slightly basic.

Cell tracking and image analysis
The automated detection and tracking of individual cells and
the morphometric analyses were performed using specific shellscripts and C modules written within the MegaWave2 environment (http://megawave.cmla.ens-cachan.fr/) (Methods S1). The
time-course data at the 6 different pH values, from 6.2 to 8.5,
correspond to a total of 31 independent experiments. To obtain
the time-course data, we only considered the cells for which values
were available at least 45 minutes before HCK-123 fluorescence
reached the first maximum (F1 see below) and whose r values for
the fit of fluorescence as a function of time (k) were above 0.95.

The environmental pH affects Si metabolism
We investigated the effect of pHe on Si(OH)4 accumulation in
T. weissflogii. On average, we found that growth in acidic or basic
conditions led to a gradual increase of intracellular silicic acid
contents (Sii quota) (Figure 1B). Compared to the Sii quota found
at pHe = 7.8, we found that Sii quota increased 1.5- or 1.7-fold in
the most acidic (pHe = 6.4) or the most basic (pHe = 8.5)
conditions, respectively (Figure 1B) (p,0.001).
To test whether changes in pHe would also influence the Si
biomineralization process, we measured the biogenic silica content
per cell (BSi quota; pmol cell21). Compared to the apparent
optimal growth pH value of 7.8, the BSi quota was 2.1- or 1.7-fold
higher at pHe = 6.4 and pHe = 8.5, respectively (p,0.0003).
Moreover, the overall variations of BSi and Sii quotas displayed
similar trends over the range of pH values tested (compare
Figures 1B and 1C).
Another estimation of the influence of pHe on Si metabolism
was obtained by calculating silicon incorporation which is directly
related to the rate of frustule formation, calculated as BSi content
per cell divided by specific growth rate. We found that Si(OH)4
incorporation decreased from pHe = 6.4 to 8.2, and then increased
from 8.2 to 8.5 (Figure 1D). These data reveal that the longer the
cell spends in cell division, the more silicon is incorporated into the
frustule, and the opposite occurs under high growth rates.
However, even if our data demonstrate that the external pH
affects silicification, the lowest incorporation rate was observed at
pHe = 8.2, but not at pHe = 7.8, the highest growth rate pHe
value. This suggests that other factors than cell division duration
are involved in the regulation of Si metabolism.

Frustule purification and morphometric measurements
Exponentially growing cells were harvested by centrifugation at
low speed, and washed several times with distilled water. Organic
material was first oxidized by potassium permanganate (final
concentration 3%) with an excess of H2SO4, and then eliminated
with 16% HNO3 (v/v) and 48% H2SO4 (2:1, v/v) for 1 min. The
suspension was neutralized by adding Tris-HCl buffer (1 M,
pH 8.0) and then washed several times. A drop of the cleaned
material was placed on a carbon-coated 200 mesh Nickel grid and
observed with a Philips Tecnai 12 electron microscope. Among
the traits measured (see Table S1) some were obtained using
ImageJ software and the others were measured with newly
developed semi-automatic approaches based on MATLAB software. Step-by-step image analysis is explained in Methods S1 and
summarized in Figure S2.

Statistical analyses
All statistical analyses were performed using XLSTAT. Oneway ANOVAs followed by Tukey Honestly Significant Difference
(HSD) tests (p,0.05) were used to evaluate the effect of
environmental pH on the different parameters we studied. To
estimate the differences in Sii and BSi quotas as a function of pHe,
we used Mann-Whitney’s test for non-parametric variables. For
better visualizing data dispersion, most of the Figures are
represented as boxplots. For each set of data, boxplots show the
smallest observation, the lower quartile, the median, the upper
quartile and the largest observations. In addition, mean values are
represented by a cross in each box. To estimate the linear
dependence between variables, we used Pearson correlation
coefficient, and F-tests.

PLOS ONE | www.plosone.org

External acidification leads to lower intracellular pH
values
To better understand the influence of the external pH on cell
physiology, we developed for the first time experiments to assess
the ability of T. weissflogii to control its internal pH (pHi). Direct
measurements of cytosolic pH (pHi) of living T. weissflogii cells were
performed using the fluorescent H+-indicator BCECF. BCECF
has been used to measure intracellular pH in a large number of
3
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Figure 1. Influence of the external pH on cell growth and silicon metabolism in T. weissflogii. (A) Variations of the maximal growth rate
(mmax) at different environmental pH values. Boxplots correspond to 5 to 11 independent experiments. The highest growth rate at pH = 7.8 was
confirmed in individual experiments, but was only significant as compared to pH = 6.4, 6.8 and 8.5 (p#0.007). (B) Intracellular silicic acid (Sii) content
per cell was determined from cells grown in artificial sea medium adjusted to different pH values. (C) Frustule-bound BSi content per cell. Boxpolts in
B and C correspond to 4 to 10 independent experiments, with duplicate measurements for each experiment. (D) Boxplot illustrating the silicon
incorporation rate, i.e., the rate of frustule formation (pmol cell21 m2D) as a function of environmental pH. For explanations about boxplot
representation, see METHODS.
doi:10.1371/journal.pone.0046722.g001

organelles as a result of their protonation. To visualize valve
formation in live conditions, we favored the use of a dye named
HCK-123 (see [26] and Figure 3A). As additional controls, we
tested that the fluorescence of HCK-123 incorporated into silica
material depended on its concentration in the growth medium
(Methods S1 and Figure S4), and that in solution its fluorescence
properties did not change over a 3.0 to 8.0 pH range (Figure S5);
such range is compatible with the estimated pH (ca. pH = 5) inside
Silica Deposition Vesicles (SDVs) [38]. We also checked that
HCK-123 fluorescence did not vary according to the buffers used
(Methods S1), and calibrated HCK-fluorescence intensity as a
function of its concentration in our capillary device (Figure S6).
Altogether our data suggest that HCK-123 fluorescence is
independent of pH and supports its use as a quantitative reporter
to monitor its accumulation into acidic compartments in living
cells.
Exponentially growing T. weissflogii cells were introduced into a
simple micro-fluidic device, with controlled temperature and light
intensity. Moreover, in order not to affect the rate of valve
synthesis that could induce modifications unrelated to environmental buffering, we performed measurements on un-immobilized
cells and under constant medium renewal (Figure 3B). This latter
condition induced apparent cell motility. Therefore, to record the
time course of HCK-123 incorporation into individual cells, we
also developed a number of specific shell-scripts and C-modules.
Altogether our tools allowed us to perform cell tracking, cellular

organisms including several unicellular algae [31,32,33]. Although
BCECF-AM sequestration in organelles (e.g., mitochondria, nuclei,
pollen tube organelles) has sometimes been observed, the signal
from the bulk cytoplasm was generally present too (see discussion
in [34]).
We used in vivo calibration and signals corresponding to whole
cells to measure intracellular pH (see METHODS). We found that
at the optimal growth rate pHe value of 7.8, the pHi value was
7.35 (n = 30). This intracellular pH value is close to the ones found
in other algae [31,35]. We also found a linear relationship between
the internal pH and the range of external pH values (Figure 2).
Thus, a pHe variation of 2.1 units led to a pHi decrease of 0.94
unit (p,0.0001), which is equivalent to an increase of the
intracellular proton concentration by ca. 8.8 fold. Even if our
results reveal the capability of T. weissflogii to counterbalance
variations in external pH, they also demonstrate that acidification
induces a significant intracellular acidosis.

Measurement of valve formation dynamics
To better understand the effects of varying external pH on valve
formation (Figure 3A), we developed a number of new approaches
to measure the kinetics of frustule formation in real time.
Over the last years, a number of fluorescent dyes have been
used to label the formation of neo-synthesized frustule in diatoms
[26,36,37]. These permeant probes, which generally consist of a
fluorophore linked to a weak base, typically concentrate in acidic
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the valve formation process is compatible with previous estimates
from population studies [36,39,40,41]. During the experiments we
managed to visualize the complete process for a few cells, from the
early events up to daughter cell separation (Movie S2). These data
reveal that diatoms can regulate conditions inside SDVs during
valve formation, as evidenced by the evolution of HCK-123
fluorescence. In addition, the existence of several phases also
supports that silicon biomineralization could be a non-uniform
process.

Influence of the environmental pH on the dynamics of
valve formation
Starting from the recording of several hundreds of cells, we
obtained time course data for individual T. weissflogii cells grown at
pH = 6.4, 6.8, 7.3, 7.8, 8.2 and 8.5. Recalling the existence of cellto-cell variability, we found that the pHe changed the overall
duration of tExp and of tDec but within a limited range of ,1.5-fold
(Figure S7). To further test the influence of the environmental pH
on the dynamics of valve formation, we calculated the rate of dye
incorporation (i.e., total HCK-123 concentrations as a function of
time) during the exponential phase. We found that the highest
speed (k) was found at pHe = 8.2 (Figure 4B), and that more basic
or more acidic pH values slowed down the speed of the
morphogenesis process. These results clearly demonstrate that
the external pH has a direct impact on the kinetics of SDV
expansion and/or silica polymerization.
We also estimated [HCK-123] variations per SDV-equivalent
(Methods S1) over the exponential (F1-F0) and decay (F1-F2)
phases, as a function of pHe. We found that the deduced
dependence of [HCK-123] on the extracellular proton concentration was similar in both the exponential and the decay phases
(Figures 4C–D). We calculated that a variation of 1.8 pHe units
(8.2 minus 6.4) induced 13.8- and 10.6-fold variations of the
fluorophore concentration for the exponential and the decay
phases, respectively. These data demonstrate that the dynamics
and the extent of valve formation vary according to the
extracellular pH, and also to intracellular pH to some extent.

Figure 2. Influence of external pH on intracellular pH.
Thalassiosira weissflogii cells were loaded with BCECF-AM at different
external pH values (pHe). Ratiometric emission (with excitation at 485
and 436 nm) was used to calculate intracellular pH values (pHi). The
relation between pHe and pHi measurements was fitted to a linear
regression (r2 = 0.306; Fisher’s, p,0.0001), and corresponds to
20#n#30 measurements.
doi:10.1371/journal.pone.0046722.g002

fluorescence quantification over the local background, and semiautomatic measurements of cell dimensions (Figures 3C–D and
Methods S1). In addition, to quantitatively evaluate the evolution
of HCK-123 concentrations, we performed a series of complementary experiments using a serial dilution of HCK-123 and
quantified the signal using the same procedure as the one used for
the cells (Methods S1). We obtained a calibration curve of HCK123 fluorescence in our microfluidic device (Figure S6). That latter
calibration, combined with cell dimension (i.e., cell width W(L) and
cell area A(L)) calculations, allowed us to calculate HCK-123
concentrations per cell biovolume, (i.e., the volume of a single
dividing cell) (Methods S1).
These image analyses performed over a period of ca. 8 hours
and from cells grown at pHe = 7.8 (the measured optimal-growthrate pH value) provided the first time-resolved data on the kinetics
of valve formation (Movie S1). Our results reveal that the initial
phases of valve formation can be separated into two periods: a first
period, during which HCK-123 accumulates as a function of time,
and that is best fitted to an exponential (tExp; Figure 4A), and a
second period that corresponds to a decrease (tDec; Figure 4A) in
total fluorescence intensity. This second period was found in
approximately 75% of the cells, revealing the existence of cell-tocell variability. During the second period (tDec), assimilated to a
maturation phase, the lower HCK-123 signal suggests that a
proportion of ‘‘non-incorporated’’ dye was released. Such a
decrease of the HCK-123 concentration can be ascribed to a
decrease of the intra-SDV pH and/or to a decrease of overall
SDV volume (see Discussion). We calculated the overall duration
of these two early periods (tExp and tDec) from 6 independent
experiments. The results were 90639 min (n = 54) and
47620 min (n = 29), respectively (Figure S7). Such duration of
PLOS ONE | www.plosone.org

Impact of the environmental pH on valve pattern
To further test the implications of external pH variations on
valve formation, we analyzed the morphometry of valves purified
from cells grown at the different pHe values. We used a
combination of image processing techniques, from manual
estimates to semi-automated ones, to precisely quantify variations
in valve morphology; from overall morphology (valve length,
number of fultoportulae, distance between adjacent rimoportulae
…) to the architecture of fine structures (width of semi-continuous
cibra, pore diameter …). Altogether the valves were characterized
by 9 different morphometric traits (Figures 5A).
While most of the traits did not present any significant variation
upon pHe modifications (Table S1 and Figure S8), nano-sized
pore dimension presented a maximum at pHe = 8.2 and then
decreased upon acidification or basification of the medium
(Figure 5B). From high magnification (64,0006) images, we also
estimated overall valve porosity. We found that compared to
valves purified from cells grown at pHe = 8.2, the silica network
porosity decreased 2.2-fold (i.e., 0.058/0.128) at pHe = 6.8 or 1.3fold (i.e., 0.100/0.128) at pHe = 8.5 (Figure 5C). Interestingly, the
variations in nano-pore diameter and valve porosity seemed to
follow the same trend-line as the variations observed for the
kinetics of valve formation as a function of the pHe; this suggests a
link between morphogenesis speed and some morphometric traits.
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Figure 3. Measurement of valve formation dynamics at the single-cell level. (A) The valve formation process can be separated into several
phases: an initiation phase, followed by valve formation and morphogenesis, then by valve exocytosis and finally by daughter-cell separation. The
two images correspond to the DIC (digital image correlation) and Z-projections of HCK-123 fluorescence (green). In green we can visualize newlysynthesized valves labeled with the silica-associated dye (HCK-123). Scale bar (black): 10 mm. (B) Schematic representation of the microfluidic device
used to record valve formation. During valve formation, light intensity, temperature and renewal of the medium were controlled. (C) To quantify
HCK-123 fluorescence in individual cells, we developed new software for cell-tracking and local background estimation (Methods S1). Images at 4
different times are presented. Apparent cell motility is caused by the liquid flow. (D) To precisely quantify fluorescence in each cell we developed a
new shape extraction method. The original image was denoised with the TV-means algorithm, leading to a much cleaner image. Then, among the
level lines (iso-intensity curves) of the image enclosing the known center of the cell, we considered that the cell boundary was the line with the
sharpest contrast (L). This enabled us to compute cell area A(L) as the area of the region enclosed by L), and its width W(L), defined as the minimum
width of a band containing L.
doi:10.1371/journal.pone.0046722.g003

morphological features that are common to a large number of
diatom species.

Discussion
In this study, we examine the influence of the external/
environmental pH on several physiological parameters, valve
morphogenesis and theca pattern in the ubiquitous coastal marine
diatom Thalassiosiria weissflogii [28]. This centric (cell with radial
symmetry) diatom species has been the subject of a large number
of studies that have allowed for important developments in diatom
physiology, biochemistry and ecology. The species belongs to the
order Thalassiosirales, a lineage composed by a large diversity of
species distributed across a number of marine but also freshwater
habitats [42]. Molecular studies estimate Thalassiosirales to be at
least 100 million years old [43], making the Thalassiosirales
excellent models for studying diatom evolution and adaptation.
Additionally the genus studied here, Thalassiosira Cleve, displays
morphology features that are characteristic of fossil and modern
taxa [44]. Therefore understanding the impact of the environmental pH on T. weissflogii will help to understand not only the
biology of this species, but also the phenotypic variability of

PLOS ONE | www.plosone.org

External pH influences cell physiology and Si metabolism
There is a large consensus that the increasing amount of CO2
released in the atmosphere has already changed a variety of
physical and chemical properties. Such changes in pCO2/ocean
pH values have already been shown to have consequences on
marine biogenic calcification [45,46], and on organisms that
biomineralize silicon [47]. Some studies show that acidification
does not lead to any difference in specific growth rates in T.
pseudonana, T. weissflogii [16,48,49], or Nitzschia spp. [50]. Other
experiments show that increased pCO2 could lead to increased
growth rates in Pseudo-nitzschia fraudulenta [15], Pseudo-nitzschia
multiseries [14], Skeletonema costatum [48] or Chaetoceros muelleri [51].
Most of these studies compare the physiology of diatoms generally
grown under low pCO2 (100–200 ppm), modern atmospheric
pC02 (350–400 ppm) or high pCO2 (730–770 ppm). This range
corresponds to pH variations from about 8.5 down to 7.8. Our
6
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Figure 4. Influence of pHe on the kinetics of valve formation. (A) The initial phase of valve formation is composed of two phases: an
exponential evolution of the HCK-123 signal (tExp) that ends at a maximum named F1, followed by a decay phase that ends at the minimum (tDec),
named F2. During the first phase we fitted the data to an exponential and determined the slope (k) and the coordinates on the y-axis (F0). (B)
Influence of extracellular pH on k. In the 6.4–8.2 pH range, data were fitted to an exponential (y = 1.1e-3.e0.326; r2 = 0.98). (C) Variation of HCK-123
concentrations as a function of external pH during the exponential (F1-F0) phase. In the 6.4–8.2 pH range, data were fitted to an exponential (y = 1e4.e1.506; r2 = 0.98). (D) Variation of HCK-123 concentrations during the decay (F1-F2) phase. In the 6.4–8.2 pH range, data were fitted to an exponential
(y = 5e-5.e1.476; r2 = 0.95). Data are from 7 to 92 single-cell measurements.
doi:10.1371/journal.pone.0046722.g004

synthesized silica material [52]. While our results support that
interpretation, they also suggest that the Si incorporation rate does
not simply reflect cell cycle duration. Indeed, we found that the
trend line of the evolution of silicon incorporation as a function of
pHe differed from the growth rate trend line (compare Figures 1A
and 1D), suggesting that carbon-concentrating mechanisms [49], or
other biological processes such as membrane transport processes,
metabolic functions, or maintenance of cellular pH homeostasis,
also contribute to regulating silicon metabolism, and are sensitive
to external pH changes.

laboratory experiments aimed to investigate the capability of T.
weissflogii to cope with broad variations in environmental pH, over
a range of 2 pH units (pHe 6.4 to 8.5). Such pH range is broader
than the one predicted by the different acidification scenarios [29],
but is compatible with observed seasonal fluctuations and daily
variations in coastal ecosystems [30].
We first found that from the optimal pH value of 7.8, both more
acidic or basic external pH values led to decreased growth rates in
T. weissflogii. Conversely, changes in pHe also resulted in
modifications of the Si(OH)4 metabolism. In fact, both the
intracellular Si content and the frustule-bound silicon content
quotas increased upon moderate acidification and at the most
basic pHe. These results agree well with a previous study by
Milligan et al. (2004) who found a small (ca. 1.25-fold) but
significant increase in BSi at a high pH value (8.4) [49], and
further demonstrate the influence of acidic growth conditions on
T. weissflogii silicification. The negative correlation between
mineralization and growth rate is consistent with previous data
on pH, nutrient limitation or other stressors in diatoms
[52,53,54,55,56]. A previous interpretation proposed that the
longer the cells spent in the G2 and M phases (the time of valve
formation), the more silicon was incorporated into the neoPLOS ONE | www.plosone.org

External acidification induces intracellular pH
modifications
As mentioned before, external pH modifications also affect the
metabolic state of the cell due to regulation of the acid-base
balance. Modifications of the intracellular pH induced by
variations in environmental pH have been measured in several
phytoplankton lineages, including several Chlorophyceae, Streptophytae or Haptophyta [32,33,57,58,59,60,61,62], but to our
knowledge had never been addressed in diatoms.
Using the pH-sensitive probe BCECF and single-cell measurements, we found that the intracellular pH (pHi) of T. weissflogii
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Figure 5. Influence of the environmental pH on valve morphometry. (A) TEM image of a valve showing the different traits measured: valve
width (W), number (N) and distance (cp) between the fultoportulae present in the central region, and distance between rimoportulae (rp). Scale bar:
5 mm. The right panel corresponds to a higher magnification (64,0006) showing an array of pores and the computed Voronoi diagram (dark blue
lines) (Methods S1). We measured pore radius (R), the average distance between two adjacent pores (d1), the width of groups of pores, also known as
semi-continuous cribrum (D), and the width of radial ribs (d2). (B) Boxplot showing variations in pore radiuses (R) (971#n#3551) as a function of
external pH (pHe). (C) Boxplot showing the influence of pHe on overall valve porosity (r) (7#n#21).
doi:10.1371/journal.pone.0046722.g005

significantly varied upon modification of the external pH. We
estimated that the pHi decreased from 7.6 at an external pH value
of 8.5, down to 6.7 at an external pH value of 6.4. Although
experiments with long-term adaptation at different external pH
values and transient external pH modifications will be needed to
better characterize the buffering capacity of diatoms, our data
already reveal that external acidification leads to intracellular
acidosis.
In living cells, several processes (cell proliferation, differentiation, and cell cycle progression) and biological molecules
(ionization state of metabolites, protein folding, polar head groups
of membrane phospholipids …) are pH-dependent (for a review
see [63]). In diatoms, a first study that used specific inhibitors of a
class of proton transporter (e.g., V-ATPases) showed that
disturbances of the activity of these transporters could impede
frustule formation in the model diatom Phaeodactylum tricornutum,
and alter theca pattern [28]. Another important issue, specifically
related to the biomineralization process, is the regulation of
organelle pH [64]. Indeed, in eukaryotes most organelles have
their own specific pH, and modifications of the endogenous acidbase balance could also lead to pH modifications in these cellular
organelles [65,66].
PLOS ONE | www.plosone.org

In diatoms, the vesicle within which silicon biomineralization
occurs, namely the silica deposition vesicle (SDV), is an acidic
compartment [38]. Tight regulation of the physicochemical
conditions inside SDVs is therefore considered as important for
a proper regulation of silica polycondensation [67]. Moreover,
alterations of the acid-base balance inside SDVs can also modify
the interactions between the mineral phase and the organic
compounds known to be directly involved in silica precipitation,
but also among these organic compounds themselves. All these
data strengthens the importance of acid-base balance regulation in
diatom metabolism. Our data also raise a question about the
potential implications of acidification not only on the maintenance
of intracellular pH, but also on the regulation of SDV pH.

Environmental pH influences the extent of the
biomineralization process
We combined our kinetics data on valve formation (i.e., the
variations of HCK-123 concentrations per SDV-equivalent and as
a function of time) to modeling to interpret the impact of external
pH on SDV expansion.
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formation, and 10.9-fold for tDec, the second period of valve
formation). As the same drop in external pH value from 8.2 to 6.4
led to a higher biogenic silica quota we can infer that modifying
the external pH, and thereby the internal pH balance, induces a
modification of SDV pH and/or volume. As mentioned above, as
similar changes in [HCK] were found for both the exponential
and the decay phases, modifications of the external pH possibly led
to a change in intra-SDV pH by an estimated 1 pH unit.
Whatever the exact value, our results support the idea that
external pH influences the regulation of the acid-base balance
inside SDVs.
Finally, assuming that [HCK-123] is a reliable indicator of the
events that occur inside SDVs, our data indicate that SDVs
probably have their own intrinsic pH regulatory system and that
the buffering capacity of the cytoplasm could indirectly affect SDV
pH homeostasis. This interesting hypothesis, which has to be
confirmed, should be further investigated.

We first derived an analytical model restricted to some of the
main components [H+], [Si] and [HCK-123], involved in valve
formation (Figure 6). According to this simple model, total
fluorescence corresponds to the sum of three different fractions:
FTotal ~Ffree zFbound zFfixed

ð1Þ

where [Ffree] is the [HCK-123] that freely diffuses and accumulates
at very low concentrations inside cells and SDVs (we estimated
that the fraction inside cells was negligible); [Fbound] is the HCK123 fraction ‘‘immobilized’’ inside SDVs as a result of protonation
(the SDV compartment is acidic); and [Ffixed] is the [HCK-123]
entrapped inside the silica material (Methods S1). As we previously
showed that purified frustules remain fluorescent [32], we assume
that the fraction of the fluorophore that is already incorporated
into the biogenic silica fraction cannot dissociate (i.e., dissolution is
not considered in our model). This hypothesis fits well with the
current knowledge on diatom biomineralization which does not
evidence any in vivo dissolution process. Our simplified model
proved helpful to interpret the initial phases of valve formation.
During the first phase (tExp; Figure 4A), total fluorescence intensity
increases exponentially as a function of time. As we suspect HCK
concentrations to be quickly equilibrated, the increase in [FTotal] is
interpreted as the result of the polycondensation process itself
(increase in [Ffixed]), and concurrently of the increase in SDV
volume. During the second phase (tDec; Figure 4A), considered as a
maturation phase, [FTotal] decreases. Following our initial ‘‘no
dissolution’’ assumption, such decreases can be accounted for by a
decrease in SDV volume and/or a change in SDV pH (more basic
pH values in our case); both processes lead to a decrease of [Fbound].
For these two initial phases, we estimated that a drop in the
external pH value from 8.2 to 6.4, which corresponds to an
intracellular pH decrease of about 0.7 unit (between pHi = 7.38
and 6.67; p,0.0003), led to a change in [HCK-123] by about one
order of magnitude (13.9-fold for tExp, the first phase of valve

Influences of environmental pH on the morphogenesis
process and valve pattern
In diatoms, variations of valve morphology are well documented
and used as markers of changes in aquatic ecosystems [68]. The
availability of major and minor nutrients or the presence of
pollutants is known to induce valve morphology modifications or
abnormalities. For example, changes in salinity alter a number of
morphological traits of the silica frustule in both marine and freshwater diatoms [55,56,69,70]. Flexibility in morphometrics and
reduced nanometric pore dimension were reported at low salinity
levels for the marine diatom species T. weissflogii and T. punctigera
[55,56,69].
By analyzing a number of morphological traits from purified
frustules of T. weissflogii cells grown at different external pH values
valve (Figures 5A and Figure S2), we found that the pHe induced
variations in the size of the nanometric pores of the semicontinuous cibra located on the inner side of the valve (Figures 5B).
Overall valve porosity was also significantly lower in cells grown at
a pHe value of 6.8 compared to 8.2. Interestingly, statistical
analyses also showed that the differences in pore diameter
(p,0.0001) and valve porosity (p = 0.004) were already significant
when comparing pHe = 7.8 cells to pHe = 8.2 cells. As the
estimated numbers of pores found on the semi-continuous cibra
were roughly similar (not shown), the difference in porosity results
from a difference in pore extension rather than a difference in the
initiation of the pore-forming process. Interestingly, our results
also suggest that modifications of valve porosity cannot be
explained by the sole variations in biogenic silicon concentrations
(compare Figures 5B–C to Figure 1C).
In fact, our modeling and kinetics data evidence that pattern
formation is also regulated by SDV expansion speed (i.e., k). At the
k optimum pH (pHe = 8.2) (see Figure 4B) quicker SDV expansion
led to the formation of larger pores, and probably of a more
developed branching network on the outside of the valve. Upon
acidification or basification, biomineralization speed decreases,
allowing for more silica to condense and formation of smaller
pores. In these conditions we also found that the silicon
incorporation rate was higher (Figure 1D). The observed changes
in T. weissflogii silica valve morphology can have several
implications on cell physiology. Indeed, without important
modifications of the overall valve morphology, variations of the
valve diffusive layer are expected to modify nutrient supply and
uptake capability in diatoms. Reduced inner pore size can
decrease the diffusion coefficient as a result of confinement.
Alternatively, changes in pores shape and dimension can increase
solvent and solute advection (for a review see [4]). Changes in

Figure 6. Model used to estimate the equilibrium inside Silica
Deposition Vesicles (SDVs). We considered that the fluorescent dye
Ffree freely diffused inside the diatom cells. Inside SDVs, the dye is
protonated and accumulates (HFbound) as a function of SDV pH. Upon
SDV expansion, which follows a non-linear kinetics, HFbound concentrations increased exponentially. At the same time an important fraction of
the dye got entrapped inside the newly-formed silica material ((Si)n
HFfixed). Therefore, [HCK] inside SDVs corresponds to the sum of the
free, bound and fixed fractions.
doi:10.1371/journal.pone.0046722.g006
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second Voronoi diagram. (H) Measurement of distance D, across
fingers. (I) Histogram of the distance D.
(PDF)

frustule morphology are also expected to affect its mechanical
properties [71]. Finally, modifying frustule porosity according to
external pH might find applications to finely control the properties
of diatom thecae. Altogether these data strengthen the need for
further investigations on the consequences of modifications of the
silica nanostructure on outward and inward transport through the
frustule.

Figure S3 Scanning electron micrographs of the centric

diatom Thalassiosira weissflogii. (A) View of the valve
exterior showing the network on loculate areola. Note the presence
of central fultoportulae, and of rimoportulae. (B) Semicontinuous
cribra are present on the valve face. The interior opening of
rimoportulae and the fultoportulae is visible. The scale bar
corresponds to 5 mm.
(PDF)

Conclusion
Our data reveal that (i) a disturbance of environmental pH has
pleiotropic effects on T. weissflogii physiology, including impacts on
growth rate, silicon metabolism and intracellular pH homeostasis,
(ii) the regulation of the intracellular acid-base balance plays a
central role in the regulation of silicon metabolism in diatoms. The
putative impacts of the environmental pH are therefore expected
to vary among different diatoms species according to their speciesspecific intrinsic buffering capacity, and adaptation capability.
Due to its general importance, intracellular pH regulation should
also be investigated in studies on carbon acquisition, transport
capability or intravesicular pH regulation, for example.
We also present for the first time evidence that disturbances of
biomineralization dynamics partially explain the modifications of
theca morphology induced by variations in external pH. Our
results highlight the importance of coupling single cell analyses
with morphometric studies to understand pattern formation in
diatoms. More precisely, the time course and the speed of vesicle
expansion and co-occurring silicon polycondensation are key
factors to understand silica morphogenesis in these algae.

Figure S4 Boxplots showing the fluorescence intensity
of cells labeled with different concentrations of HCK123. T. weissflogii cells grown for 24 hours in the presence of HCK123 were analyzed by flow cytometry, with a total of 3,800 to 5,800
analyzed cells. These results support the idea that HCK-123 is
quantitative incorporated into the newly synthesized silica frustules.
(PDF)
Figure S5 Fluorescence properties of the Lysotracker
HCK-123. Influence of the pH on the maximum emission of
1 mM HCK-123 in either 100 mM potassium hydrogen phosphate
buffer or in 20 mM phosphate/citrate buffer. The intensity was
normalized to the value obtained at pH = 7.0.
(PDF)
Figure S6 Calibration of the fluorescence intensity as a
concentration of HCK-123. In situ determination of the
fluorescence signal for 9 different concentrations (between 0 and
62.5 mM) of HCK-123. The method used was the same method as
the one used to determine the signal inside T. weissflogii cells. The
data that correspond to 3 independent experiments from 36 to 150
measurements were fitted to a linear curve.
(PDF)

Supporting Information
Table S1 Influence of the external pH on valves

morphometry. The eight morphometric traits measured on
purified valves from T. weissflogii cells grown at the different pHs
are: the average cell width and the number (N) of central
fultoportulae, the minimum distance (l) between two adjacent
central fultoportulae, the minimum distance (L) between two
adjacent rimoportulae, the radius (R) of the pores, the distance (d1)
between two adjacent pores, the width of semi-continuous cribra
(D), the width of radial ribs (d2), and the valve porosity.
(DOCX)

Figure S7 Duration of the initial phases of valve
formation. The duration of the two initial periods of valve
formation was determined from cells grown at different pHs. (A)
Length of the exponential phase (tExp). (B) Length of the decay phase
(tDec). The data that correspond to 3 to 9 independent experiments
were extracted from the recording of 8 to 92 individual cell kinetics.
(PDF)
Figure S8 Influence of the environmental pH on valve
morphology. We used TEM images at resolution level from the
nanometer to the micron-scale to test the impact of the environmental
pH on morphometric traits of the valve. (A) The width (W) of the
valve (10#n#21). (B) The number (N) of central fultoportulae per cell
(10#n#22). (C) The minimum distance between fultoportulae
present in the central region (cp) cell (35#n#82). (D) Distance
between two adjacent rimoportulae (rp) (28#n#128). (E) The
distance (d1) between two adjacent pores (54,842#n#78,374). (F)
The width of branching ribs (d2) (54,842#n#78,374). (G) The
distance between the ribs (D) (6,378#n#15,038). The representations
from A to D correspond to boxplots, and in E to G only the mean and
the standard deviation are presented.
(PDF)

Figure S1 Calibration curves used to measure the

intracellular pH. (A) Background corrected 485/436 ratios of
BCECF. The in vitro calibration corresponds to BCECF-free acid
(5 mM) in a wide range of pH buffer values. Mean and SD
correspond to three independent experiments and from 8 to 30
measures. (B) In situ calibration of BCECF-AM (5 mM) loaded cells
after cells had been treated with ionophores to equilibrate the
intracellular and extracellular H+-concentrations. The data
correspond to two independent experiments, with 11#n#21
measures.
(PDF)
Figure S2 Step by step image analyses for the extraction
of several valve morphometric traits. (A) Original TEM
image. The scale bar corresponds to 100 nm. (B) The same image
after noise reduction. (C) Image after binarization. (D) Determination of the circular regions which correspond to the valve pores
(in green), directly allowed us to determine the pore radius (r) and
the valve porosity (r). It also allows to compute the corresponding
Voronoi diagram (blue lines). (E) Histogram of distances between
two neighbors (d) in the Voronoi diagram. (F) Determination of
points defining the fingers (yellow crosses). (G) Determination of the
PLOS ONE | www.plosone.org

Movie S1 Dynamics of frustule formation in T. weissflogii. This real-time movie shows the evolution of the
fluorescence of the dye used to follow valve formation in diatoms.
The entire movie corresponds to 31 images acquired at 3.33 mHz,
and the quantification of the HCK-123 is presented in Figure 4A.
The left panel corresponds to the quantification and the right
panel to the images of the HCK-123 fluorescence.
(AVI)
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Movie S2 Valves formation and separation of daughter
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cells. These movies which correspond to 97 images acquired at
3.33 mHz, reveal the process of cell separation. The left panel
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Modélisation : un mécanisme de type “DLA” pour la création de la forme ?

Figure 2.2 – Motifs de type DLA, de gauche à droite, et de haut en bas : - Simulation numérique
d’un agrégat aléatoire de 3600 particules sur réseau, effectuée par Witten en 1981[89]. - Une
structure DLA générée par électro-déposition de cuivre dans une solution de sulfate de cuivre
(Crédit : Kevin R. Johnson). - Colonie de bactéries Bacillus subtilis 20 jours après inoculation sur
une boı̂te de Pétri[90]. La largeur de l’amas est d’environ 5cm. - Instabilité de Saffman-Taylor
en cellule de Hele-Shaw[91]. Figures de Lichtenberg obtenues sur du bois avec une alimentation
haute tension de micro-onde (réalisation expérimentale : Simon Derr). Voir aussi[92] pour des
motifs similaires de décharges électriques obtenus par simulation.
L’aggrégation limitée par la diffusion Le mécanisme “DLA” (Diffusion Limited Aggregation)
correspond à l’agrégation de particules en amas, lorsque la diffusion qui transporte ces
particules est le processus limitant par rapport à l’agrégation. Il a été théorisé au début des
années 1980[89], et des simulations numériques ont été réalisées dans lesquelles chaque
particule diffuse chacune son tour avant de se fixer à l’amas. Les motifs obtenus sont très
stéréotypés en présentant des branchements fractals (voir figure 2.2).
Dans la nature, de nombreux phénomènes très différents correspondent à ce
mécanisme[93]. En effet, il suffit que la vitesse de réaction locale soit très rapide par rapport
aux phénomènes de diffusion. Alors, la vitesse d’agrégation est localement proportionnel à
un flux diffusif (d’arrivée de particule). On parle alors de croissance laplacienne car, les
échelles de temps étant séparées, l’équation de diffusion à l’extérieur de l’agrégat se réduit
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au laplacien du champ qui doit être nul. Le motif résultant a la caractéristique de présenter
ces multiples branchements (voir figure 2.2). Mullins et Sekerka avait déjà formalisé ce
problème en 1963 pour le cas de la solidification[94]. La compréhension intuitive de ce
phénomène est qu’un champ laplacien va provoquer des effets de pointes (bien connus en
électrostatique). Là où l’agrégat augmente localement sa courbure, il va augmenter le flux
diffusif par effet de pointe, et donc augmenter le motif de pointe. C’est l’instabilité à la source
de l’effet de branchement car une petite perturbation peut être amplifiée.
La figure 2.2 montre une variété d’exemples différents qui font tous apparaı̂tre le motif
typique de DLA : l’électrodéposition, la croissance de bactéries, l’instabilité de Saffman Taylor,
les figures de Lichtenberg. On aurait pu rajouter la déposition de minéraux[95], les flocons de
neige[96], certains coraux[97], ou même la possible forme des arbres[98].

Etat de l’art Les modèles existants qui tentent d’expliquer la morphogénèse des diatomées
invoquent soit des phénomènes de séparation de phase[99, 100] soit un lien avec des
flambements mécaniques[101]. Certains modèles utilisent toutefois le concept de DLA, mais
pour retrouver, soit la forme très globale de structures circulaires[102], soit au contraire la
forme très locale des pores[103]. Dans la suite nous nous intéressons au cas particulier de la
diatomée Phaeodactylum tricornutum qui montre expérimentalement des motifs de type DLA
très caractéristiques.

Observation de motifs de type DLA chez Phaeodactylum tricornutum Nos collaborateurs
du muséum d’histoire naturelle ont imagé avec précision le développement de la diatomée
Phaeodactylum tricornutum[104]. La figure 2.3 montre les étapes-clefs du développement de
la valve. Une grande structure linéaire se développe, puis à partir du stade (c) des doigts
secondaires très bien régulés se développent orthogonalement. Enfin, la structure se densifie.
La figure 2.3 montre les détails symptomatiques d’une agrégation limitée par la diffusion.
C’est aussi compatible avec les éléments biologiques connus. En effet, la valve se forme dans
une vésicule appelée SDV (“Silica Deposition Vesicle”). Dans cette vésicule, de la silice diffuse
depuis l’extérieur, et vient s’agréger sur la valve en création.

Modélisation Le modèle naturel est donc très simple. Il est schématisé figure 2.4 : la vésicule
de déposition considérée comme bidimensionnelle car très fine, englobe un agrégat de silice
solide (interface rouge du bas). De la silice est transportée jusqu’à la membrane extérieure
(interface bleue). On a donc une source (membrane) et un puits (agrégat). Dans le modèle le
plus simple, les concentrations (adimensionnées) sont fixées par des conditions de Dirichlet à
0 et 1. Entre ces deux interfaces, la concentration diffuse, et puisque l’agrégation est supposée
évoluer de façon quasi-statique, l’équation de diffusion se résume à
∆c = 0

(2.1)
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aggregate

Figure
2.4
–
Schéma
d’implémentation. Le champ
de concentration obéit à
l’équation 2.1. L’interface de
l’agrégat suit l’équation 2.2. Ce
Figure 2.3 – Gauche : stages de développement de
schéma correspond au code aux
formation de la valve de Phaeodactylum tricornutum
conditions limites périodiques,
obtenus par microscope électronique à transmission. (a)
mais le principe est le même
la structure primordiale de silice correspond à une forme
si les conditions sont fixes aux
en π. (b, c, d) Elongation de la structure primordiale à
bords. Les conditions liées à la
partir de la forme en π. (d, e) Extension des “doigts”
membrane sont plus subtiles. Elle
secondaires. La barre d’échelle est de 1 µm. Droite : détails
peut être soit fixe, soit avancer à
de la structure de la valve. (g) Zoom sur le démarrage
vitesse constante, soit elle aussi
des “doigts” (barre d’échelle, 500 nm). (h,i) Zoom sur les
évoluer en fonction du gradient
étapes de densification où la structure arborescente de
de concentration local. D’après
branchement apparaı̂t (barre d’échelle, 200 nm). D’après
[105].
[104].
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L’agrégation évolue localement proportionnellement au flux diffusif de silice. Le déplacement
infinitésimal local est donc
−→
→
−
dX = α ∇C · dt
(2.2)
où α est un coefficient de proportionnalité (lié à la densité de l’agrégat formé). Au niveau
de la membrane, l’exocytose de silice donne aussi lieu à une augmentation en taille de la
vésicule. Cette interface peut donc bouger aussi. C’est la particularité de ce modèle, inspiré de
[106], les deux interfaces bougent. Dans notre cas, la spécificité est d’étudier les conditions qui
permettront l’émergence de branches parallèles sans sous-ramification.
Implémentation L’implémentation se passe en deux étapes. La résolution de l’équation de
diffusion est d’abord effectuée à chaque pas de temps grâce à une discrétisation de l’espace
en éléments finis. Ceci est fait grâce au logiciel libre FreeFem++[107]. Le champ de
concentration permet alors de calculer les vitesses locales d’évolution des interfaces, de
propager les nouvelles interfaces (python) puis de créer un nouveau maillage pour le temps
suivant (logiciel GMSH[108]).
Résultats

Figure 2.5 – Comparaison
qualitative entre la diatomée
imagée
au
microscope
électronique[104] et notre
simulation.
Les
couleurs
représentent les iso-densités de
concentration

Figure 2.6 – Gauche : instabilités typiques de branchement
et d’écrantage de certains doigts. Les différentes strates
temporelles montrent l’évolution. Droite : même simulation
avec implémentation de tension de surface. Les flèches
indiquent le vecteur vitesse local de l’interface[105]

Géométrie réaliste Dans une géométrie réaliste, nos premiers résultats montrent qu’un
agrégat initial va donner naissance à toute une série de branches orthogonales régulièrement
espacées (voir figure 2.5).
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Géométrie périodique Pour étudier plus simplement l’évolution de ces branches, nous
avons changé les conditions limites en imaginant un agrégat initial linéaire infini (conditions
périodiques). Des conditions naı̈ves donnent, bien sûr, des formes de type DLA très branchées
(voir figure 2.6 gauche). Nous étudions les processus spécifiques qui peuvent réduire ces
mécanismes de branchements. Ils sont liés à la fois à la vitesse de propagation de la
membrane de la vésicule et à des effets probables de réarrangements (voir figure 2.6 droite,
où la tension de surface régularise les doigts, et permet à tous de grandir de façon
synchronisée).
Perspectives Ce travail nécessite d’explorer encore plus précisément le diagramme de phase
des motifs obtenus, mais il semble que la prédiction de Gordon[101] se vérifie : il est possible,
en jouant sur les conditions extérieures (Gordon parlait du champ électrique pour
l’électrodéposition), de contrôler l’instabilité de branchement.

2.2

L’os de seiche (Sepia officinalis)

2.2.1

Introduction

La seiche est un animal fascinant. Elle est bien connue, pour son encre noire (sepia) qu’elle
projette, en guise de défense, et pour pouvoir se dissimuler pour prendre la fuite[109]. C’est
aussi un animal “intelligent” au cerveau très développé par rapport à d’autres invertébrés, et
elle est capable d’apprentissage par observation et mémorisation[110, 111]. Un troisième point
d’intérêt, celui qui nous intéresse dans cette section, est la coquille interne calcifiée qu’elle
développe et qu’on appelle communément, l’ “os”. La seiche l’utilise en particulier en guise de
flotteur.
L’étude générale de la seiche a commencé sérieusement grâce à l’intérêt que lui a porté
Paul Bert 2 . Il a publié un mémoire entier à son sujet en 1867[113] 3
Ce sont surtout les travaux de Denton qui ont mis en lumière la richesse de cet objet
qui assure la stabilité des seiches entre deux eaux[115, 116]. L’os de seiche est une coquille
minéralisée constituée de plusieurs dizaines de chambres distinctes. Chacune de ces chambres
pouvant être remplie de gaz ou de liquide selon les conditions. Ces chambres sont supportées
par des éléments orthogonaux appelés piliers. Ces piliers peuvent être soit isolés, soit alignés
et former des murs de structure labyrinthique[115].
Dans une première sous-section nous retranscrivons un article correspondant à une analyse
morphométrique de l’os de seiche au cours du développement. Dans un second temps nous
donnons des pistes pour modéliser ces observations.
2. Le personnage de Paul Bert est lui aussi fascinant : touche-à-tout et élève de Claude Bernard il a eu une
vie très dense[112].
3. Le texte se trouve en ligne à cette adresse : https://play.google.com/books/reader?id=
FZI7AQAAIAAJ&hl=en&pg=GBS.PP1. A noter que la même année il publie un autre mémoire lié au
mouvement des plantes sensitives[114], dont le texte se trouve ici :https://play.google.com/books/
reader?id=cy4bAAAAYAAJ&hl=en&pg=GBS.PA7
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Observation

Nous retranscrivons dans les pages suivantes le fruit d’une collaboration avec le groupe de
Laure Bonnaud-Ponticelli (Muséum National d’Histoire Naturelle), spécialiste des céphalopodes
et de la seiche Sepia officinalis en particulier.
Nous avons étudié quantitativement les changements morphologiques de l’os de seiche
au cours du développement. En particulier, nous mettons en évidence une transition entre des
chambres où les piliers sont isolés et des chambres où les piliers forment des murs continus
de type labyrinthique.
Le travail a été publié dans Journal of the Royal Society Interface et l’article est reproduit
dans les pages suivantes
— Le Pabic C, Derr J, Luquet G, Lopez PJ, Bonnaud-Ponticelli L. Three-dimensional structural
evolution of the cuttlefish Sepia officinalis shell from embryo to adult stages. Journal
of the Royal Society Interface. 2019 Sep 27 ;16(158) :20190175.
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The cuttlefish shell is an internal structure with a composition and general
organization unique among molluscs. Its formation and the structure–function
relation are explored during Sepia officinalis development, using computerized
axial tomography scanning (CAT-scan) three-dimensional analyses coupled to
physical measurements and modelling. In addition to the evolution of the overall form, modifications of the internal structure were identified from the last
third embryonic stages to adult. Most of these changes can be correlated to
life cycle stages and environmental constraints. Protected by the capsule
during embryonic life, the first internal chambers are sustained by isolated
pillars formed from the dorsal to the ventral septum. After hatching, the
formation of pillars appears to be a progressive process from isolated points
to interconnected pillars forming a wall-delineated labyrinthine structure.
We analysed the interpillar space, the connectivity and the tortuosity of the
labyrinth. The labyrinthine pillar network is complete just prior to the wintering
migration, probably to sustain the need to adapt to high pressure and to allow
buoyancy regulation. At that time, the connectivity in the pillar network is compensated by an increase in tortuosity, most probably to reduce liquid diffusion
in the shell. Altogether these results suggest adjustment of internal calcified
structure development to both external forces and physiological needs.

1. Introduction
Author for correspondence:
Laure Bonnaud-Ponticelli
e-mail: laure.bonnaud@mnhn.fr

Electronic supplementary material is available
online at https://doi.org/10.6084/m9.figshare.
c.4614917.

The external calcified shell of molluscs has been selected for its protective functions
against predators and/or resistance against stressful physico-chemical factors. The
cephalopods are the only molluscs building a chambered shell (phragmocone)
used as a buoyant system [1], giving them an adaptive advantage in aquatic environment. Extinct ammonites and present nautiloids show an external chambered shell.
During evolution, the external shell has been reduced and internalized in some
lineages of cephalopods. As a consequence, behavioural, anatomical and physiological adaptations had to be selected to compensate the loss of the external protective
function. In some groups of cephalopods, the internal chambered shell is strongly
mineralized with mechanical but also physiological roles as in extinct belemnites,
the closest relatives of present lineages, and two present groups of cephalopods: spirulids and sepiids. The sepiid shell, called the cuttlebone, presents numerous
differences from that of nautiloids and spirulids. These latter organisms build
spiral shells with about 30 large chambers, delimited by septa, filled with gas and
liquid via a median tubular structure (the siphuncle) passing through the chambers.
On the contrary, in sepiids, the shell is flat and formed of 100 thin chambers separated by septa, all opened posteriorly, where gas/liquid exchanges are regulated
through this opened posterior area called siphuncular zone [1,2]. Moreover, each
sepiid chamber is supported inside by vertical elements called ‘pillars’, spread
over the entire septal surface and forming a complex labyrinthine structure
© 2019 The Author(s) Published by the Royal Society. All rights reserved.
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Table 1. Sample keys and age data of Sepia ofﬁcinalis shells used in this study.

2

age

shell length (mm)

MNHN-IM-2012-36001

embryonic stage 27

3.5

2.1

0.60

MNHN-IM-2012-36006
MNHN-IM-2012-13923

embryonic stage 30
one month

6.0
11.0

3.5
5.7

0.58
0.52

MNHN-IM-2012-13925
MNHN-IM-2012-13927

three months
18 months?

33.2
218.4

13.0
68.7

0.39
0.31

2.1. Research specimens
The lengths, ages and sample keys of the five S. officinalis shells used
in this study are indicated in table 1. All animals come from the
English Channel and are at different ontogenic stages. In order
to determine precisely their stage of development, they were
reared at the Centre de Recherches en Environnement Côtier
(Luc-sur-Mer, France) allowing a day-to-day follow up except
for the adult stage (i.e. specimen MNHN IM-2012-13927) that
was trawl-fished. Embryonic stages were determined according
to the development table from Lemaire [10]: the shell begins to
form at stage 25, when the embryo resembles an adult and the
chambers appear progressively until hatching at stage 30.
During egg and juvenile rearing, water parameters were kept
at 17 ± 1°C, 32.5 ± 1 psu (salinity) and less than 0.5 mg l−1 for ammonia- and nitrite-nitrogen and less than 80 mg l−1 for nitrate-nitrogen
[11]. Juveniles were fed once a day with live brown shrimps Crangon
crangon during all their maintenance. Before shell removal, cleaning
and storage in 70% ethanol, animals (i.e. embryo and juveniles) were
euthanized by 10% ethanol exposure during 10 min followed by
cephalopodium (i.e. head, arms and funnel) removal [12,13]. The
specimens MNHN IM-2012-36001 and MNHN IM-2012-36006 are
both embryonic shells corresponding, respectively, to the beginning,
stage 27, and to the end, stage 30, of the embryonic shell formation.
According to the strong influence of food supply and temperature on
the S. officinalis shell growth [14,15], the choice of the juvenile shells
MNHN IM-2012-13923 (one-month old) and MNHN IM-201213925 (three-month old) were considered as the best compromise
to study shell formation during the juvenile life period. The adult
cuttlebone for scanning electron microscopy (SEM) analysis comes
from specimen freshly fished along the English Channel coastline.

width/length ratio

2.2. X-ray tomography
For the five S. officinalis shells, a high-resolution CAT-scan was
acquired at the Platform AST-RX of the Museum National d’Histoire Naturelle (MNHN). In order to keep similar resolution in the
first built chambers, a second CAT-scan was acquired for the specimen MNHN IM-2012-13925 (three-month old) focusing on the 15
first chambers of this shell. Data relative to this scan are bracketed
here below next to the whole shell scan of the same specimen.
The scanning parameters were, respectively, for the specimens
IM-2012-36001 (stage 27), IM-2012-36006 (stage 30), MNHN
IM-2012-13923 (one month), MNHN IM-2012-13925 (three
months) and IM-2012-13927 (adult): an effective energy of 70,
70, 65, 55 (68) and 80 kV, a current of 180, 215, 250, 310 (275)
and 300 mA, a voxel size 2.09, 3.36, 6.17, 18.25 (6.32) and
116.52 µm, and a view number of 2500, 3000, 1800, 1500 (3000)
and 1200. Images were reconstructed and exported into 16-bit
TIFF stacks using IMAGEJ 2.0.0 and AVIZO LITE 9.0.1 softwares.

2.3. Scanning electron microscopy
In order to compare images resulting from CAT-scan and
microscopy, small pieces of an adult S. officinalis cuttlebone
(135-mm shell length) were prepared for optical microscopy and
SEM observations. For SEM, cuttlebone pieces were mounted
on SEM stubs and covered with a 10-nm gold layer through
sputtering using a Jeol FJC-1200 metal coater. SEM observations
were performed with a Hitachi SU 3500 microscope using the
BSE (backscattered electron) mode.

2.4. Physical analysis of the inside shell pillar network
In order to perform repeatable and comparable height measurements (inside the same shell and between different shells), we set
up the following methodology. Along the shell sagittal plane, we
measured the greatest chamber height perpendicular to the bottom
septa median plane (electronic supplementary material, figure S1).
Except for the first synthesized chambers (of each shell), this measure
is always located at the front extremity of the top chamber. Height
measurements were made using IMAGEJ 2.0.0 software.
Because our observations of the inner parts in studied shells
did not underline major structural differences between the same
chambers of different shells, we chose the three-month-old shell
for the work on the pillar network (i.e. connectivity, interpillar
space and tortuosity). Each physical analysis has been made on
every three-month shell chambers (i.e. from chamber 1, the first
one built in embryo to chamber 34, the last chamber formed in
the three-month shell). All image processing was done using
the scikit-image Python package [16].
To determine whether the different inner chamber zones
(i.e. space zones) are connected together, particularly in chambers
with complex pillar network, we used standard image processing
techniques [17,18], implemented in the scikit-image package [16],
which enabled us to label a binary image by counting the
connected regions. From that, we were able to draw a histogram
of the size distribution of the different connected regions.

J. R. Soc. Interface 16: 20190175

2. Material and methods

shell width (mm)

royalsocietypublishing.org/journal/rsif

sample key

unique in cephalopods, the so-called pillar network [3,4]. Some
hypotheses about spatial organization and organo-mineral
formation of this pillar network have been previously proposed
for Sepia shells [4–9], but with little investigation at the spatial and
temporal scales. Yet, such a peculiar structuration should be
considered in relation to physiological needs of the organism.
Here, we have chosen to study the Sepia officinalis shell during
its life cycle, from embryo to adult, with a special emphasis on
spatio-temporal evolution of the pillar network, i.e. inside the
same chamber and in different chambers of the same shell.
Using computerized axial tomography scanning (CAT-scan)
three-dimensional observations coupled with physical
measurements and mathematical analyses, we describe the
shell synthesis sequence and the global inside structure of
cuttlefish shell, from embryonic to adult stages. Our results,
associated with knowledge about the S. officinalis ecology,
allow us to link shell structure with cuttlefish life stages
and to hypothesize about the labyrinthine pillar network
role in the cuttlefish shell buoyancy function, an essential
prerequisite to further evolutionary studies.
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3. Results

3.3. From embryo to adult: the growth of the shell

Cuttlebone grows by ventral accretion of chambers from the
posterior to the anterior part of the shell during the whole
cuttlefish life. Most of the time, the first synthesized chambers
(i.e. embryonic) are neither observable nor accessible in adult
shell (even young) because of the important growth and
calcification of the animal during its life cycle (table 1).

From an external view, the overall main dimensions of the shell
increase. During the cuttlefish life cycle, the width/length ratio
of the shell is divided by two (0.6–0.3; table 1), with important
decrease between embryonic stages and three-month shell
from 0.6 to 0.39. Our data are consistent with those of Sherrard
obtained on three adult S. officinalis shells coming from Mediterranean Sea (average width/length ratio of 0.36 for an average
shell length of 146 mm) [3]. The same author highlighted that
such width/length ratio is significantly higher in adult shells
coming from Sepia species living in shallow area (less than
100 m) than those living at greater depth (greater than 100 m),
suggesting the shell surface importance to deal with higher

3.1. Embryonic stages (i.e. 27 and 30)
The shells from stage 27 and stage 30 embryos are made up of
three and six chambers, respectively (figure 1a; electronic supplementary material, figure S3), as previously observed [4–10].

3.2. Juvenile stages (i.e. one- and three-month-old
animals)
Juvenile shells from one- and three-month-old cuttlefish
reared in controlled conditions are, respectively, made up of
19 and 34 chambers (electronic supplementary material,
figure S3). Whereas absent from embryonic shells, the spine
is clearly present in both juvenile shells highlighting the
synthesis of this structure after hatching (electronic
supplementary material, figure S3, arrowheads). The onemonth-old shell scan allowed us to observe the formation
of a new septum (figure 4). It appears that this chamber
build up step occurs from the front to the back of the shell,
similarly to the pillar formation described in §3.1.
The chamber heights range from 0.10 to 0.41 mm with a
mean chamber height of 0.18 ± 0.07 and 0.27 ± 0.08 mm, for
one- and three-month-old shell, respectively. These important
variations (RSD = 39 and 30%, respectively) are due to chamber
height decrease (below 0.20 mm) from chambers 8 to 12,
observed in both shells (figure 2). Looking at the mineral structures inside of the chamber shell, from the dorsal to the ventral
side of the shell, the width of the pillar increases and their tips
mainly correspond to tortuous elongated lines in place of the
branching described in embryonic chambers. This chamber-tochamber change results in the progressive linkage of pillars
forming a labyrinth network near the 25th shell chamber
(figure 5; electronic supplementary material, figure S5-movie).
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Their heights range from 0.25 to 0.31 mm with a mean chamber
height of 0.27 ± 0.02 and 0.28 ± 0.03 mm (mean ± s.d.) for stage
27 and stage 30 embryo shells, respectively (figure 2).
In both shells, we observe distinct pillars (i.e. disconnected
from each other). The pillar shape and organization are different
in the siphuncular area and in the plane-anterior area. In the first
one, their density is higher, and they present in a large majority a
straight cylindrical shape with bulging at their ventral side
(figure 3a; electronic supplementary material, figure S4movie). In the anterior area, their shapes are either cylindrical
or elongated along the sagittal axis (figure 3). From dorsal to
ventral septum, most of these pillars widen to finally form
branches with an increase in tortuosity for the elongated pillars
(figure 3b). The stage 27 shell X-ray tomography allowed us to
observe the beginning of the fourth chamber build up process,
with the dorsoventral growth of pillars prior to the septa floor
formation. We also evidenced that the pillars are formed
progressively from anterior to posterior: there is no pillar
building in the same time on all the chamber surface (figure 3a;
electronic supplementary material, figure S4-movie).

royalsocietypublishing.org/journal/rsif

To estimate the pillar spacing, for each chamber, we cropped a
region representative of the chamber (typically situated at the
centre of the chamber) and used directly the cropped image in
grayscale. We estimated the interpillar spacing by using a method
based on auto-correlation as described in electronic supplementary
material, figure S2. To access the typical space between pillars, we
performed multiple times one-dimensional cut of the image. For
each trial, starting and ending points were randomly picked in
the image with the only condition that the length of the cut would
be bigger than a minimum value (arbitrarily picked as half the minimum dimension of the cropped image). A greyscale one-dimensional
profile was recorded along the cut. These one-dimensional profiles
exhibited oscillations, but not long enough to efficiently perform
Fourier transform. Instead, we chose a similar technique based on
auto-correlation (J. Philippi 2019, personal communication). We computed the auto-correlation of the profile, and as the signal is roughly
sinusoidal, the auto-correlation profile presents first a minimum
when signals are in opposite phase and then a maximum when
they are back in phase. Positions of the first local minimum and
first local maximum gave two measurements of the same typical
spatial period of the signal. To be sure that our trial is meaningful,
we considered the measurement as valid if and only if the relative
difference between the two measurements was less than 0.5%.
Repeating the trials, we obtained, for each chamber, a distribution
of measurements of the spatial period.
To describe the pillar network tortuosity, for each chamber, we
used the same selection of images as described for pillar spacing
measurements. We performed a binarization of the cropped
image in greyscale using Otsu’s method [19]. Then, we computed
the corresponding topological skeleton: a 1-pixel wide skeleton of
the object, with the same connectivity as the original object. Applying a generic filter on the skeleton enabled us to discriminate
between segment pixels, edge pixels or crossing pixels. From
there, one can transform the skeleton into a graph structure. For
graph structures, classical Dijkstra’s algorithm has been used to
compute shortest path [20], i.e. to go from one point A to one
point B. The tortuosity of this path is defined mathematically as
c to the Euclithe arc/chord ratio: the ratio of the length of the path AB
dian distance AB. The starting points and the ending points are
randomly picked in the cropped image (following a uniform distribution). Tortuosity is computed for this path, and the operation is
repeated a number of times to get statistics. For each chamber, we
performed thousands of trials in order to get a standard error of
typically less than 1%. Then, we performed the same analysis in segregating between horizontal and vertical orientation of the paths.
We chose the simplest criteria: if the angle between the Euclidian
path (starting to ending point) and the horizontal line was more
than 45°, we defined it to be vertical, or horizontal if less than 45°.
To check the homogeneity of the results among one chamber
(which is always bigger than the cropped probe area), we performed the same analysis on chamber 30 by shifting the probe
area from −1 to 1 time its size.
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Figure 1. Three-dimensional images of (a) embryonic stage 27 and (b) adult cuttlefish shell. The growth allometry is clearly visible between embryo and adult.
Arrowheads indicate the spine. The three ‘small chambers’ area indicated on adult shell corresponds to chambers too small and/or thin to be precisely counted and
measured. The magnification panel of the adult shell scan highlights the shell septa. Scale bar: 5 mm.
pressure. According to this observation, we propose that this
change of width/length ratio during the first months of life
could be necessary to the S. officinalis migration in deeper
waters during winter.

3.4. Adult stage
The CAT-scan resolution of the image of an adult shell (even
if of important size: 218.4 mm; table 1) allowed us to determine that it is made up of more than 100 chambers.
Among these chambers, it has been possible to measure 84
chamber heights (figure 2). The heights range from 0.17 to
0.43 mm with a mean chamber height of 0.33 ± 0.05 mm.
We observed a progressive increase of the first chamber
heights corresponding to the beginning of the juvenile stage
(estimated to be from chambers 8 to 19; figure 2). The 16
(at least) other chambers were too small and/or thin to be precisely counted and measured (figure 1b). As a whole, three
distinct areas of these ‘small chambers’ were identified in
adult shell (from early to later stages of life): (1) the six first
chambers (embryonic life), (2) from chambers 35 to 40 (at
least), and (3) the three last synthesized chambers (at least).

3.5. Physical measurements and analyses
The analysis of the connectivity showed that the pillar network constitutes an almost unique space, whatever its

complexity. Indeed, from chambers 15 to 34, we found
connection values of the total chambers above 90% (figure 6).
Our analysis of the interpillar space evolution in the 34
first synthesized chambers (i.e. in three-month-old shell)
highlighted three phases (figure 7).
Firstly, the values of interpillar space from chamber
1 (43.0 ± 4.8 µm) to chamber 9 (45.0 ± 4.9 µm) remains stable.
Then, interpillar space values increase progressively until
chamber 27 (108.8 ± 12.5 µm) to finish by a stable phase from
chamber 28 (111.4 ± 13.7 µm) to chamber 34 (116.3 ± 22.9 µm)
with mean values around 114.9 ± 2.4 µm. Notably, interpillar
spaces and chamber heights appear positively correlated
( p-value = 9.68 × 10−10; Pearson correlation coefficient = 0.83).
The measurements of the tortuosity show three phases as
well. From chamber 1 to 16, tortuosity values are around 1.
Then an important increase occurs until chamber 27, before a
stabilization of tortuosity values around 3 (figure 8).
Then, we performed the same analysis in segregating
between horizontal and vertical orientation of the paths. The
vertical paths are mostly parallel to the roughly vertical alignment of the channels while the horizontal paths are mostly
orthogonal to the main orientation of the channels. We chose
the simplest criteria: if the angle between the Euclidian path
(starting to ending point) and the horizontal line was more
than 45°, we defined it to be vertical, or horizontal if less
than 45°. Following these criteria, we found that horizontal
tortuosity increases more than vertical one during shell
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Figure 2. Chamber heights in the different studied shells (embryonic stages 27 and 30, one-month-old and three-month-old juveniles, and adult) associated with
major events occurring during life cycle.
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Figure 3. (a) Three-dimensional image of embryonic stage 27 shell ventral view with colouring of the two pillar shapes and organization area (red: ‘branching’
pillars; blue: ‘siphuncle’ pillars), and (b) X-ray tomography pictures of stage 27 shell illustrating the pillar shape evolution. Top picture is a sagittal plane scan along
the three formed chambers with arrows z1, z2 and z3 in chamber 3 localizing (bottom pictures) the observations made from dorsal to ventral shell side. Scale bars:
0.5 mm. (Online version in colour.)
building (electronic supplementary material, figure S6). This
calculation is congruent with the SEM image showing a linear
pillar network structure in the shell anterior part (figure 5).

4. Discussion
Adult shell CAT-scan opens interesting prospects for the
study of cuttlefish shell, and indirectly their development,

ecology and evolution. Indeed, there are more than 100
cuttlefish species having various habitats (e.g. depth, temperature) and building shells with important interspecific
dimorphism [21].
Our three-dimensional observations have evidenced how
the cuttlebone is built and, associated with physical measurements, have revealed major changes of the shell inner
structure during the first months of life of the cuttlefish.
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Figure 5. Labyrinthine structure of the pillar network. Left: X-ray tomography picture highlighting the pillar network organizations (30th chamber of three-month
shell in top view). Right: BSE-SEM images of (a) a linear pillar network configuration (5 kV) found in anterior part and (b) a curved configuration (15 kV) found in
the central chamber part. Scale bars: 1 mm.

Our results on chamber height measurements highlight
some interesting variations consistent with S. officinalis life
stages (figure 2). After hatching, juveniles stay onshore during
few months to benefit from coastal prey abundance and rapid
growth [22]. During this period (i.e. from 8-chamber shell), a
decrease of the chamber heights in one- and three-month-old
shells from animals cultured in laboratory is observed until
chamber 12. This reduction can be linked with the physiological
immaturity of hatchling cuttlefish. Actually, the digestive duct is
still immature at least two weeks after hatching and the growth
is limited [23,24]. The reduction of the chamber height could

help to reduce its metabolic cost during this period, because
of the high energy demand needed for other processes such
as physiological adaptations to environment [14]. In the shell
of adult, grown in the wild, the firstly synthetized post-hatching
chambers present heights relatively constant and higher than
those made in shells of reared juveniles (one- and threemonth), which, according to our hypothesis, could be due to a
better quality, diversity and a higher quantity of food at hatching. Indeed, the shell growth is known to depend both on the
water temperature and food level [25]. After the first weeks
post-hatching, the chamber heights (measured in three-month

J. R. Soc. Interface 16: 20190175

Figure 4. Three-dimensional images of one-month-old cuttlefish shell highlighting in blue the area of the new septum built from anterior to posterior: (a) ventral
view (scale bar: 1 mm) and (b) ventro-lateral view. (Online version in colour.)
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Figure 7. Graph representing the evolution of interpillar space in the different chambers of the three-month shell (mean ± standard deviation, see
Material and methods). (Online version in colour.)
and adult cuttlebones) increase until chamber 20, when juvenile
is mature and initiates its fast growth (figure 2). Then, the
chamber heights reach values around 0.35 mm with less variability in both shells, except between the 30th and 40th chambers
and after the 86th chamber (adult shell) where two important
decreases are observed. This phenomenon has been previously
described in cuttlefish from the English Channel as the result of
animal wintering conditions [2,26], and firstly linked with
slower growth due to colder temperatures and reduced feeding
incurred by Sepia officinalis during this period of migration
[14,15]. In addition, Sherrard associated also this change with
depth, highlighting that cuttlebones with low chamber heights
are more resistant to pressure [3]. However, the decreases
observed in the three-month-old shell, as well as in the last
chambers of the adult shell (around the 90th chamber), could
also be the sign of the senescence of the animal, due in the
first case to rearing conditions, and in the second case to the
adult’s end of life (cuttlefish are semelparous animals living
no longer than 2 years). This smaller size is probably a consequence of the decrease in metabolism and cell activity linked
to the feeding decrease of the animals [27].
By CAT-scan analysis, we confirmed that pillar growth
occurs from dorsal to ventral side as previously described
with microscopic observation for this species [4] and for
Sepia esculenta [6]. During this growth, pillar shape changes

20
chamber number, i

30

Figure 8. Graph representing the evolution of pillar network tortuosity (arithmetic mean) in the different chambers of the three-month shell. (Online version
in colour.)

from a linear proximal basis to a very curved, branched
distal (and apical) part. This shape change is more visible
in the first formed chambers, those synthesized during
embryonic period of life (figure 3) [4]. We also validated
that pillars are synthesized from the anterior to the posterior
part of each chamber [6], before the building of the chamber
floor following the same gradient (figures 3 and 4) [3,5,7].
In addition, we evidenced a progressive linkage of the
chamber pillar network resulting in a complex labyrinthine
structure and determined the temporal sequence of this process. Indeed, at the end of the embryo development, in all
chambers, the pillars remain isolated (i.e. the pillar network
does not have a connected structure), whereas around chamber
25 the pillar network appears entirely connected. This stage is
estimated to correspond to a juvenile cuttlefish between one
and two months old, i.e. a few weeks before they realize an
autumnal migration offshore to overwintering grounds in the
deep central waters of the Channel [22]. As the pillar network
constitutes a major innovation in cephalopod shell architecture
by its role in avoiding implosion from hydrostatic pressure [3],
we propose that the pillar network connection is a major event
conferring to S. officinalis shell its high compressive strength,
making possible migration in deeper areas.
Our interpillar space measurements are consistent with
partial measurements previously done on S. officinalis adult
shell chambers using SEM [3,28]. Nevertheless, as they are
the first made on all the chambers from the same cuttlefish
shell they are robust and show that there are no high variations
between chambers (figure 7). Interestingly, the positive correlation found between this parameter and the chamber height
indicates a co-regulation of these structural parameters
involved in the cuttlebone porosity [29], but is not consistent
with a shell evolution towards a higher compressive strength.
However, the evolution of these two parameters (increasing
until chamber 20; figures 2 and 7) associated with the complete
pillar network connection (occurring around chamber 25)
suggests that it is during this period that cuttlebone acquires
its known mechanical properties of high porosity (93%) [30]
and high compressive strength (greater than or equal to 15
atm) [31]. Although more CAT-scan analyses have to be done
on pillar network at different cuttlefish life stages, our SEM
personal observations on different adult cuttlebones suggest
that labyrinthine structure is a homogeneous structure between
different individuals.

J. R. Soc. Interface 16: 20190175

Figure 6. X-ray tomography picture of one of the last chambers (32nd chamber)
of three-month shell after connectivity analysis. The different colours represent
areas found to be unconnected. Scale bar: 1 mm. (Online version in colour.)
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2.2

L’os de seiche (Sepia officinalis)

101

Figure 2.7 – Gauche : La seiche Sepia officinalis (Nausicaä Centre National de la Mer,
Boulogne-sur-Mer, France) et son os typique retrouvé sur une plage (crédits : wildsingapore).
Droite : Structure schématique de l’os de seiche. (A) Vue globale d’une section longitudinale
comprenant une centaine de chambres. (B) Vue détaillée de quelques chambres, où les piliers
sont représentés. D’après[115].
2.2.3

Modélisation

Figure 2.8 – Structures de Turing obtenues par simulation du modèle du “Brusselator”. Le
paramètre µ prend successivement les valeurs 0.98 (a), 0.66 (b), 0.54 (c) et 0.3 (d). Le niveau
de gris représente la concentration d’un des deux morphogènes. D’après [117].

Structures de Turing (perspectives) Si Waddington a peut-être été le premier à conceptualiser
l’apparition de structures lors du développement, en créant le concept d’“évocateurs”, des
gènes ou substances qui aideraient la canalisation vers une structure ou une autre[118], c’est
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bien sûr Turing qui définit le terme de morphogène dans son article fondateur : “Les bases
moléculaires de la morphogénèse”[86].
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Figure 2.9 – Vitesse de remplissage des chambres, en fonction de leur tortuosité. Gauche :
Démonstration expérimentale sur deux chambres, présentant des tortuosités très différentes,
reproduites de façon macroscopique. La structure labyrinthique de gauche se remplit
plus lentement que la structure en ”points” de droite (Crédits : Charles Le Pabic. La
vidéo de démonstration réalisée au palais de la découverte peut être visionnée à cette
adresse : http://www.msc.univ-paris-diderot.fr/~plant-dynamics/seiche/
remplissage.mp4). Droite : simulation numérique de la mise en mouvement de fluide dans
les chambres où les obstacles sont simulés conformément aux mesures expérimentales. Haut :
exemple de binarisation d’une chambre, et de la simulation du champ de vitesse (plus la couleur
est bleutée, plus la vitesse est grande). Bas : évolution de la vitesse de remplissage en fonction
de la chambre.
Dans cet article, Turing décrit mathématiquement diverses possibilités de brisure de
symétrie spatiale, grâce à la simple diffusion et réaction de ces morphogènes. Les solutions
spatiales obtenues sont désormais appelées des structures de Turing. Elles ont des formes
très stéréotypées. La figure 2.8 montre des formes obtenues pour le modèle du
brusselator[117]. Dans ce modèle, deux morphogènes X et Y diffusent et réagissent entre
eux. µ est un paramètre adimensionné qui représente l’interaction entre X et Y . Quand sa
valeur change, le système bifurque et montre une transition entre un état de type ı̂lots, à un
état de type labyrinthique. C’est exactement ce type de transition que nous avons mis en
évidence expérimentalement[119]. Ce genre de transition peut aussi être obtenu avec d’autres
modèles dits de réaction-diffusion, très similaires. Par exemple, le modèle de Gray-Scott,
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aussi un modèle à deux morphogènes, montre cette transition lorsque le terme de création
d’un des deux morphogènes augmente et/ou le terme de dégradation du second
augmente[120]. Un article récent analyse mathématiquement cette bifurcation[121], mais
toujours avec des conditions limites constantes. Un point d’intérêt serait d’investiguer en
détail si cette transition peut être obtenue par le simple changement des conditions limites
(tel que l’élargissement progressif du rapport d’aspect des chambres). Ce genre de modèle est
tout-à-fait fascinant, mais ne doit pas sous-estimer le problème principal qui est
l’identification biologique du morphogène[122], ainsi que la réalité de son mode de diffusion
et d’interaction[123].
Flotabilité de la seiche (résultats préliminaires) Une question importante concerne
l’intérêt potentiel biologique de ces changements de structure entre les chambres. Est-ce que
ces changements confèrent un avantage sélectif à l’espèce ? Pour naviguer entre deux eaux,
la seiche va ajuster le remplissage en eau de ses chambres. Les différences de tortuosité vont
affecter ce remplissage. Mais de quelle manière ? Charles Le Pabic a réalisé une expérience
pédagogique pour illustrer le fait qu’une chambre tortueuse va se remplir très difficilement
par rapport à une chambre presque sans mur. La figure 2.9 montre à gauche une capture
d’écran de la vidéo de l’expérience disponible en ligne.
Nous avons simulé ce problème de remplissage. Après avoir binarisé chacune des
chambres, nous avons utilisé un algorithme de type réseau de Boltzman pour résoudre les
équations de Navier Stokes[124]. Ce type d’approche permet de gérer plus facilement les
nombreuses conditions limites au bord.
Nous avons montré qu’en fonction de l’âge de la chambre et donc sa tortuosité, la vitesse de
remplissage variait drastiquement (voir figure 2.9, droite). Ceci est une première étude encore
peu réaliste, car tous les effets de tension de surface, liés à la présence de deux phases, n’ont
pas encore étés pris en compte. Des tests sont en cours avec un autre type d’algorithme (level
set 4 ).

2.3
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Le troisième sujet d’étude de ce chapitre concerne le cas particulier du système vivant
Gorgonia ventalina, une gorgone. Les gorgones sont des organismes marins particuliers,
constitués de polypes (clones les uns des autres) mettant en commun un exosquelette
principalement constitué de carbonate de calcium. Ils se développent dans un milieu
extérieur particulièrement contraignant et changeant : la houle.
La gorgone Gorgonia ventalina a la particularité, par rapport à d’autres types de
gorgones, d’être structurée selon un réseau réticulé. C’est pour nous un objet d’étude
particulièrement intéressant pour mettre en évidence le rôle des conditions limites extérieures
4. Une preuve de concept a été réalisée pour le contournement d’un obstacle (voir vidéo en ligne : http:
//www.msc.univ-paris-diderot.fr/~plant-dynamics/seiche/test_twofluids.mp4).
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Figure 2.10 – (a) Photo sous-marine de Gorgonia ventalina prise au large de Petit Bourg
(Guadeloupe). (b) Reconstruction 3D du squelette, maillage que constitue la colonie. Les
renforcements sont d’épaisseur variable, le diamètre typique est de l’ordre de quelques
millimètres. (c) Zoom sur une gorgone vivante : on distingue les polypes individuels qui sont
sortis du squelette (d) Image extraite d’une vidéo sous-marine enregistrée au large de Petit
Bourg (Guadeloupe). La gorgone est balancée par la houle de droite à gauche (puis de gauche
à droite...). Les gorgones (a) et (d) ont une taille de l’ordre du mètre, plutôt grande par rapport
à la moyenne.
dans la morphogénèse. Voir figure 2.10 pour une présentation illustrée de Gorgonia
ventalina 5 .
Ce sujet a initié une collaboration entre le laboratoire MSC, le muséum d’histoire naturelle
de Paris, et l’université des Antilles. Nous avons effectué plusieurs campagnes de mesures
expérimentales. Des résultats préliminaires ont été présentés en conférence en 2015[125] (La
gorgone se comporte comme un objet reconfiguré au sens de Vogel, voir figure 2.11). Puis, la
compréhension du sujet s’est ensuite accélérée avec le travail de thèse de Paul Valcke[126].
Thèse en co-tutelle entre le laboratoire MSC et le muséum, que j’ai co-encadrée avec A.
Cornelissen, P-J. Lopez, S. Douady.
Nous ne dirons ici que quelques mots à propos de notre étude de Gorgonia ventalina.
Pour une présentation exhaustive, ainsi que la caractérisation, la discussion des propriétés du
réseau, et le comportement mécanique, nous renvoyons le lecteur à la thèse de Paul 6 . Nous
5. Le lecteur curieux pourra voir le mouvement correspondant à cette image dans une vidéo
disponible en ligne à cette adresse : http://www.msc.univ-paris-diderot.fr/~plant-dynamics/
presentations/Julien_Derr_Plants_and_Gorgons_Seminaire_Orsay_2017.html#39
6. La thèse sera soutenue en septembre 2020, une première version est disponible en ligne
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résumons ici les résultats principaux de ce travail :
— Un développement technique considérable pour la caractérisation des réseaux 7 avec,
comme application directe, la description de voies et de plumes dans la structure de
la gorgone (voir figure 2.12).
— Une étude des propriétés statistiques du réseau de Gorgonia ventalina avec, en
particulier, la compréhension de la gorgone comme une structure en développement
dont le “centre” serait le bord grandissant, et non le pied. En effet, en mesurant la
hiérarchie des voies à partir du bord, leur répartition suit la loi théorique d’un réseau
de Mondrian[127, 128] (ce qui n’est pas le cas si la hiérarchie est mesurée à partir du
pied).
— Une étude mécanique qui montre que le squelette de Gorgonia ventalina se comporte
dans la houle comme un objet reconfiguré avec des caractéristiques particulières :
une répartition de matière qui permet une courbure quasi-constante. Biologiquement,
cette propriété donne l’avantage évolutif de s’écarter raisonnablement du sol (voir
figure 2.11).

Figure 2.11 – Gauche : mesures mécaniques réalisées sur quelques gorgones : la force de trainée
est représentée en fonction de la vitesse. A très faible vitesse la trainée est quadratique en
vitesse, mais très rapidement, les gorgones se reconfigurent et la trainée devient quasi-linéaire
avec la vitesse. Droite : observation expérimentale des profils des gorgones en fonction de
la vitesse. On observe que le maximum de courbure n’est pas au pied de la gorgone (à la
différence d’une plaque inerte qui ne serait pas renforcée, voir[128])
Deux papiers sont en cours d’écriture sur ces résultats. Ce travail constitue aussi une
excellente description de cette gorgone. D’une part, les motifs élémentaires (appelés plumes,
voir figure 2.12) qui constituent le réseau ont été identifiés, et d’autre part, les renforcements
à cette adresse : http://www.msc.univ-paris-diderot.fr/~plant-dynamics/preprints/
PHDthesis_Paul_Valcke_v0.pdf
7. Voir le code PySkelWays développé et disponible en ligne : https://github.com/DaluS/
PySkelWays
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(voir figure 2.10b) ont aussi été caractérisés. Ces deux éléments serviront de base à des
modèles futurs de morphogénèse.

Figure 2.12 – Gauche : carte d’une gorgone où les voies sont coloriées en fonction de leur
degré (taille, ou nombre d’autres voies qui sont reliées à elle). Les plus grandes voies sont en
rouge, les plus petites en bleu. Les voies sont définies de façon analogue aux voies routières
qui traversent les carrefours sans changer de direction (voir [128]). Droite : une autre gorgone
où les structures en forme de plumes ont été identifiées et coloriées chacune avec une couleur
différente arbitraire. Les plumes sont un ensemble constitué d’une voie orientée mère et de
ses filles (voir [128]).

2.4

Travaux en cours (réseaux)

Dans la suite logique des travaux sur les réseaux, effectués dans le cadre de la thèse de
Paul Valcke, nous accueillons en ce moment deux étudiants en thèse. Ils travaillent sur ces
questions de changement de topologie dans les réseaux, mais sur des systèmes différents.
J’illustre rapidement dans la suite les sujets de thèse et premiers résultats de Paul Jeammet et
Camille Le Scao que je co-dirige avec Stéphane Douady.
2.4.1

Croissance et analyse de réseaux réticulés

Nous avons monté avec Paul Jeammet, Stéphane Douady et Philippe Bonin, une
expérience de suivi de craquelures 8 . L’idée de ce projet est d’apporter un volet non
8. Le lecteur curieux pourra se faire une idée visuelle de l’expérience en consultant la dernière expérience
en cours à cette adresse : http://www.msc.univ-paris-diderot.fr/~plant-dynamics/crack_
live/
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biologique à la thèse de Paul qui s’intitule “Croissance et analyse de réseaux réticulés”. Il a
d’ailleurs commencé à travailler en parallèle avec Paul Valcke sur les réseaux des gorgones,
avec comme but de comparer différents modèles de création de réseaux. Concernant les
craquelures, la littérature est déjà riche, mais nous nous intéressons en particulier au
mécanismes temporels. La figure 2.13 montre des schémas typiques de craquelures obtenues
avec de l’argile. Par analyse d’image, l’évolution temporelle de la structure du réseau pourra
être obtenue.

Figure 2.13 – De gauche à droite : Image brute de l’expérience (dernière photo prise à la fin de
l’expérience). Image seuillée. Reconstruction dynamique de la propagation des craquelures ;
la couleur représente le temps auquel la craquelure s’est formée. Reconstruction des “voies”
correspondant au réseau spatial, grâce au logiciel développé par Paul Valcke (PySkelWays).
Crédits : Paul Jeammet.

2.4.2

Transition topologique dans le réseau de nervures des feuilles de fougères

Les fougères présentent peut-être le plus bel exemple naturel de transition topologique
entre un réseau branché, et un réseau réticulé. Bower a réalisé une étude impressionnante
des différentes formes de topologies associées aux fougères[129]. On observe en particulier
que des espèces anciennes présentent un réseau branché, alors que des espèces plus récentes
montrent des réticulations.
Nous avons développé avec Camille Le Scao et Stéphane Douady un code numérique de
croissance de feuilles par l’interface. L’implémentation d’une simple loi locale de branchement
(dédoublement d’une veine lorsque l’écart inter-veines devient supérieur à un seuil) donne des
résultats encourageants, avec la reproduction d’une observation qualitative clef : le maintien
d’une veine centrale (voir figure 2.14).
Camille va explorer ce système pendant sa thèse qui commence en octobre 2020 avec,
parmi ses objectifs, de voir si un modèle minimal peut expliquer la transition topologique entre
réseau branché, et réseau réticulé. Une idée maı̂tresse est de tenir compte de phénomènes
globaux (comme la diffusion) en trouvant les bonnes lois locales (dépendance à la courbure
par exemple).
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Figure 2.14 – Photo d’une feuille d’Adantium. Résultats de notre simulation dans deux géométries
(croissance radiale ou longitudinale), qui reproduisent des caractères qualitatifs de différentes
zones de la feuille réelle. Les lignes vert clair représentent des strates temporelles de la position
de l’interface à un instant donné. Les points vert foncé représentent la position des veines. La
croissance radiale montre les propriétés qualitatives de la marge de la feuille, alors que la
croissance longitudinale reproduit le caractère de la veine centrale. (Crédits : Camille Le Scao)

2.5

Conclusion

Contrairement au premier chapitre qui présentait des travaux majoritairement achevés, ce
second chapitre traite de thématiques en cours d’étude. Même si pour l’instant, seuls les travaux
d’observation ont été publiés (articles 6 et 7), les aspects plus physiques liés aux modèles sont
prometteurs, et en cours d’investigation. Les travaux de Paul Valcke sur les gorgones sont en
cours d’écriture ; ils serviront, en apportant une description fine des gorgones, de base à de
futurs modèles morphogénétiques. La venue de deux nouveaux doctorants au laboratoire est
en train d’enrichir cette thématique. Paul Jeammet centre sa thèse sur l’aspect morphogénèse
des réseaux (incluant les gorgones). Quant au sujet de thèse de Camille Le Scao, il s’inscrit
dans ce chapitre à cause de son aspect dynamique de la morphogénèse, mais il concerne aussi
les plantes, mon centre d’intérêt principal actuellement. Je dédie d’ailleurs les deux prochains
chapitres de ce document à ce sujet.

Chapitre 3

Morphogénèse des plantes : lien entre croissance
et mouvement

Ce chapitre constitue actuellement mon axe de recherche principal. C’est aussi la
thématique sur laquelle j’ai été historiquement recruté en tant que maı̂tre de conférence à
Paris Diderot. Il s’agit de considérer la croissance des végétaux avec le point de vue
provocateur du physicien. La plante est un système physique où toute la biologie est
abusivement résumée à des phénomènes actifs (dont les lois sont incertaines). Notre angle
d’attaque est d’utiliser les mouvements observés comme témoins des hétérogénéités de
croissance se produisant au sein de la plante.
La première partie est introductive : je détaille succinctement quelques concepts-clefs pour
aborder les mouvements morphogénétiques, je montre expérimentalement la diversité des
mouvements observés, et l’essentiel de cette section est ensuite consacré à la retranscription
d’un article de revue sur le sujet[130], qui est en soi, une introduction idoine.
Dans un second temps, je me consacre au cas particulier de l’étude du déploiement de
la feuille. La deuxième partie est consacrée à la feuille simple (section 3.2.2, et article 10
retranscrit), la troisième partie à la feuille composée (section 3.2.3, et article 11 retranscrit).
Chacun des résultats principaux est mis en perspective avec la discussion de possibles modèles
(en développement) qui pourraient quantifier nos observations.

3.1

Mouvements morphogénétiques de croissance des plantes

3.1.1

Concepts et problématique

Pour une introduction plus exhaustive du sujet, je recommande très chaleureusement la
lecture de la thèse de mon premier doctorant Mathieu Rivière[131], dont l’introduction très
pédagogique regorge aussi d’anecdotes historiques particulièrement savoureuses. Je vais
néanmoins détailler ici les concepts qui me semblent clefs.
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Des mouvements spectaculaires
Dans notre étude, nous laissons de côté les mouvements ultra-rapides mais exotiques,
comme le claquement des plantes carnivores[132] ou le catapultage des spores de fougère[133],
qui se produisent sur des constantes de temps inférieures à la perception humaine (seconde).
Nous nous concentrons sur les mouvements lents, liés à la croissance de la plante et donc
s’étalant sur des temps caractéristiques de l’ordre de l’heure ou de la journée 1 .
A l’échelle de la seconde, les plantes sont immobiles, mais c’est en accélérant le film, que
leur observation révèle de spectaculaires mouvements. La figure 3.1 en représente
quelques-uns, mais pour se faire une idée plus concrète de la vivacité de ces mouvements de
croissance nous conseillons au lecteur de visionner quelques films de time lapse (Voir par
exemple la section 3.1.2 2 )

Figure 3.1 – Gauche : Exemple du mouvement de nutation qui a fasciné à travers les
âges. Charles et Francis Darwin avaient déjà mesuré un mouvement oscillant de Brassica
oleracea[135] (b). Le mouvement circulaire complet dit de circo-nutation observé chez les
vrilles de Phaseolus vulgaris. D’après [136] (a). Nutation de notre plante modèle Averrhoa
carambola enregistrée au laboratoire. D’après [131]. Droite : Illustration du principe de
croissance différentielle. Si les deux côtés d’un organe grandissent à des vitesses différentes, à
cause de la cohésion du tissu, des incompatibilités de déformation peuvent être résolues par
génération de courbure. D’après [137, 131]
Notre approche n’est pas qu’esthétique ! 3 Ces mouvements que l’on nomme
morphogénétiques, et qui peuvent être de grande amplitude, sont les témoins des
mécanismes microscopiques qui les génèrent par croissance différentielle. En effet, la
1. Pour appréhender les différents ordres de grandeurs des constantes de temps impliquées dans le
mouvement des plantes, je recommande une revue exhaustive de Yoël Forterre publiée dans Journal of
Experimental Botany[134]
2. Les vidéos sont disponibles à cette adresse : www.msc.univ-paris-diderot.fr/
plant-dynamics/review/Nouragues/
~
3. Même si les plantes fascinent par leur beauté. Nous avons d’ailleurs reçu au laboratoire une artiste
chorégraphe que nous avons aidée à réaliser des films time lapse de plantes en mouvement : Aniara Rodado
(https://aniara-rodado.net)
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croissance d’un tissu peut être vue dans un modèle simple d’élasticité comme un changement
de configuration au repos 4
Formellement, ce domaine de recherche s’appelle la morphoélasticité[138, 139]. La
croissance d’un tissu biologique peut se décomposer en une partie de croissance pure, et une
partie de déformation élastique nécessaire pour garantir la compatibilité géométrique[140] 5 .
Rodriguez a postulé que cette décomposition était multiplicative[141]. Considérons une
déformation donnée entre une configuration de référence et une configuration déformée.
→
−
−
Notons X (respectivement →
x ) la position d’un point matériel dans la configuration de
−
→
x
référence (respectivement déformée). Le tenseur de déformation géométrique F = ∂ −
→ peut
∂X
s’écrire
F =A×G

(3.1)

où G est le tenseur de croissance, et A est le tenseur élastique des déformations qui garantit
l’intégrité et la compatibilité des déformations[142]. Le tenseur élastique peut être réécrit en
fonction des autres paramètres, avec des hypothèses raisonnables sur l’élasticité de la plante.
L’équation 3.1 montre alors que la cinématique (F ) est directement liée à la croissance (G). Le
mouvement est donc le témoin quasi-direct de la croissance.
La pression de turgescence, moteur et/ou régulateur de la croissance
Effet osmotique L’effet osmotique est l’effet thermodynamique qui correspond à la diffusion
d’eau à travers une membrane semi-perméable si la concentration en soluté de part et d’autre
est différente. Cet effet est simple mais subtil 6 . Simple car il découle naturellement de l’égalité
des potentiels chimiques de l’espèce en solution de part et d’autre de la membrane 7 . Subtil
car cet effet entropique est difficile à appréhender de façon intuitive, et les débats font toujours
rage sur une interprétation mécanistique satisfaisante[146, 147, 148, 149]. Lorsque la membrane
semi-perméable est fixe (cas de la cellule végétale), une pression dite osmotique est générée.
Pour une solution diluée, il est raisonnable de suivre les travaux de Van’t hoff[150], et de voir
cette pression comme une pression de type gaz parfait sur les parois de la membrane, pour
interpréter sa valeur
∆π = cRT

(3.2)

comme la résultante des chocs microscopiques sur la membrane[151].
4. Dans l’image d’un modèle 1D ou le tissu serait constitué de petits ressort, la croissance change la longueur
à vide du ressort.
5. Localement, tous les éléments matériels infinitésimaux grandissent selon une loi de croissance, mais
l’intégrité du système global impose que la superposition de tous ces éléments “grandis” soit compatible et
cohérente.
6. Cet effet est plus subtil que beaucoup ne le pensent et des erreurs élémentaires de physique se retrouvent
jusque dans les revues les plus prestigieuses[143, 144, 145].
7. Le potentiel chimique d’une solution idéale est abaissée par effet entropique lorsq’un soluté est en solution,
selon l’équation µ = µ0 + RT ln(1 − x) où x est la concentration (supposée faible) en soluté.
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Rhéologie : le double jeu de la pression de turgescence La pression d’origine osmotique
mais qui est bien réelle et hydrostatique dans la cellule est appelée pression de turgescence.
Elle a deux rôles tout-à-fait distincts dans la croissance végétale. D’une part, elle fait varier le
potentiel hydrique de celle ci, qui va conditionner le taux de croissance relatif v̇ = V1 dV
du
dt
volume V via l’équation 3.3 (cette équation rend compte du flux d’eau entrant à travers une
membrane de conductivité L). D’autre part, la pression intervient dans l’équilibre mécanique
qui fait intervenir les propriétés rhéologiques de la paroi[152]. Lockhart a proposé 8 que la paroi
végétale se comporte comme un fluide de Bingham (comportement visco-plastique, décrit par
l’équation 3.4 9 ). Les équations historiques récapitulant les principes de Lockhart[158] peuvent
s’écrire (en suivant [159] ) :

v̇ = L (∆π − P )
v̇ = ϕ (P − Y )

(3.3)
(3.4)

où ∆π est la pression osmotique, L est la conductivité (réduite 10 ) et ϕ l’extensibilité de la
membrane. Y est le seuil de plasticité.
On obtient que le taux de croissance dépend du rapport Lϕ 11 :
v̇ =

ϕL
(∆π − Y )
L+ϕ

(3.6)

Le premier terme peut se réduire au facteur limitant. Il est généralement admis que la
perméabilité L est très grande devant l’extensibilité, et que c’est l’extensibilité qui limite la
croissance (cela a été prouvé dans le cas de Nitella en tout cas[157]).
8. En fait cette idée était déjà suggérée par Heyn[153]. Le lecteur néerlandophone pourra juger de l’état de
ses réflexions dès 1931[154]
9. Cette hypothèse a été validée par plusieurs expériences montrant l’existence d’un seuil pour la
croissance[155, 156, 157]
10. Attention aux confusions dans le vocabulaire de la littérature. La conductivité hydraulique de la membrane
exprimée usuellement en cm.s−1 .Pa−1 , originellement notée K W dans l’article de Lockhart[158], est désormais
souvent appelée Lp [160]. La conductivité hydraulique au sens de Darcy, souvent notée K, est une vitesse (la
∆H
loi de Darcy relie le débit Q à travers une surface A à un gradient hydraulique ∆H
` : Q = K A ` ). Cette
Kη
conductivité hydraulique est liée à la perméabilité k au sens des milieux granulaires k = ρg où η, ρ et g sont
respectivement la viscosité, la masse volumique et le champ de pesanteur ; k s’exprime en m2 . Ici nous utilisons
L A
une notation empruntée à Ray et al.[159], une espèce de conductivité réduite L = pV où VA est le rapport
surface sur volume au niveau de l’échange d’eau.
11. Cette dépendance est la même pour la pression :
P =

L ∆π + ϕ Y
L+ϕ

(3.5)
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Cependant, il se pourrait que ce ne soit pas la règle 12 , et surtout pas pour des mouvements
rapides, où les mouvements d’eau ne seraient pas instantanés[163].
La pression de turgescence joue un rôle si important qu’il est désirable de pouvoir
déterminer expérimentalement sa valeur lors du développement des plantes. J’ai aidé au
développement d’une nouvelle technique de mesure basée sur la miscroscopie AFM couplée
à un modèle d’élasticité de la paroi, pour connaı̂tre la pression de turgescence locale dans un
tissu. Notre travail n’est pas reproduit ici mais nous avons publié un article à ce sujet dans la
revue Biophysical Journal
— Beauzamy L, Derr J, Boudaoud A. Quantifying hydrostatic pressure in plant cells by
using indentation with an atomic force microscope. Biophysical journal. 2015 May
19 ;108(10) :2448-56.
Viscosité vs élasticité Historiquement, le modèle de Lockart a ensuite été perfectionné par
Ortega pour tenir compte du comportement élastique de la paroi[164]. Principalement,
l’équation 3.4 devient
1 dP
(3.7)
v̇ = ϕ (P − Y ) +
 dt
où  est caractéristique de l’élasticité de la cellule de plante (module d’élasticité en volume) 13 .
Ces modèles historiques présentés ici à but pédagogique montrent les aspects importants et
débattus dans la littérature : la pression de turgescence, et la rhéologie de la paroi. Concernant
cette dernière, le débat n’est pas tranché entre les contributions liées à la viscosité de la paroi
(extensibilité) et celles qui viennent de l’élasticité[167]. Ces notions sont discutées plus en détail
dans la section consacrée à la nutation page 162.
Sensibilité des plantes, mécanosensibilité
Les plantes sont des êtres sensibles : elles peuvent percevoir des signaux et agir en
conséquence[168]. Nous verrons dans la suite du manuscrit (section 3.1.3) le cas des
tropismes qui ont tendance à redresser les plantes verticalement[169, 170] ou à les orienter
vers la lumière[171]. Mais nous voulons mentionner ici le concept de mécanosensibilité qui
nous intéresse plus particulièrement.
Historiquement, ce sont les plantes nommées sensitives, qui montrent des mouvements
visibles à l’œil, qui ont attiré l’attention sur la mécanosensibilité. Mais, des expériences
génétiques ont prouvé que toutes les plantes pouvaient être sensibles au toucher[172]. Les
réactions à ces changements mécaniques sont très variées mais elles peuvent être rapides
avec des effets perçus en une dizaine de minutes seulement[173].
12. Quelques ordres de grandeur : la viscosité de la paroi est de l’ordre de 104 Pa.s[161], ce qui conduit à une
extensibilité de l’ordre de 10−4 Pa−1 .s−1 ; la conductivité hydraulique Lp est de l’ordre de 10−6 m.s−1 .Pa−1 [162]
(même si elle pourrait être parfois bien plus faible, jusque 10−12 m.s−1 .Pa−1 [160]).Selon les références, pour
des cellules aussi petites que 10µm, L varierait donc énormément, de 10−1 Pa−1 .s−1 jusque 10−7 Pa−1 .s−1 !
13. Les limites analytiques du modèle d’Ortega ont été analysées en détail dans le cas où l’eau ne rentre pas
dans la cellule[165], ainsi que dans le cas général[166].
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Problématique
Pour résumer notre approche, nous reconnaissons que les mouvements de croissance des
plantes sont le reflet des mécanismes de croissance au sein de celles-ci. Par ailleurs nous
observons des processus de régulation manifestes (en particulier en ce qui concerne la
régulation de la posture des feuilles). Nous voulons apprendre de ces mouvements
morphogénétiques et chercher l’explication de ces régulations. Notre hypothèse de travail est
que le phénomène de mécanosensitivité, qui permettrait de “sentir” des déviations par
rapport à des postures de base, a une place importante. Notre approche commence par
l’observation qualitative, puis quantitative de ces mouvements, afin d’aller ensuite vers la
modélisation.
3.1.2

Expériences de terrain

J’ai démarré l’étude de ce sujet de la plus belle des manières, avec l’observation des
mouvements des plantes dans leur habitat naturel, la forêt. Stéphane Douady avait obtenu
une bourse pour séjourner une quinzaine de jours dans la station de recherche des Nouragues
(Guyane) 14 . Avec la collaboration de Renaud Bastien et Rafik Kheffache, nous avons mis en
place des stations d’observation éphémères autour de plantes variées, sans les déplacer de
leur habitat naturel. La figure 3.2 montre le matériel utilisé pour le montage d’une de ces
stations éphémères, ainsi que le montage typique.
Les résultats ont été compilés sur un site web dédié 15 . Nous avons mis en évidence des
catégories de mouvements qui se retrouvent dans diverses espèces (déroulement, déploiement,
oscillations jour/nuit, nutations ...)
Les mouvements principaux sont discutés en détail en section 3.1.3. Les mouvements
particuliers de déploiement des feuilles sont approfondis en section 3.2.
3.1.3

Publication d’un article de revue sur le mouvement des plantes

Le travail a été publié dans une édition spéciale de Physical Biology consacrée à la
croissance des plantes. L’article est reproduit dans les pages suivantes
— Rivière M, Derr J, Douady S. Motions of leaves and stems, from growth to potential use.
Physical biology. 2017 Aug 21 ;14(5) :051001.

14. Il s’agit d’une station de recherche du CNRS située en plein cœur de la forêt tropicale guyanaise (https:
//www.nouragues.cnrs.fr/)
15. Le site se trouve à cette adresse : www.msc.univ-paris-diderot.fr/~plant-dynamics/
review/Nouragues/
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Abstract
The study on aerial plant organs (leaves and stems) motions is reviewed. The history of observations
and studies is put in the perspective of the ideas surrounding them, leading to a presentation of the
current classification of these motions. After showing the shortcomings of such a classification, we
present, following an idea of Darwin’s, the various movements in a renewed and observation-based
perspective of the plant development. With this perspective, the different movements fit together
logically, and in particular we point out that the mature reversible movements, such as the sensitive
or circadian movements, are just partial regressions of the developmental ones.

1. Introduction
In this review we start by presenting past works on
the motion of aerial parts of plants. Then, we detail
how they culminated with the construction of a
classification. It is surprising that this scientific problem
has had such an extensive lifespan: while it started with
the ancient Greeks’ observations, it is still a modern
subject of investigation, even after extensive work in
the 17th and 19th century. Among these investigations,
the work of Darwin stands apart as he proposed the
global view that movement is already present in any
growth of the plant, and that such movements are just
deformed and preserved in the mature state in order to
fulfill diverse needs (Darwin and Darwin 1880). After
presenting the shortcomings of the actual classification,
we thus follow Darwin’s idea and bring together, in a
new perspective, all the motions that can be observed,
from the earliest stages of growth to the final reversible
ones. Note that although we briefly include in these last
movements the carnivorous ones, we consider only
alive movements, when the alive plant physiology plays
a role. We do not consider the dead movements, when
the plant parts are dead or dying, and the variation of
water content that sometimes induces some spectacular
motions, of rupture, expulsion, or just hygrometric
curving movements, which attracted also many recent
work such as Reyssat and Mahadevan (2009), Noblin
et al (2012), Armon et al (2014).

© 2017 IOP Publishing Ltd

2. A brief chronology of discoveries, ideas
and past attempts to classify plant motions
To invent unnecessary special terms is merely to
strew the path of knowledge with useless lumber
which tends to acquire a fictitious value in the eyes
of those forced subsequently to struggle over these
obstacles (Pfeffer 1900).
2.1. History
2.1.1. Early history of plant motions.
Although they remain fascinating, slow plant motions
have been known for a very long time and have certainly
been observed in numerous occasions and places. To
our knowledge, the first report about moving plants
was written around 400 BCE. Androsthenos of Thasos,
an admiral of Alexander the Great, reported about the
‘sleep movements’ of the tamarind’s leaflets (Satter and
Galston 1973), similar to the movements pictured in
figure 1. Some other early reports on plant motions
were written by Varro and Pliny the Elder in the first
century BCE and CE respectively (Bell 1959). At these
times, some Greek philosophers believed that plants
could move but the idea of immobile and insensitive
plants prevailed (Whippo and Hangarter 2006). In
particular, Aristotle defended the latter idea. He had
theorized a hierarchy of nature in which objects and
living beings were classified according to the kind of
‘soul’ they had (Hicks 2015). Plants had a nutritive and
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Figure 1. Day and night positions for the leaves of two plants. (a) Desmodium gyrans, also famous for its rotating leaflets during the
day. At night the leaves point downward. (b) Lotus creticus which leaflets point upward during the night (Darwin and Darwin 1880)
Reproduced with permission from John van Wyhe ed. 2002 -. The Complete Work of Charles Darwin Online. (http://darwin-online.
org.uk/). See also supplementary data 1 time-lapse (stacks.iop.org/PhysBio/14/051001/mmedia).

reproductive soul but lacked a mobile and sensitive
soul. That is to say plants, as opposed to animals, did
not have the ability to move actively. The emergence
of the scala naturae (see figure 2) during the Middle
Ages, a classification derived from Aristotle’s principles,
underlines the persistence of these ideas over time. The
study of plant motion for its own sake consequently
aroused little interest until the end of the Renaissance
(Webster 1966, Whippo and Hangarter 2006). Still, the
early observations and considerations on plant motions
raised two natural and intricate questions: Are plants
sensitive? And what are the mechanisms underlying
plant motion?
2.1.2. From external causes....
Early reports associated plant motions with specific
external events: for instance day-night cycles, the
sun’s position in the sky or external mechanical
actions such as wind. Plant motions then appear to be
a consequence of these events or, put in other words,
plants seem to react to these events. But reactions can
be either active or passive: passive reactions occur
without any energetic input from the plant ; on the
contrary, active reactions require an energetic input
from the plant, and might also involve receptors
or activators, that is to say sensitivity. The study of
plant motions is then likely to give insight on plant
sensitivity to external cues.
During Antiquity, Aristotle’s ideas about plant
insensitivity prevailed. Because of that, passive mech
anisms for plant motions were favored. For example,
Theophrastus, one of Aristotle’s disciples, explained the
slow re-orientation of an organ toward light by the direct
action of the sun on the plant. He proposed that the parts
more exposed to light would desiccate and this would
result in a bending (Whippo and Hangarter 2006). It is
interesting to note that the first known explanation of
plant motion already relied on a differential mechanism.
2

The end of the 16th century, with the discovery of
the New World, marked a turning point in the study of
plant motions. Plant motions were described again—
sometimes under spectacular forms—and began to
arouse more and more interest. Giambattista della Porta
reported that plants were attracted by water. Cristóvão
da Costa described for the first time the rapid motions
of touch-responsive plants, such as the Mimosa pudica
which began to be imported from South America in
Europe (Whippo and Hangarter 2009) (see figure 3).
Prospero Alpini also repeated and extended Androsthenos’ observations of ‘sleep movements’ to other plants
(Bell 1959). These striking observations, in particular
the sensitive plants, led many botanists to study plant
motions. However, most 17th century botanists kept
trying to explain plant motions in terms of passive
mechanical processes, in a way similar to Theophrastus
(Webster 1966).
The 18th and 19th centuries were strongly marked
by the study of light and gravity’s influence on plants
and associated motions. During these two centuries,
proper experiments began to be carried out on plant
motions. Passive mechanical explanations for plant
motions remained the norm, but Augustin Pyrame
de Candolle made an important assumption in 1832.
He proposed to explain the slow re-orientation of
plants toward light in terms of growth heterogeneities
between the illuminated and shaded faces of the bending organ (de Candolle 1832). It was rightly pointed
out that the proposed mechanism was ‘a passive developmental’ mechanism (Whippo and Hangarter 2009)
and did not imply sensitivity. Henri Dutrochet, who, as
de Candolle, was more concerned with the metabolic
reasons of plant motions (Bell 1959), proposed a passive
mechanism of plant motions based on osmotic-driven
turgor pressure changes (Whippo and Hangarter 2009).
De Candolle and Dutrochet’s ideas are of great importance in the history of plant motions: by focusing on
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Figure 2. The Llullian staircase is an illustration of the scala naturae, derived from Aristotle’s classification of matter and living
beings (Llull 1304, Ragan 2009). ‘Organized bodies’ rank as follows: stones, fire, plants, animals, humans, sky and stars, angels and
Deity.

plants physiology rather than on the environment,
they breached the traditional passive and mechanistic
approach of plant motions.
2.1.3. ...To internal mechanisms.
Webster discovered that plant sensitivity had been
proposed by British botanists—Sir Robert Browne,
Henry Power and Timothy Clarke—during the 17th
century, but their ideas had a limited impact at the
time (Webster 1966). In addition to that, Robert
Sharrock was seemingly the first to interpret plant
motions in terms of growth (Sharrock 1660, Webster
1966). Despite their lack of immediate impact, these
ideas foreshadowed the fundamental shift that would
occur during the 19th century. As already discussed,
de Candolle and Dutrochet shifted the debate on plant
motions to internal processes within the plant. This
approach was further developed by Julius von Sachs and
Julius von Wiesner with the additional question of the
active/passive character of plant motions (Whippo and
Hangarter 2009). Pursuing this route turned out to be
fruitful and brought in ideas and results that are at the
basis of our current knowledge of plant motions. They
3

proposed that plant motions originated in combined
changes of the cell wall extensibility and in turgor
pressure (Bell 1959). Julius von Wiesner produced a
strong proof that plant motions is an active process. By
depriving a plant of oxygen he observed that it did not
move anymore (Bell 1959), suggesting that an energetic
input from the plant is needed in order to move. At
last, in the case of the bending toward a light source,
Sachs and Wiesner studied the relationship between
the intensity of the stimulus and that of the response
(Bell 1959, Whippo and Hangarter 2009). By doing
so, they demonstrated that no simple law between
these two intensities existed. This actually suggested
that plant motions could not be explained in simple
mechanical terms and involved some kind of sensitivity
(Whippo and Hangarter 2009).
In parallel with this fundamental shift in the
study of plant motions, the existence of endogenous
rhythms in plants slowly became accepted. Observations of ‘sleep movements’ had been accumulated since
Androsthenos and Alpini’s reports. Carl von Linné
would eventually extend this concept to other plants
and to flowers in 1752, creating a flower clock with
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Figure 3. Frute sensibilis Herba Mimosa dicta: an ancient drawing of a Mimosa sp., showing the retracting-sensitive movement
(Parkinson 1640, Webster 1966). The genus name Mimosa reveals the importance of Aristotle’s view: it comes from the Greek
‘mimos’, meaning ‘imitator’, suggesting that the moving leaflets only mimic conscious life (Gledhill 2008).

species opening and closing their petals at different
times of the day (Bell 1959, Somers 1999, McClung
2006). This led scientists to question the origin of these
apparent rhythms. These rhythms were first thought to
be forced by the day-night alternation (Somers 1999).
In 1729, Jean-Jacques d’Ortous de Mairan worked on
a sensitive mimosa displaying ‘sleep movements’. He
observed these rhythms persisted even in the absence
of day-night alternation though (McClung 2006). This
was later confirmed by other scientists who additionally showed that temperature and humidity were not
responsible for the observed rhythms (Cumming and
Wagner 1968, McClung 2006).
A century later, Augustin Pyrame de Candolle went
further and showed that the period of ‘sleep movements’ (figure 1 and 4) was not of 24 h. He consequently
suggested an endogenous origin to these rhythms
(Somers 1999), now called ‘circadian rhythms’ as they
remain close to the external cycle of a day. The study
of plant motions, which led to the birth of chronobiology, also greatly contributed to its further development since they remained the only known example of
internal biological rhythm until the 20th century, when
these rhythms and their importance were discovered in
humans (McClung 2006).
In a context where the idea of insensitive plants
dominated, plant motions were first seen as completely passive and determined by the external
environment. This approach allowed a limited diversity of mechanisms to account for plant motions. Most
mechanisms would rely on a direct and differential
action of the environment on the tissues. The discovery of sensitive plants such as the Mimosa pudica
intensified the interest in plant motions and led some
4

botanists to consider the concept of plant sensitivity
during the 17th century. The external and mechanistic
approach to plant motions was slowly abandoned in
favor of a more internal and physiological approach.
This transition from external causes to internal mech
anisms shows through the traditional classification of
motions.
2.2. Traditional classification
The wide diversity of motions observed in the Plant
kingdom has naturally led to a need of classification.
Motivated by the desire to describe the biological
functions of these motions (Firn and Myers 1989,
Hart 1990), scientists have mostly answered three
cleaving questions: Is the motion a directional response
to adapt to the the outside environment? Is the motion
triggered by a signal in the environment? And finally, is
the motion linked to growth?
2.2.1. Tropisms versus nastic motions.
The first question distinguishes whether the direction
of the movement is dictated by a biased environmental
stimulus or by the intrinsic asymmetry of the plant
itself. Since this feature is easily observable, it became
the main distinction between plant motions. Two main
classes of motions were then defined: tropisms and
nastic motions (Heller et al 1993, Raven et al 2007).
Stemming etymologically from the Greek word
‘tropos’ meaning ‘a turning’, the term tropism characterizes a re-orientation of the plant in response to
an anisotropic signal in the surrounding environ
ment (Gilroy and Masson 2008). Plants can either
turn toward or away from this signal. Tropic motions
are caused by a differential growth induced by the
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Figure 4. Engraving of Barbiera polyphilla (de Candolle 1825). In this figure, one can see from top to bottom of the vegetative stem,
a young leaf with the folded leaflets pointing downwards (vein toward the axis), but an incorrect rachis curvature, a dried flat mature
leaf, and two mature leaves shown in normal perspective, one in the sleeping position, with the leaflets pointing downward, and one
in the ‘awake’ position, with horizontal leaflets.

differential exposure to external signals in the plant.
Among all the possible environmental biases, light is of
prime importance for leaves and stems. Phototropism
is the re-orientation motion of a plant organ toward a
light source (see figure 5(a)). Historically, it has drawn
a lot of attention and its study eventually led to the discovery of auxin (Went 1926, Bell 1959, Goyal et al 2013).
Many different hypotheses are still debated nowadays,
and the study of phototropism remains an active field
of research (Coutand et al 2015). However, it is widely
accepted that light interacts, directly or indirectly, preferentially with auxin on the most illuminated side of
the plant, inducing a greater growth on the other side, to
finally bend the plant toward the light source (Whippo
and Hangarter 2006).
The second obvious and permanent anisotropy
in the environment of plants is the gravitational field.
Their response to it, called gravitropism is familiar to the
eye as all species display the tendency to realign themselves vertically after any perturbation (see figure 5(b)).
This was extensively studied starting from the 18th century (Dodart 1700) and throughout the 19th century
(Knight 1806, Hasenstein et al 2013). Sachs observed
that the magnitude of the gravitropic response (defined
as the rate of reorientation) depended on the orientation of the plant, following a ‘sine law’ (Sachs 1882). The
microscopic origin of gravisensing resides in the sedimentation of amyloplasts called statoliths in specific
cells (statociths) (Morita and Tasaka 2004). The coupling between sensing and movement via biomechanics
has been formalized by Moulia and Fournier, emphasizing the role of differential growth in the control of
gravitropic movement in order to adequately bend the
5

plant toward the vertical (Moulia and Fournier 2009).
Gravitropism remains a very active research area.
Recently, a unifying model of shoot gravitropism has
been proposed explaining the universal kinematics of
gravitropic observations. (Bastien et al 2013, Dumais
2013) Some current studies are also investigating the
specific mechanisms of gravity perception (ChauvetThiry et al 2015, Pouliquen et al 2017).
Physical obstacles can occasionally introduce a
bias in the environment. In this case, the sensing of this
asymmetry is directly done by contact. This tropism
is labeled as thigmotropism (from the Greek ‘touch’).
Typically the climbing plants which grow around an
obstacle have a rotating motion linked to this asymmetry (Isnard and Silk 2009). Miscellaneous other
symmetries can be broken, each one leading to a different kind of tropism. We can cite water availability
leading to hydrotropism (Eapen et al 2005, Cassab et al
2013) which mostly concerns roots (subject beyond our
scope but addressed in this issue (Kolb 2016)). More
generally, if any chemical concentration field is aniso
tropic, chemotropic motions can be observed as in
the case of the pollen tube (Rosen 1961, Higashiyama
and Takeuchi 2015). One can finally mention traumatotropism which is linked to spatially localized wounding of a plant (Hart 1990).
By contrast, if an asymmetry is present not in
the external environment but in the plant itself,
other directed motions can emerge. These are nastic motions and, as tropisms, often consist in the
bending of an organ. These internal asymmetries
typically originate from anatomical particularities.
Thigmonasty is the most striking example of nas-
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Figure 5. Two examples of tropism. (a) Phototropism of Oxalis triangularis‘ leaves. Leaves were grown in isotropic light condition (top).
They were then placed in anisotropical conditions (light coming from the right) for several days (bottom). (b) Time-lapse photography of
an Arabidopsis thaliana inflorescence undergoing gravitropism after having been tilted (image courtesy of Renaud Bastien).

tic motion, where the leaf curls up at contact. This
compaction actually gave the name ‘nasty’ as ‘nastos’ means ‘compact’ in Greek. Sensitive plants like
Mimosa pudica (Roblin 1979, Braam 2005), Albizia
saman (Palmer and Asprey 1958) or Averrhoa carambola (Bruce 1785) display t higmotropism. These
motions are directed by a ‘pulvinus’ (from the Italian
‘cushion’, for their expanded soft tissues). It is a plant
articulation which enables a rotation movement
of leaflets or leaves. Differences in turgor pressure
between the extensor and flexor cells situated on both
sides will lead to a motion around the articulation
(Gorton 1987). This might also be due to a change
in the permeability of the membrane between the
two kinds of cells, but the key point is that differ
ential inflation of tissues induces a motion directed
by the articulation. The same anatomical specificity
rules nyctinasty. This other common nastic motion
of the leaves or leaflets that occurs at dawn or dusk
(see for example figures 1 and 4 or supplementary
data 1: Time-lapse1). If only light is responsible for
the motion one can label it as photonasty. The closing
mechanisms are different in the spectacular case of
the snapping of carnivore plants (Forterre et al 2005),
but it is still a thigmonastic behavior in the sense that
an external stimulus (here the successive deformation
of few hair cells) triggers a motion directed by the
organ symmetries.
Other motions linked to anatomical anisotropy
include epinasty (Palmer 1985) and hyponasty when,
respectively, the adaxial or the abaxial face of an organ
grows faster than the other. This may result from
microscopic differences in the tissue properties like
1
Time-lapse videos are accessible online at www.msc.
univ-paris-diderot.fr/plant-dynamics/review/

6

the extensibility of the cell wall for example. Epinasties are associated with blooming while hyponasties
are responsible for the leaf motion due to petiole
differential growth (Dornbusch et al 2014). Tissues
might also be affected differently by a change in
temperature, as in the case of thermonasty which is a
remarkable phenomena observed in flowers like tulip
or crocus (Wood 1953) but also in sensitive plants
such as the Mimosa pudica (Roblin 1979). Opening
or closing then seems to be controlled by variations
of temperature.
The corresponding mechanisms of sensing as well
as the biochemical regulation of the sensing-response
leading to these tropisms and nastic motions are beyond
the scope of this article, but it is a very active subject evidenced for example by the very recent research concerning mechanical sensing (Peyronnet et al 2014, Moulia
et al 2015, Coutand and Mitchell 2016), osmotic stress
sensing (Osakabe et al 2013), photo-sensing ( Galvão
and Fankhauser 2015), gravi-sensing (Blancaflor
2013), autotropism (Peaucelle et al 2015) or shape sensing (Hamant and Moulia 2016) .
2.2.2. Origin of the motion.
When the trigger is the environment, one says that the
motion is ‘paratonic’ (Firn and Myers 1989). This is
obviously the case for tropisms as it is the environment
itself which leads the motion. For nastic motions,
the situation is more contrasted. A first subgroup
of nastic motions are paratonic, like thigmonasties
(also called seismonasties (Vanden Driessche 2000)),
photonasties or thermonasties. Following the same
terminology, the rest of nastic motions is categorized
as ‘autonomic’ to state that the origin of the motion is
intrinsic to the plant itself. We find in this subgroup
the motions linked to the development of the plant
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Figure 6. 3D scheme representing the historical classification of plant motions along the three dichotomies. Is the motion induced
by irreversible growth or not? Is the directionality imposed by a symmetry broken in the environment or not? Is the motion
triggered by external factors or not?

(epinasty/hyponasty) but also those linked to circadian
rhythms (nyctinasty)2.
2.2.3. Irreversibly of growth.
Macroscopically speaking, most plant motions are the
kinematic manifestation of a differential dilation of
tissues. As discussed above, this was already understood
by the 19th century botanists. According to Skotheim
and Mahadevan, motions can be classified according
to their characteristic timescale and lengthscale
(Skotheim and Mahadevan 2005), violent motions
occurring faster than a characteristic poro-elastic
timescale (Forterre 2013) are driven by the release of
previously stored elastic energy.
If only swelling motions are involved they are
much slower, the quickest one being that of Mimosa
pudica.
The particularity of plant cells lies in the presence of an outside cell wall able to resist considerable
hydrostatic pressure built from an osmotic origin, the
so-called turgor pressure. One could say that turgor
pressure is the growth motor force which the plant
controls via osmotic pumps (Hill and Findlay 1981).
In particular, it is well-know that motions related to
circadian rhythms are associated to osmotic variations
2

The ‘night’ in the ‘nyctinasty’ name does not mean that the
night is responsible for the movement. Plants follow their
own circadian internal rhythms, as shown by d’Ortous de
Mairan and de Candolle. For instance, Cesalpina sp. raise
their leaves before dawn, and lower them well before sun-set,
indicating an internal rhythm shorter than 24 h. The internal
movement will synchronize with the outside oscillation, with
jet-lag periods if suddenly out of sync. Some Averrhoa sp. can
nonetheless exhibit both circadian rhythms (nyctinasties) and
photonasty. The darkening of the sky from a coming tropical
rain induces a fall of the leaves (personal observations).
Albizia saman present the same behavior, hence its vernacular
name ‘rain tree’.

7

(Gorton and Satter 1983). On the other hand, some
have argued that the rheology of the cell wall is even
more important (Cosgrove 1987). Nowadays, it is commonly accepted that turgor pressure is the mechanical
motor of expansion, but the subtle balance between this
pressure and the complex rheology of the cell wall is
what decides the equilibrium shape and size of the tissue (Geitmann and Ortega 2009).
Although the naive definition for growth could simply be a geometrical bulk extension of the tissue, there is
a consensus to define it as the irreversible transformation in the tissues leading to their extension. This makes
a distinction between reversible motions, linked only to
temporary changes in osmotic pressures, and irreversible motions, linked to definitive changes in the cell wall
mechanical properties.
This irreversibility has been taken into account
by adding plasticity in the models (Passioura and
Fry 1992, Geitmann and Ortega 2009). Concretely, a
threshold is needed to create a biological irreversible
growth.
Answering the three former questions for each of
the typical motions described above, figure 6 sketches
a three dimensional diagram of typical plant motions,
the axes being the irreversible nature (or not), the
external directionality (or not) and the autonomic or
paratonic character.
2.3. Issues of this classification and Darwin’s point
of view
2.3.1. Criticisms.
While this classification was and remains very useful
on pragmatic grounds, one can point out specific
issues. Firn and Myers criticized the fact that a given
category would embrace very different mechanisms,
and pledged for a more reductionist approach
(Firn and Myers 1989). This is a controversial criticism
as, for example, a recent macroscopical model has
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(a)

(b)

Figure 7. (a) A measurement of the circumnutation of the tip of a seedling of Brassica oleracea (cabbage) (Darwin and Darwin
1880) Reproduced with permission from John van Wyhe ed. 2002 -. The Complete Work of Charles Darwin Online. (http://darwinonline.org.uk/). (b) Trajectory of a leaf apex of Averrhoa carambola undergoing nutation drawn in the fashion of Darwin.

found universal mechanisms in gravitropism (Bastien
et al 2013) independently of any microscopic detail,
thus proving the usefulness of such approaches.
Historically, tropisms were ordered according to a
hierarchy that put forward phototropism, followed by
gravitropism and other minor tropisms. One can object
that the so-called ‘autotropism’ is too often ignored by
plant scientists (Firn and Myers 1989). Autotropism is
the observation mechanism whereby most plants have
a natural tendency to grow straight, which was shown
to be important if one wants to model even only gravitropism (Bastien et al 2013). Referring to the definition
of tropism, autotropism is the tendency of the plant to
align with itself. As pointed out by Firn and Myers in
an interesting note: ‘ differential growth is the stimulus
for autotropism itself’ (Firn and Myers 1989). In other
words, autotropism is a tropism which ‘external’ broken
symmetry is actually an internal one!
The following example shows that some movements have an ambiguous position in this classification.
2.3.2. The ubiquitous circumnutation.
Two periodic motions of plant organs, circumnutation
and nutation, are indeed difficult to fit in the
above classification. While the first is a revolution
motion (see figure 7(a) and supplementary data
1: time-lapse), the second is an oscillatory motion
(see figure 7(b) and supplementary data 1: timelapse). The circumnutation of climbing plants was
already known by British botanists of the 17th century
(Webster 1966) and began to be studied by Hugo von
Mohl and Ludwig Palm in the first part of the 19th
century (Baillaud 1957). It was not until 1880 and the
Darwins’ The power of movement in plants that they were
popularized. Charles Darwin’s motivations in writing
this book were not really centered on plant motions
though, but rather on his previously published theory
8

of evolution. He thought that behavior, as living beings,
evolved and adapted. He consequently sought general
mechanisms in plant motions and evidences of adapted
behavior (Whippo and Hangarter 2009). Consistent
with these motivations, Darwin proposed that some
motions were in fact modified circumnutations
(Darwin and Darwin 1880), showing an adaptation of
plant behavior to its environment. As a consequence,
the book was mainly concerned with ‘modified
circumnutation’, and showed that it was widely spread
across the plant kingdom. Darwin not only observed
that many different species displayed circumnutation
motions but also that, for each plant, several organs
could undergo circumnutation such as hypocotyls,
leaves and stems. He described circumnutation in
terms of differential growth between the faces of the
moving organ. This differential growth being itself
due to combined changes in turgor pressure and cell
wall extensibility. It is not clearly stated in The power
of movement in plants that nutation is an autonomous
motion. It is however implied. Darwin makes clear that
circumnutation is occurring in every growing organ
but he never refers to any external stimuli.
Since then, (circum)nutation has been extensively
studied and is still an active domain of research (Mugnai
et al 2015). The exact nature of nutation has been a
source of debate for a long time (Baillaud 1957) and is
not clearly established yet (Stolarz 2009, Baskin 2015,
Mugnai et al 2015). Two of the main questions about
nutation are: Is nutation only based on differential
and irreversible growth? Is nutation really autonomous or does it result from the interaction with some
external cue?
The growth-based mechanism for nutation had
first been proposed by Charles Darwin and later found
theoretical support with the Cholodny–Went model
(Went 1926). Concerted characterizations of growth
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(a)

(b)

(c)

(d)

Figure 8. (a) A transverse cut of a bud showing alternate leaves, folded in two, rotated around their axis so that the main folding vein
are all pointing to the same direction (Charlton 1993). ((b) and (c)) Different buds dissected to show the successive leaves, viewed
from the bottom (b) and from the top (c). From the top view, the first expansion of the primordia in length around the main vein and
in width with the lamina is clearly visible, as well as its folding and torsion. Finally, the secondary veins develop (Charlton 1994).
(d) The young stem of Carpinus betulus growing will bend downward, showing the upper part of the leaves up, thus following the
leaves asymmetry and movement. © 2008 Canadian Science Publishing or its licensors. Reproduced with permission.

rates and nutation show that nutation is indeed linked
to growth rate inhomogeneities (Baskin 1986). However, evidences of reversible processes being involved in
nutation have accumulated since the end of the 1980s.
Contractions have been measured in the bending zone
of (circum)nutating organs, both at the organ level
(Berg and Peacock 1992, Stolarz et al 2008) and at the
cellular level (Caré et al 1998). These contractions suggest a role of turgor in nutation. Therefore, both irreversible and reversible processes appear to be involved
in nutation.
The autonomous character of nutation postulated
by the Darwins was also soon challenged. It was proposed that nutation was in fact paratonic and the influence of several external cues on nutation was assessed
(Baillaud 1957). Among all the cues tested, gravity
has drawn most of the attention, and its influence is
still debated nowadays (Baskin 2015). A natural idea
to test gravity’s influence on nutation is to get rid of
the gravity signal. This can be achieved with the use of
a clinostat, a slowly rotating device. As soon as 1883,
Baranetzky observed the disappearance of nutation in
plants placed on a clinostat (Israelsson and Johnsson
1967). Although, the use of the clinostat a century later
produced contradictory results, nutation stopping
and continuing having both been observed (Johnsson
9

1997). The limitations of the clinostat were pointed
out and space experiments were performed. Brown
et al. observed the initiation and the continuation of
circumnutation in true microgravity but with a significantly different behavior than observed on the
clinostat (Brown et al 1990). Johnsson et al showed
that small amplitude nutation persisted in microgravity and that increasing gravity resulted in higher
nutation amplitudes (Johnsson et al 2009). Finally, the
use of agravitropic Arabidopsis thaliana mutants was
made possible these last few years and also suggests a
role for gravisensing in nutation (Kitazawa et al 2005,
Tanimoto et al 2008).
The position of nutation movements in the traditional classification of motions is unclear. Regarding
the irreversible nature of the motion, nutation seems
to result from both irreversible growth and reversible
length variations linked to turgor variations. On the
‘trigger’ axis, we have seen that gravity is likely to play
a role in nutation occurrence (paratonic effect). But
it might only be the amplification of an endogenous
oscillation (autonomic). This leaves the question of
the motion directionality unanswered since it is not
clear if gravity triggers nutation or not. In conclusion, nutation is spread everywhere in our graph
(see figure 6).
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Figure 9. Successive pictures of bean hypocotyl growing in the dark (green light). From the spots, one can see that the hypocotyl
elongates, not only on its vertical part but also on the hook. The hook’s shape and size do not change, indicating a ‘fountain effect’
(courtesy of Wendy K Silk, University of California, Davis).

Based on the observation that both nutation and
autotropism do not find a coherent position in this classification, we propose to look at plant motions from a
different perspective.

3. A vision centered around plant
development
[...] For it might have been asked, how did all
these diversified movements for the most different
purposes first arise? As the case stands, we know
that there is always movement in progress, and
its amplitude, or direction, or both, only have to
be modified, for the good of the plant, in relation
with internal or external stimuli (Darwin and
Darwin 1880).
In this part we want to develop a new perspective
according to which, when the developmental point
of view of the plants is taken into account, all the
movements naturally find their place and coherence.
Foremost, we shift the focus from considering
motionless plants which some trigger can put in an
abnormal state of motion, toward the idea, following
Darwin, that there is movement from the beginning.
This must start with a different understanding of what
movement is. Instead of saying that there is always (and
only) circumnutation, we consider all the movements,
and their logic in the progressive development.
3.1. Growth is the first movement
When the plant aerial meristem develops, it produces on
its side microscopic bulges of cells (primordia) which
differentiates, at a microscopic scale, and then expands
considerably to form visible organs (see figure 8(c)).
10

According to the autodidact Hofmeister’s point of view,
the first appearances of primordia, even though the
developmental axes are not changed, are already due to
inhomogeneous and anisotropic growth (Hofmeister
1868). For instance, the leaf primordium first extends
in length, with a smaller extension in width, and an even
smaller extension in thickness. Here, two symmetries
are already broken: the tip/base and the abaxial/adaxial
symmetries.
From a purely physical point of view, this anisotropic growth can be considered as a deformation
movement, hence a complex—internal—movement:
the position of different elements are changing relative
to each other, and cannot simply be ascribed to a change
of referential nor to a change of scale. If this viewpoint
can be accepted for the beginning of the plant development, it is even less questionable for next step, where the
organs (stem, leaves and ‘modified’ leaves in the sense
of Goethe) expand considerably, easily by a factor 1000,
from100 µm to 10 cm. This expansion again happens in
a very anisotropic way, the leaf and the stem becoming
proportionally thinner, the stem in two dimensions and
the leaf only in one. These can be called areal or length
extension movements.
By just following Darwin, we could already say that
these movements are there from the beginning of the
plant’s organ life, with their own predefined aims, axes
and symmetries. This internally defined growth has
been labeled ‘autotropic’ or ‘automorphogenetic’ and
described in many cases (Stanković et al 1998). These
anisotropic movements are the cornerstone on which
all the other movements are going to be constructed.
To guide us we thus have to follow the normal course of
the organ development, and see how the various movements unfold.
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3.2. Movement is reversing
3.2.1. Hypocotyl/stem.
One can question the use of the term ‘reversal’ by
arguing that such motions are not observed in the
following extension phases. However, looking at how
the development of the plant organs occurs, it is very
rare to see a monotonous, homogeneous, expansion
from the beginning to the end. The first case of growth,
for instance the growth of an hypocotyl from the seeds,
often shows a typical hook shape, with the cotyledons
pointing toward the ground. This shape seems to
remain constant as the hypocotyl expands and the
cotyledons rise, especially in dark conditions, in an
attempt to escape the ground, outside of which it can
finally straighten (see figure 9 and supplementary data
1: time-lapse).
From a Darwinian—selection point of view, it is
clear that the advantage of such a shape is to protect
the apical meristem while going through the ground,
as well as protecting the cotyledons from being opened
and twisted, if not torn off. One could presume that the
same protection benefit makes so many inflorescence
stems first grow with this specific hook shape. But while
the need of protection is understandable for the first
flowers that have to grow through the snow or old leaves
(e.g. Galanthus, the snowdrops), the true benefit is less
clear in many flower stems where it is still observed
(see supplementary data 2: flower stems). It is very
common that flower stems present this hook or curved
shape at one or several stages of their development, at
the expansion, through flowering, or through maturation. This common occurrence could be the recurrence
of the primitive cotyledon hook growth.
This shape formation may again not be seen as a
motion, as it is kept constant for a while. However, if
the development of the cells of the stem is followed, one
observes that cell divisions occur near the cotyledons
and apical meristem, and that these cells considerably expand longitudinally to form the hypocotyl. To
keep the shape constant in time, and at a fixed distance
from the apex, the elongating stem must first curve
considerably, to form the hook precisely, and then to
uncurve to recover an expanding straight stem. If we
follow the cells of the stem, we thus see its result as a
reverse motion, leading first to curvature and then
to straightness. This oscillation in the material space
coordinates is not perceived in time as the shape is kept
constant with a flux of new cells (the ‘fountain effect’,
see figure 9) (Silk 1984).
We can thus see that in the history of these cells, during this first early growth, there already is an oscillation
of the expansion, with curving and then uncurving.
This movement can be seen as the first reversing movement in the plant, and as the basis for the next ones.
During this first motion, careful observations show
that the curving is first due to the expansion on the outward side, and the uncurving to the expansion of the
inward side (Silk and Erickson 1978). In this way this
movement, even if reversing in its effect, is not a reverse
11

movement at the cell level (expansion then contraction), but always an expansion, on one side and then on
the opposite side of the organ, making it a pure growth
movement as discussed above.
3.2.2. Folding-rolling/unfolding-unrolling of leaves.
This basic phenomenon of enhanced expansion on
one side, creating a curvature, then followed by the
expansion on the reciprocal side, is also very common
in the case of leaves. From the early stages after the
primordia, when the elongation and lateral expansion
first appear, to the final straight petiole and flat leaf, it
is easy to make a mental shortcut and imagine that it
was simply an expansion, even if slightly anisotropic.
However, except for a few cases, this development is far
from being so simple, and on the contrary goes through
non-straight and non-flat states.
The process is similar to the apical hook’s one, but
on the structural parts of the leaf i.e. the veins. The main
vein has an asymmetric development, enhanced on the
back-abaxial side, which induces a curvature and a
displacement of the lamina toward the opposite frontadaxial side, creating a fold (Couturier et al 2012). It can
create a simple-fold leaf or leaflet, but if the leaf keeps
developing for a long time in a protected enclosed place
(the temperate bud or its equivalent), then other folds
will appear following the succession of appearance
of secondary veins (Royer 2012). Notably, these folds
have a direct impact on the shape of the leaf, the first
one being the symmetry of the lamina around a fold
(Couturier 2009). For leaves with many parallel veins, as
in monocotyledons, this asymmetric growth can c reate
the rolling of the whole leaf, on one common roll or
on two. This first state of leaf development limited in
size, can be seen as the moment when the leaf takes its
characteristic shape. This first state, rarely flat, is called
‘ prefoliation’ (Adanson 1763)3.
The second movement is a final expansion, outside of the bud, without much change in the global
shape of the leaf, even if the magnitude of the expansion is larger. Following Adanson, we can name these
movements ‘foliation’. After this expansion, the leaf is
eventually flat. This means it has to perform at least
all the reverse of the anisotropic growth it experienced
during its prefoliation, like the hook has to reverse its
curvature. In the case of non-flat leaves however, the
reciprocal expansion seldom compensates the first
one. Instead, it leads to overshooting and, again, to a
non-flat leaf but in the opposite direction. This reversion does not always take the exact reverse path, and
if folded leaves often simply unfold, or rolled leaves
unroll, it happens that folded leaves open by rolling in
3

Adanson invented this description during his first trip in
Africa as he did not have the possibility to see all the plants
in their reproductive state, e.g. with flowers, following
Linné’s tradition. So he tried to describe all the other possible
characteristics, prefoliation being one. Since then, it has been
regularly referred as a particularity, but never really used nor
studied.
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Figure 10. Unfolding of a Horse-Chestnut tree Aesculus
hippocastanum L. leaf. (top) The first backward curving of
the leaf petiole, with a pronounced curving at its end (or
base of the leaf), revealing the densely packed folded leaflets.
(bottom) The petiole being now horizontal, the leaflets are
pointing perfectly downward, and the previously folded
leaflets are not over-opening by rolling over their backabaxial side.

the opposite direction (see figure 10 and supplementary data 3: reversing), or that rolled leaves unfold (see
supplementary data 1: time-lapse).
3.3. Movement within the tropisms
The first expansion of leaves—prefoliation—does
not show any sign of dependence on the physical
surroundings, protected as they are in the bud or budequivalent, and following the stem axis. Conversely,
the movement of the hypocotyl hook growth is a first
example of dependence on the environment, the first
cue being gravity. In the rise through the upper layer of
the soil (snow, leaves), gravity gives a good cue for the
successful direction of growth. The global movement of
the expanding stem is defined as ‘negative gravitropism’
(against the direction of gravity). However, we can
see that the apex and the cotyledons are always tilted
downward, so we could say that the stability of this
shape (the hook) is due to a ‘positive gravitropism’
12

Figure 11. The whole development of an Averrhoa
carambola L. leaf (side view), from bottom to top, the
successive pictures being labeled (0–15). A picture has been
taken approximately every 17 h (1000 min). From the first
development of the leaf (0), seen first curved adaxially over
the apex, we see a reverse curving, presenting the adaxial part
of the petiole upward, starting from the base and propagating
to the tip (1–4). In the same time the leaflets, folded in 2,
start to bend downward (4–7) and then sequentially unfold
(7–15). The curvature pointing the tip downward slightly
oscillates with a circadian rhythm. While the leaf expands,
the base starts to straighten (8), until the whole leaf is straight
(15+). In the same time the rachis becomes straight, and
locally stops elongating, the leaflets on this part are open and
start to move up horizontally (8–15), and fall down at night
with a circadian rhythm (5, 8, 12 and 15 are taken during the
day), already displaying their mature movement, identical
to their sensitive movement, even though their expansion is
not finished.

(same direction as gravity) of the apex. The oscillation
of curving/uncurving presented by the cells of the stem
can thus be ascribed to a shift from positive to negative
gravitropism during their development.
Reversal of gravitropism throughout development
is quite general, and can be seen in many plants and
organs. For instance, during their foliation, leaves can

3.1

Mouvements morphogénétiques de croissance des plantes

Phys. Biol. 14 (2017) 051001

(article 8)

M Rivière et al

Figure 12. Nutation of a developing Averrhoa carambola L. leaf (top view). Eight pictures, labeled (0–7), taken at 15 min interval
were superimposed to show the extent of the movements, and its apparent reversibility. The pictures almost perfectly superimpose
during one oscillation while the movement of the apparent tip can be seen. The part not moving on the left, is the part that has
stopped extending, and where the unfolded leaflets already start their up-and-down circadian and sensitive movements
(see figure 11).

first point out upward or downward (as in figures 8, 10
or 11), before adopting their final orientation. Some
authors call it plagiogravitropism (Heller et al 1993).
For compound leaves the same can be observed for the
rachis: curved at the apex, but perfectly straight at the
stem junction. In the latter case, it is not certain if gravity is important in the final position as perfectly straight
secondary stems are observed in rice ( Oryza sativa L.)
and Arabidopsis thaliana grown in the absence of gravity (space station) (Hoson et al 1999). This last study
shows that autotropism dictates the straightening of
the plant while gravity only seems to influence the stem
junction angle. It is clear from these first examples that
the surrounding physical world in which the plant is
immersed is an important clue—rather than cue—for
its development, hence movement. We could say, as Firn
and Myers, that it is part of the growth system (Firn and
Myers 1989).
A surprising effect could be to see how the stem
succeeds to be perfectly straight after the gravitropism
reversing oscillation. One interpretation is that gravitropism is so efficient that it not only leads to the
right direction, but also to a perfectly straight stem.
However, Bastien et al recently refuted this hypothesis
(Bastien et al 2013). They tilted plant organs and
observed their gravitropic motions. These motions
could not be reproduced with a pure gravitropic model
including an active term for the tendency of each stem
part to align with the gravity direction. The trajectories
were recovered thanks to an additional term accounting
for the tendency of the stem to grow straight (even in
the absence of gravity). This term covers what previous studies have combined as autotropism, and whose
importance has been underlined in many observations
(Hoson et al 1999).
Here we propose that a natural hierarchy of tropisms lies in their temporal succession during the development. The first would be autotropism, existing from
the very beginning of the development. The second
would be gravitropism, so obvious and universal, for
the direct evolutionary reason of going above to spread
spores then leaves. Finally would come phototropism,
13

and all the other possible tropisms influencing the
development movements. All these influences are
simultaneous with their respective weight, depending
on the plant and also its state of development (with possible inversions as seen above), history, etc.
It would be strange to consider growth without
the influence of these tropisms, or to consider that the
movement of the plant would be only a response to an
external stimuli, as implied by the notion of ‘tropism’.
One question that arises from this description, of
both expansion movement and autotropism, is to know
how this can be achieved. Namely, how can the anisotropically developing plant perceive its own shape, to
the point of having regulations to bring it back to the
target shape? In other words, what ‘proprioception’
(perception of self) enables autotropism? In order
to answer this question, some physical studies focus
nowadays on the possible role of hydraulic signaling
(Louf et al 2014).
3.4. Oscillatory movements
These first reversing movements, often guided by
gravity’s external cue, already show a reversion, as
the plant goes locally from curving to uncurving, and
also changes direction, from upward-downward to
roughly horizontal. Note that the word ‘movement’
is often understood in our animal world as ‘reversible
movement’, that can be repeated several times without
much change in the organism. This happens later in the
plant’s development, in the famous case of nutation
(including circumnutation). In this case, the hypocotyl,
once outside of the dark and straightened vertically, as
the later stem, can nutate, oscillating around its vertical
position in an often irregular manner. Its trajectories
range from perfectly circular, through elliptic and to
planar oscillations (see figure 7) (Yoshihara and Iino
2005, Stolarz et al 2008). The nutation’s oscillation
frequency can also be modulated on a circadian basis
(Buda et al 2003, Charzewska and Zawadzki 2006).
Notably, the frequency is always much higher than
the circadian rhythm, supporting the hypothesis of
an internal clock. Nutation also appears in compound
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leaves’ rachis, with oscillations in the horizontal
plane from left to right (see figures 7(b) and 12 or
supplementary data 1: time-lapse).
More generally, all the movements of the leaf before
it becomes flat present some degree of oscillation. Most
of the leaves originally develop in a folded or rolled
compact shape; this is the ‘prefoliation’. Next, they perform the reverse movement in their expansion phase,
before eventually becoming flat. All these movements
may present diverse degrees of oscillation. For instance,
the curvature associated with the unrolling can oscillate
(figure 11 (7, 8, 9) or supplementary data 1: time-lapse).
Despite their diversity, oscillatory motions are
unified by some common features. They are observed
just before the end of the organ expansion. Since the
organ oscillates around its final shape, in particular for
straight and vertical stems, we propose that these movements are a way to enhance the perception of the alignment with gravity, similar to photography where one
reaches a more precise focus by going out of focus on
both sides. More generally, as these movements happen
not only for the plant to perceive the alignment with
gravity, but also for the rachis to straighten out (possibly inclined with respect to gravity), or for leaves to
become flat, it is tempting to think that they are part of
perceiving not only the position with respect to gravity
(gravitropism), but also with respect to the shape of the
organ itself (autotropism). In a way, oscillatory motions
could be an answer to the problem of proprioception.
By moving one part, with respect to another, the plant
could feel the corresponding deformation, as a response
to a known solicitation, and finally deduce its original
shape from it.
3.5. Movements within the symmetries
All these oscillatory movements have particular
symmetries that can be traced back to the symmetry
of the organ itself, as in the case of nastic motions.
For instance, a hypocotyl or a stem are supposed to be
radially symmetric. Hence, their nutation movement
tends to be circular (see figure 7). On the contrary, the
abaxial and adaxial faces of a rachis are not symmetric,
but the lateral faces are. This results in a left–right
oscillatory motion (see figures 12 and 7(b)). These
quick nutation oscillations can then be simply related
to the preserved symmetry of the organ.
However, the slower reversion of movement, which
lasts for the whole development, reveals broken symmetries. The bending of the leaves is simply related to
their different front and back (adaxial - abaxial sides): it
first curves backward, with adaxial growth, then points
downward (see supplementary data 3: reversing and
supplementary data 1: time-lapse). Doing so the adaxial
part of the leaf is turned upward while the the abaxial part
of the leaf is turned downward (as in figures 10 and 11).
However, stems and hypocotyls, which are supposed
to be symmetric, can also bend downward to one side
(figures 8 and 9). A priori, the bending direction could
be thought to be arbitrary, given by the amplification
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of some fluctuation (noise). But if we look at the tip
of hypocotyls, there are two cotyledons that break
the circular symmetry into two orthogonal symmetry planes: front/back of the cotyledons, or left/right.
These two directions can then be privileged for bending
(see figure 9 or (Abbas et al 2013)). Since bending along
the front/back of the cotyledon breaks the symmetries
between them, and that one is exposed to the earth while
the other one is protected, it is more reasonable to think
that in the ground the bending happens on left/right
side of the cotyledons, as this favors neither of them. It
also allows the stem to point out quicker between the
cotyledons (see figure 9).
The stem symmetry can also be broken in the specific case of folded leaves with an alternate distichous
phyllotactic pattern. In some instances, one can observe
that the folded leaves are turned horizontally on alternating sides so that they present their folding main vein
on the same side of the stem (Charlton 1998). This par
ticular prefoliation usually produces leaves with asymmetric sides, the outer side growing further down near
the petiole, with alternating sides from leaf to leaf. In
such a situation, it seems that the whole stem reacts as
the main folding veins of the leaves, so it bends globally
downward, with its back turning to the bottom, and its
front turning up (see figure 8 and supplementary data 4:
leaf stem hook). In many curving flower stems, we have
the same symmetry breaking phenomenon. However
the symmetry is already broken for secondary stems
starting from the axillary buds, between a previous
stem and a leaf base. This attachment gives an asymmetry similar to the adaxial/abaxial one of a leaf, and thus
leads to very similar shapes (see supplementary data 2:
flower hook).
3.6. Reversible movements are regressions
Among reversible movements, we can see a difference
between the quick alternating movements, i.e. the
nutations, and the slow reversing movements.
The former seem to appear only near the end of the
expansion, just before it stops, for instance in the
oscillating curving of the compound leaf localized
at the end of the growing part. The latter start from
the very beginning of the organ expansion, with its
gravitropism, and last until the end of its extension.
Another difference is that we can recognize reversing
movements in the movements that are still observed in
the mature organ, such as the reversible movements of
circadian rhythm and sensitivity.
For compound leaves, reversible movements
are of two types: either the leaflets come forward
(and slightly upward) against each other, or they go
down (also against each other). In both cases we can
recognize the movements exhibited by growing leaflets.
Most of the folded leaflets will first head downward,
open, and then rise horizontally (figures 3, 8, 10 and 11).
When the leaflets are downward, before rising up, the
sensitive/circadian movements is a reversing downward
movement (figures 3 and 11). On the contrary, most leaf-
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Figure 13. (a) Young stem and leaves of an Albizia saman tree. The stem grows straight, independent from gravity. Meanwhile the
young leaf and its secondary rachis point downward, but not the flat leaflets. (b) The regressive position is observed during the night
position, with the secondary rachis pointing downward, with the curved pulvini well visible at their base, and the leaflets back in
their frontal packing. (c) Young leaf of Mimosa pigra L. the flat non-folded leaflets just opening. (d) During the sensitive reactions,
the mature leaflets display a regressive movement, by coming back to their original packing state. (e) Leaves crown of carnivorous
plant Drosera rotundifolia. The young ones are popping out with abaxial growth yielding full hooks curving. An opening one (right)
reveals the catching hairs still rolled toward the adaxial center. (f) An opening leaf (right), and a mature leaf (left) catching a piece of
lichen. The catching hairs curve back to their premature state, bringing the prey to the adaxial center of the leaf.

lets that are first flat just open during their maturation.
Their sensitive/circadian movements is a reversing closing movement (figure 13). Of course, some exceptions
exist, as some folded leaflets can open without heading
downward. But their sensitive/circadian movements
is just a closing regression (see supplementary data 5:
Reversible movements). Looking at the development
thus explains the origin of the two possibilities (closing
straight or downward) shown in figure 1.
We can thus formulate that the reversing
growth motions are the basis of future reversible sensitive/circadian movements, or more precisely that these
sensitive/circadian movements are regressions among
the normal growth movements.
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As stated above, these movements are now driven by
a reversible change of turgor pressure in cells with soft
walls, typically localized at the base of the principal or
secondary petiole, forming an enlarged section called
the ‘pulvinus’. This means that the movement that was
then linked to irreversible growth and through the
whole body of the organ, becomes reversible but also
localized to a particular place, essentially at the base,
where it can act as a joint.
In sensitive plants, sensitivity movements are generally similar to those associated to circadian rhythms. It
seems to be the case when sensitivity movements are protective movements, to protect the leaf from mechanical
(animal) aggression for example. Then the ‘sleep move-
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Figure 14. A scheme of the development of aerial organs of plants. From the initial state (apex/primordia), the developing
organ first follows an expansion following its own internal axis (‘autotropism’, 3.1). The plant uses more and more external clues
(‘tropisms’) to direct asymmetric and reversing growth movements (3.2 and 3.3). Finally, before reaching the mature state, one
observes the appearance of nutations (3.4), rapid oscillations along the symmetries (3.5) of the organ. A disturbance during this
process, for instance a change in the external clues (gravity, light) will induce a reversion to a previous state, evidenced by a renewed
anisotropic growth.

ment’ can also be considered a protection movement,
as proposed by Darwin and Darwin, protecting against
thermal or hygrometric stress (Darwin and Darwin
1880). However, there are cases in which sensitivity
movements are not protective but aggressive, as for carnivorous plants. In this particular case, they do not need
a protection at night and do not present the same movements on a circadian rhythm. Whether these movements
are truly reversible is a subject of debate. Although they
involve physical phenomena quicker than water movements and typically do not require pulvini, they might
also involve growth in the process. Nevertheless, these
motions also appear to be regression of growth movements (supplementary data 5: reversible movements).
3.7. Partial conclusion
We thus see that, starting from the earliest stages, the
development of stems and leaves can be decomposed
into several successive movements. The first one, the
prefoliation, is an anisotropic expansion without
any change of axis and where the shape of the organ
is settled. The second one, the foliation, involves the
environmental clues, in particular gravity. We prefer
‘clues’ to ‘cues’, as the plant is integrating information
rather than being subjected to an order from the
environment. This second movement displays
large asymmetric movements and reversals before
reaching the final target state4. The final state is mainly
horizontally flat but turned toward the light, for the leaf,
or straight for the petiole and the stem. But before this
final state, one observes rapid symmetric oscillations
(the nutations). These might exist in order to make
the final convergence more precise, thus helping the
proprioception of the plant. In opposition to Darwin,
we see that nutations come last, and are thus not strictly
speaking at the basis of the other movements. The fact
that they are between the pure growth movements,
4
Note that we use this categorization indifferently for leaves
or stem.

16

and the final reversing movements, indicates that they
could present both characteristics, as current debates
suggest. Interestingly, we also see that the mature
movements (sensitive, carnivorous or circadian
movements), the most fascinating to a first observer, are
partial regressions of the second phase of movements
(foliation). Paraphrasing Darwin, we again stress that
development motions appear prior to their possible
use in maturity for whatever may be ‘ the good of the
plant’ (Darwin and Darwin 1880). An indication of this
is their ubiquity and similarities (see supplementary
data). It is striking that some second development
motions (within the tropisms) remain in mature states,
either because they are not too costly, in particular in
tropical environment, or because they can be useful,
but for as many different reasons as there are different
environments.
If undisturbed, the plant follows its natural
growth path and some effects may seem non-existent.
For instance, the alignment with gravity may seem
spontaneous without the appearance of any special regulation, or gravitropism. On the contrary, if the plant
is disturbed, these regulations become clearly visible.
But it does not mean that it is only then that the plant
is reacting to an external signal, as a hasty observation
can lead to believe. Rather we emphasize that the development of the plant always takes place in presence of
external clues, and along the internal symmetries of the
organ. When the external signals are changed, the plant
has to adapt anew, and it does so by reactivating its previous growth and regulations (figure 14).

4. Global conclusion
Instead of following the traditional classification
presented in section 2, segregating the plant movements
into different categories, we can recover a continuity
and a coherence if movement is cast in the logic of
plant development (figure 14). We can then distinguish
essentially three phases. The first phase is a pure

3.1

Mouvements morphogénétiques de croissance des plantes

(article 8)

Phys. Biol. 14 (2017) 051001

M Rivière et al

expansion within the organ symmetries, ( prefoliation).
The second consists in implementing this expansion
within the tropisms (essentially using the gravity
cue, foliation). The third one, with some oscillations
before converging toward the final state, (nutation,
see figure 14). The first state could be ascribed to some
autotropism,the plant developing anisotropically,
and converging toward its shape, without any visible
influence of external cues.
In the second phase, the plant uses the external
clues to guide its movements. In particular, its reversions ensure that the unfolding/straightening of the
plant organ is complete and that the right orientation
is achieved relatively to the environment. In this way
tropisms are there to help the plant reach its position
and shape.
Similarly, the last phase, the nutation, could be
ascribed to proprioception, or the fact that, after the
distorting first and second phases, by moving quickly
the plant organ while preserving symmetries, is able to
better feel its changing shape, and to better converge
toward its final symmetric straight / flat state.
In this optic all the growth movements are there
to help the plant to reach its final state. Following a
Darwinian selection principle, we could say that this is
the reason why they were selected/preserved.
We also propose that the most famous reversible
movements observed in the mature plant, i.e. sensitive
or circadian movements, are regressions of the second
development phase. In this sense, we follow Darwin,
saying that the mature movements were already present
(during the development) and that they are sometimes
preserved, for many different purposes. However, we
observe that it is the movements of the second phase
( foliation, development within the tropisms), rather
than the movements of the third phase ( nutations) that
are reversed and used for various purposes.
During development, these movements can come
from different mechanical origins, in different plants
or organs, and at different times (Firn and Myers 1989).
For instance, the nature of the movement from the second phase, based on differential growth, is very different from the mature reversible movements, originating
in the pulvinus. However, the fact that there is a continuity of these movements, namely that the reversible
movements are partial regressions of the development,
is the key to understand the origin of these otherwise
surprising movements. During maturation, there is
just a localization of the movement and transition of
the biological mechanisms, possibly from constant
turgor pressure and irreversibility in the plasticity of
the expanding cell walls, to purely elastic cell walls with
changing turgor pressure. The position in the whole
development (beginning/end) giving the proportion of which effect (irreversible/reversible) should be
observed.
This continuous point of view along the whole plant
development thus helps understand the different char-
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acteristics of the plant movements. It shows that they
can be mixed, and can change during development.
All in all, there should be more studies on the
prefoliation and foliation, as fundamental movements
before the latter ones (nutations, reversions). Because
looking at it globally allows to give a consistent picture
of this otherwise puzzling and confusing diversity. In
particular, this point of view could guide modeling. The
effects should be considered all together, all the time.
Their impact being only different depending on the state
of the organ along its development (Bastien et al 2015).
In conclusion, with the necessary caveats about
differences in details and particular cases, we propose
following Darwin, global vision of plant movements
that we hope make them more understandable. We also
hope that this new understanding of plant movements
leads to many practical applications for their modeling
and their measurements. It is indeed essential for a good
measurement or model to have a precise a priori conception of the various movements involved and their
respective symmetries.
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Figure 3.2 – Montage de stations éphémères en forêt. La première photo montre la luxuriance
de la forêt tropicale. Montage de la structure : Il s’agit d’une espèce de tente canadienne aux
pieds télescopiques fabriquée maison, dont la longueur peut être ajustée en fonction du terrain.
Un voile d’hivernage protège la plante d’intérêt de la pluie et du vent.
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Le développement des feuilles

3.2.1

Généralités

A l’époque où le dioxyde de carbone était surabondant, les feuilles n’existaient quasiment
pas, ou sous des formes très primitives[174]. Les feuilles, qui sont vues par certains comme des
fleurs modifiées[175] ont ensuite évolué avec comme conséquence principale l’optimisation de
la gestion des échanges gazeux et de la photosynthèse. C’est certainement pour cette raison
que la plupart des feuilles ont une forme particulièrement régulée : bien plate ou droite.
Il a été montré que la forme initiale des feuilles sortant du bourgeon est due de façon
importante, aux contraintes mécaniques et stériques dans le bourgeon[174, 176]. Nous nous
intéressons désormais à l’étape ultérieure de déploiement de la feuille, entre la sortie du
bourgeon et la forme finale. Des efforts considérables ont été faits pour mettre en évidence
les régulations génétiques à ce niveau[177], mais encore peu d’intérêt à été dédié aux
contraintes mécaniques. En réalité des travaux précurseurs importants existent, qui montrent
des rhéologies toutes particulières de la feuille[178], mais notre approche originale est de
considérer le système global impliquant aussi les mouvements liés à ce déploiement.
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Feuille simple

Plante modèle : Persea americana
Par commodité, l’avocatier, facile à faire germer, est devenu notre plante modèle au
laboratorie pour la feuille simple. Son nom botanique est Persea americana. Nous présentons
dans la suite du manuscrit successivement :
— une étude cinématique du déploiement de l’avocat qui montre un mouvement très
particulier.
— la présentation d’un modèle simplifié, en cours d’étude.
— un plan d’investigation à plus long terme impliquant une reconstruction 3D fine et un
modèle numérique plus sophistiqué (voir section 4.1.3).
Cinématique
Nous avons réalisé une étude cinématique de la croissance de la plante d’avocat. La
figure 3.3 montre le montage typique avec deux appareils photos croisés qui permettent la
reconstruction stéréoscopique de la surface de la feuille[179].

Figure 3.3 – Gauche : Photo du dispositif pour la reconstruction 3D de la surface de la feuille
d’avocat. Des marqueurs “peints” sur la feuille permette de suivre la croissance. Droite : Vue
artistique des configurations extrêmes entre lesquelles la feuille oscille avant de se stabiliser
dans un état plat (crédits : @LBeauzamy).
Le résultat principal est l’identification d’un mouvement très particulier de battement d’aile.
Il est illustré schématiquement dans la figure 3.3 où les deux configurations extrêmes sont
représentées. La feuille présente des mouvements périodiques où le signe de la courbure de
sa veine centrale change. Puisque ces mouvements sont relativement rapides (l’heure) , la
conservation de la courbure de Gauss 16 implique un claquage et un renversement de l’angle
d’ouverture du limbe.
Les détails de ce mouvement, ainsi que les implications qui en découlent sont détaillées
dans un article que nous avons publié dans Journal of the Royal Society Interface. L’article est
reproduit dans les pages suivantes.
16. D’après le théorème remarquable de Gauss, le Theorema Egregium[180]
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Simple leaves show unexpected growth motions: the midrib of the leaves
swings periodically in association with buckling events of the leaf blade,
giving the impression that the leaves are fluttering. The quantitative kinematic
analysis of this motion provides information about the respective growth
between the main vein and the lamina. Our three-dimensional reconstruction
of an avocado tree leaf shows that the conductor of the motion is the midrib,
presenting continuous oscillations and inducing buckling events on the
blade. The variations in the folding angle of the leaf show that the lamina is
not passive: it responds to the deformation induced by the connection to the
midrib to reach a globally flat state. We model this movement as an asymmetric growth of the midrib, which directs an inhomogeneous growth of the
lamina, and we suggest how the transition from the folded state to the flat
state is mechanically organized.
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Since Gerardus Mercator, cartographers have learned that flattening the world
on a map is a complicated task involving non-trivial geometrical distortions.
Similar problems are encountered by leaves during their development: initially
curved they unfold to reach flatness, which is advantageous both for optimizing light capture and for decreasing the resistance of their surface to the wind.
Flatness is reached owing to an autonomous process of finely tuned growth,
which has been barely studied. In fact, most of the quantitative studies on
the growth of leaves have neglected curvature, considering the leaves to be
flat [1– 4]. Very few studies have then focused on the movement that leaves display in space during their growth. And yet, during their expansion, these leaves
present many different motions. Plant motions have long been observed—as
early as before the common era by Androsthenos of Thasos [5] and later extensively described by Darwin [6]. Some can be grouped as mature sudden
movements [7–9] that recently attracted the interest of physicists because
they are extremely quick, for example the dramatic fly trap snapping [10] or
the striking catapulting of ferns’ spores [11]. They can also be just at the
human time scale, such as the long-studied sensitive plants [12]. On a slower
time scale, plants also exhibit many motions that are related to their growth
and circadian rhythm [6,13,14]. The origins of these movements are still
debated, as is the relation between the movement and the shape of the plant
organ itself. Among them, the growth motions of leaves are of particular interest because of their ecological importance as the leaves’ shape and positioning
are crucial to optimize their light capture and minimize their resistance to wind.
Here, based on our measurements, we propose that these growth movements
might be of importance in the mechanisms by which the leaf finally becomes
flat.

& 2018 The Author(s) Published by the Royal Society. All rights reserved.
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1.2. The growth of leaves

The growing leaf is a composite object, made of epithelia,
mesophyll and veins. As already mentioned, the main veins
can develop considerably and protrude out of the abaxial surface, creating the folding in the bud state [16]. In the blade,
mechanical constraints between the various elements have
been proposed to explain the creation and the geometry of
the reticular vein networks and in particular their connection
angles [17]; and these lignified veins are ascribed to be the
mechanical support of the leaf. The differential growth of
the blade along its own surface has also been recognized as
the origin of undulating leaf borders [18,19], and of the particular shape of petals [20]. In evolutionary terms, flower
petals are believed to be modified leaves [21]. Their motions
have recently been found to originate from blade growth [22].
Other leaf motions, such as rolling and unrolling, have been
explained also by the variation in the double curvature of
the blade [23]; in these cases, the motion could also be
ascribed to the effect of the dense parallel veins in the leaf
blade. In the case of avocado, as for the common case of
simply folded in two leaves, only the central vein protrudes,
and we can consider the leaf as made mostly of a roughly
cylindrical midrib (which could itself be viewed as a composite beam [24]) and two symmetric quasi-two-dimensional
surfaces (the blade or lamina) attached to it. In this framework, the role of secondary veins is ‘absorbed’ in the
lamina. The two growth effects, of the lamina and the
midrib, are potentially effective in leaf development [25].
The main aim of this study was to understand the interplay of these two growths in the development of the leaf
and in generating the motions of leaves.
In the following, we first detail our experimental method
and results. Then we present three toy models representing

2. Material and methods
2.1. Experiment
We focused on the leaf of the avocado tree. Avocado leaves are
typical of simple leaves and they display strong and characteristic
movements. The analysis was made easier by the fact that this
organ is large (many centimetres) and can be observed over several
days of development, with a large growth ratio (approx. 10). Typical time scales from the emergence of the new leaf to maturity were
approximately two weeks. Leaves were marked a few days after
emerging by a grid (made up typically of 100 or more markers
spaced by approx. 5 mm) of red fluorescent oil-based paint—the
viscosity of the mix was optimized to follow the leaf during
growth. The development was followed via time lapse photography. Every 15 min two snapshots were taken simultaneously
from two spatially shifted cameras. The flash light was filtered in
green, to protect against phototropic effects, as well as guaranteeing
maximum contrast for the red markers.

2.2. Three-dimensional reconstruction
The fluorescence of the markers allowed segmentation of the
image based on a colour scale. The positions of the markers
were tracked separately in each two-dimensional image stack
by using singular value decomposition and the Longuet –
Higgins algorithm [26]. This provided at each time step the
two-dimensional position of each marker i in the left camera
(x li (t), y li (t)) and in the right camera (x ri (t), y ri (t)). Typical stereoscopic techniques are designed to first calibrate the cameras
and then obtain three-dimensional positions owing to both of
the two-dimensional positions obtained for each camera, and
the cameras’ calibration [27]. For calibration, we took different
snapshots of a grid with known three-dimensional positions.
Next, for each camera, we computed the camera projection
matrix from the known three-dimensional scene points and the
corresponding two-dimensional image points using direct
linear transformation (algorithm of Trucco & Verri [28]). Finally,
we performed the reconstruction from the two-dimensional positions (x li (t), y li (t), x ri (t), y ri (t)) and the calibration matrices by
using the Kim Daesik algorithm (https://github.com/tjrantal/
direct-linear-transformation/blob/master/octavetest/daesikweb/
reconstruction.m) in order to get the three-dimensional
coordinates (xi (t), yi (t), zi (t)).
Figure 1a shows an example of the two shifted snapshots at a
given time as well as the corresponding three-dimensional reconstruction of the leaf (figure 1b). See also the electronic
supplementary material, video S2, for a full reconstruction with
time. Full tracking and quantification of the experiment is
demanding but we checked qualitatively a dozen times that the
observed phenomenon is generic, and that it is also observed
on many other species.

2.3. Quantitative measurements
From the coordinates obtained from the collection of markers, we
can reconstruct the geometric surface and its corresponding
parameters such as local angles, local area, mean and Gaussian curvature, etc. Delaunay triangulation of our markers has defined a set
of triangles whose area was monitored in order to access the local
growth of the lamina as a function of time. Two other measures
are of particular interest: the midrib curvature (kk) and the folding
angle of the blade (w). By convention, kk was defined as the derivative of the local vertical angle as a function of the curvilinear
abscissa going from the base to the end of the leaf. This means
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1.3. Question

three different limit cases. Finally, we use these toy models
to discuss the experimental results.
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The development of the primordium, protruding out of the
stem surface near the apical meristem, comes with two
broken symmetries: proximal/distal and adaxial/abaxial. The
first main central vein expands, and a lamina develops on
both sides. The broken adaxial/abaxial symmetry, which will
result in the top and bottom surface asymmetry of the leaf
(respectively), is first visible with an asymmetrical development
of the veins, which is more intense on the abaxial part. The geometry of the free space around the developing leaf induces
different packing strategies and shapes [15]. A common one,
as in the case of the avocado tree leaf, is to fold in two with a
flat lamina folded around a curved central vein. During its
expansion outside the bud, the leaf will present globally some
inverse adaxial growth, curving the leaf in the opposite direction and opening the lamina before eventually reaching a
final flat straight state, typically in 10 days (see electronic supplementary material, video S1). During this growth, the leaf
also presents more rapid movements, with typically a circadian
rhythm, and also quicker movements of particular interest: the
leaf curves back and forth across its midrib and flutters its blade
accordingly. We have observed these movements on a wide
range of plants; for example, the oak tree, hazelnut, citrus and
many tropical plants (http://www.msc.univ-paris-diderot.fr/
plant-dynamics/selection/selectionmov.html), including our
case study: the avocado tree Persea americana. In this paper,
we will characterize this phenomenon and investigate the
physical mechanisms involved in this widespread motion.

(article 9)

3.2
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Figure 1. Experimental set-up. (a) A typical view from the two spatially shifted cameras. (b) The corresponding three-dimensional reconstruction. We label as w the
folding angle of the blade and as kk the curvature of the midrib. (c) The corresponding two-dimensional projections. (Online version in colour.)

that a concave (respectively, convex) shape has a positive (respectively, negative) curvature. The folding angle w indicates the
deviation from the flat state, therefore it goes from 08 to 908 when
the leaf goes from flat to completely folded. The sign is defined
to match the curvature definition: it is positive (respectively, negative) if the leaf is folded downwards abaxially (respectively,
upwards adaxially). The complementary angle to the folding
angle is labelled as the opening angle. We also measured Dzg,
which is the vertical position of the barycentre of the midrib,
with respect to the stem, as an indication of the mean position in
space. For quantification of the leaf curvature, one could use
either the local curvature or the total deviation (integration of the
local curvature along the object). Biologically speaking, a flat surface is useful, for example for light capture or for minimizing the
surface, and it is this local property which is meaningful. Therefore,
in this paper, we will define and quantify the so-called ‘flatness’ by
using Gaussian curvature, which is a local property.

3. Experimental results
3.1. Global growth
Figure 2 displays the mean areal growth over the main expansion period. It shows that, even if the shape of the leaf does
seem to change during this process, the average growth is
rather inhomogeneous. Some parts expands much less, in particular the base, which stops growing quickly. On the contrary,
the blade is developing more at the front periphery, which corresponds to a global opening of an originally folded lamina on
a curved midrib.

3.2. Swinging and fluttering
Figure 3 focuses on the typical results obtained for a given point
of the midrib located in the middle of the expansion region, but
note that the same behaviour is observed at the other points.
Midrib local curvature and local folding angle evolution are
plotted as a function of time. To put these results in perspective,
we also plotted in figure 3a the averaged midrib vertical position. One sees clearly the 24 h cycle, which can be ascribed to
the circadian variation of the plant’s turgor pressure, plus a
small perturbation during the night. On the local midrib

curvature, one can see the same circadian oscillation, plus a
complete oscillation during the night (which we call ‘swinging’,
kk changing sign). The small oscillation about the vertical position during the night can thus be ascribed to the effect of
changing the leaf curvature on the average position. On the
local folding angle, we observe the same oscillations as for the
curvature, except that at each change of sign of the curvature
we observe a jump in the angle (which we call the ‘fluterring’,
w changing sign). As qualitatively visible in the preliminary
observation (see electronic supplementary material, video S1),
the midrib curvature is correlated to a global change of concavity of the blade, associated with buckling events for the lamina.
Every time kk changes sign, the whole blade buckles with the
angle w jumping from a typical value of +58 to its opposite.
The same data (folding angle w as a function of kk along time)
are plotted against each other in figure 4. This figure shows a
gap in the folding angle. The essential points are first that the
gap does not appear in the midrib curvature and second that
kk and w otherwise vary proportionally. During the early
days of leaf development when growth is more significant,
movements are ampler and buckling is stronger. Conversely,
when growth tails off with time, buckling becomes more difficult to achieve and eventually disappears (see electronic
supplementary material, videos).

3.3. Gaussian curvature
Figure 5 displays the Gaussian curvature computed for each
marker on the lamina. The error bars indicate the natural standard deviation over the lamina. The inset shows the time
period corresponding to figure 3 and more generally to the
young stage of the leaf: Gaussian curvature is changing periodically while always staying significantly positive. At larger time
scales, Gaussian curvature tends to a smaller and smaller
value, indicating that the leaf is asymptotically going towards
the flat state. Although the surface is growing in time, an estimation of the global angular deviation (defined as the
integration of a typical curvature along a typical length)
remains roughly constant (see electronic supplementary
material, figures S19 and S20). This is only possible because
the Gaussian curvature is decreasing. Note that the finite
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Figure 2. Areal growth measurement on the lamina over three weeks of
development observed on the adaxial part of the leaf. For each triangle,
the growth ratio (Af 2 A0)/A0 has been computed and plotted in colour
scale, A0 and Af being, respectively, the initial and final local area of the
leaf. In the inset, we plot a cross section of the growth ratio as a function
of ‘y’, the transverse dimension for the central region of the lamina, delimited
by the dotted lines. Each cross indicates a ‘triangle’ measurement, the green
line represents the average and the dotted red line is the fit according to
equation (4.3) (see Discussion). (Online version in colour.)
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For comparison of our experimental data, we plot equation (4.1) (with
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of time, for 3 days. The grey areas correspond to night-time. (Online version
in colour.)
time of growth (typically approx. 20 days) does not allow perfectly zero curvature to be reached, therefore a finite but small
residual Gaussian curvature remains at the end of leaf growth.

3.4. Anisotropic growth
From our observations, it is clear that the midrib extends
more in length than in width (see also electronic supplementary material, figure S10). We quantified the order of
magnitude of this ‘anisotropic’ growth of the midrib as the
ratio of the longitudinal strain to the orthogonal strain:
Agrowth ¼ (lk  1)=(l?  1), where lk and l? are the stretches
in the parallel and perpendicular directions, respectively. For
avocado we measured Agrowth  10 (lk  7, and l?  1.5).
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Figure 5. Gaussian curvature of the lamina as a function of time. Curvature has
been computed for vertices all over the leaf by considering the two parts of the
lamina separately in order to exclude the folding angle in the computation. The
error bars in light green represent their standard deviation, while a smoothed
mean is represented by the thick blue line (for raw data, see the electronic supplementary material, figure S19). The inset shows a zoom over the first three
days corresponding to figure 3. (Online version in colour.)

4. Toy models
To clarify the meaning of these results, we compare the development of the leaf with possible non-living unfolding
mechanisms. In this section, we derive three different toy
models. We investigate first the unfolding as a consequence
of pure differential growth in the midrib connected to a passive lamina (model 1), then pure lamina growth (model 2)
and finally an effect of eccentric growth in the midrib on
the local attachment lamina angle (model 3).

4.1. Model 1: unfolding by pure differential growth
without a centro-lateral gradient of in-plane
growth in the lamina
In this model, the motion is induced exclusively by a gradient
of growth perpendicular to the surface of the leaf (in the
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thickness) but with no gradient of in-plane growth. The
difference in growth between the abaxial side and the adaxial
side can either be localized at the vein and imposed on the
lamina or localized in the lamina and imposed on the vein.
The mathematical terminology for this change of shape is
an isometric deformation combined with a homogeneous
dilatation [29]. The leaf, which consists of two thin shells joining along a curved but planar vein, can be idealized by two
surfaces connected along a planar curve, each of them lying
on a different cone; for this simpler geometry, one mode of
isometric deformation with homogeneous dilatation is analytically tractable and the relation of the folding angle to
the midrib curvature can be computed. For thin shells, isometric modes of deformation are known to be the most
economical energetically when they are possible [30,31];
such modes can be typically actuated by deforming a curve
belonging to the shell, such as the midrib in the blade.
A folded leaf can be approximated by a surface with a
one-parameter (r) family of isometric deformations Sr, each
surface being constituted by two blades Sr,1 and Sr,2 situated
on the mirror image of two cones and meeting at the curved
midrib (figure 6):

and
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with R0, R1 strictly positive and r in ]0,1[.
r ¼ Rk/R0 is the dimensionless parameter which quantifies
the ratio between the radius of curvature of the vein situated
between the two blades while the leaf unfolds (Rk) with respect
to its value when the leaf is completely folded (R0). R1 is a conserved geometrical characteristic of the lamina; it corresponds
to the distance between the middle point of the main vein and
the boundaries of the lamina (figure 7).

Figure 7. (a) The flat surface D and (b) the subset of sphere S. Both
surfaces are parametrized by the two parameters r and u.

Given this framework, the folding angle (i.e. the half
apical angle of the cone) w is given by: w ¼ arcsin (r), whereas
the curvature of the vein at the junction of the blade (along
the R ¼ R0 line) is given by kk ¼ 1/(rR0). Therefore, the
folding angle reads as a function of the midrib curvature,
k0
w ¼ arcsin ,
ð4:1Þ
kk
where k0 ¼ 1/R0 is the curvature of the vein when the leaf is
totally folded. This relation would apply in particular to a
passive lamina subjected to the anisotropic growth of the midrib.

4.2. Model 2: unfolding by a centro-lateral gradient
of in-plane growth of the lamina
If the lamina alone is involved in the global flattening of
the leaf, this could be achieved by a centro-lateral gradient
of the in-plane growth. The hypothesis here is to neglect
completely the rigidity of the midrib and to consider only a surface going from curved to flat via pure orthoradial growth.
In this second toy model, we consider the simplest case of a
symmetrical spherical side cap of Gaussian curvature kG.
Mathematically, it is easier to detail the inverse transformation:
let us consider the flat disc D parametrized by the two cylindrical variables (r, u); r [ [0, R], u [ [0, 2p]. In Cartesian
coordinates, and as shown in figure 7, the application F from
the disc D to the subset of sphere S of Gaussian curvature
kG reads
0 1
1
pﬃﬃﬃﬃﬃﬃ
0
1
pﬃﬃﬃﬃ sin ( kG r) cos u
kG
r cos u
B 1
C
pﬃﬃﬃﬃﬃﬃ
C
pﬃﬃﬃﬃ
ð4:2Þ
F:@ r sin u A ! B
@ kG sin ( kG r) sin u A:
pﬃﬃﬃﬃﬃﬃ
0
1
pﬃﬃﬃﬃ ( cos ( kG r)  1)
kG
The result is that the orthoradial metric of the flat
surface which transforms into a part of a sphere is
pﬃﬃﬃﬃﬃﬃ
G ¼ (1=kG ) sin2 (r kG ). Conversely, this means that the
orthoradial growth necessary to flatten the curved sphere of
Gaussian curvature kG verifies the following stretch:
pﬃﬃﬃﬃﬃﬃ
r kG
ð4:3Þ
l(r) ¼
pﬃﬃﬃﬃﬃﬃ :
sin r kG
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Figure 6. (a) (transparent surface) Mirror image of two cones; (green surface) a leaf blade; w, folding angle; R0, radius of curvature of the vein
situated between the two blades when the leaf is completely folded; rR0,
radius of curvature of the vein situated between the two blades while the
leaf unfolds. (b) Successive isometric deformations on the leaf supported
by different cones. (Online version in colour.)
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(a)

^
||

4.3. Model 3: unfolding by anisotropic differential
growth of the midrib alone

h@ t kk=? ¼

(e_1  e_2 )k=?
:
4

ð4:4Þ

As Timoshenko pointed out, the magnitude of the ratio of
the Young modulus does not produce any substantial effect
on the curvature of the strip, which is due to differential
growth only. What enables us to make the link between the
two curvatures is then the relation between the differential
growth longitudinally or perpendically characterized by the
differential growth anisotropy Adiff ¼ ((e_1  e_2 )k )=((e_1  e_2 )? ).
Given a typical length scale ‘ localizing the perpendicular curvature, one can rewrite the equation as a function of the local
lamina folding angle,

@ t 2w
2‘

:
@ t kk Adiff

ð4:5Þ

This equation is another (proportional) prediction of interdependence of the folding angle at the midrib and midrib
curvature.

5. Discussion
During unfolding, the coordination of growth rates over a
whole leaf has to be precisely tuned to avoid overstretching
and tearing of the tissue. However, similar to the morphogenes
in the French flag model that spread from localized sources, the
unfolding impetus might originate in a localized area of the leaf
and propagate over the whole leaf. Unravelling this organization based on kinematics is made possible by both
scrutinizing minute desynchronizations during growth and
comparing growth with simplified mechanical models where
one part of the leaf dominates the other, whose rigidity is
supposed to be nil.

(b)

κ || = 0

•1

h

•2

h

•1 >•2

κ^ = 0

•1
κ|| > 0

•2
κ^ > 0

Figure 8. Bimetallic strip geometry. Two rectangular shapes of a long
dimension ‘k, an orthogonal dimension ‘? and a height h have different
growth rates e_1 and e_2 . A differential in the growth rate will induce both
longitudinal curvature (kk) and perpendicular curvature (k?) of the same
sign. (Online version in colour.)

5.1. Comparison with idealized models
5.1.1. Toy model 1 shows that the lamina cannot be passive
For maize, the unrolling of the midrib has been shown to be
the motor during the unfolding of the leaf [24]; for avocado, it
is natural to start by investigating the first toy model where
the blade is perfectly passive. Equation (4.1) describes what
one can observe by building an artificial leaf (see electronic
supplementary material, figure S11), and trying to induce
its motion by forcing the midrib. When the midrib curvature
is reduced, one observes that the folding angle increases, up
to the point where the two laminae are in contact (w ¼ p/2).
This is the opposite of what is observed in our experimental
data. Indeed, in figure 4, we see that the passive blade
hypothesis calculation is erroneous in two ways: the variation
of the folding angle versus the midrib curvature has the
wrong monotony, and it displays a jump in the local curvature instead of a gap in the folding angle. Pure differential
growth between the sides of the blades or the sides of the
vein cannot describe the unfolding; an in-plane gradient of
growth is necessary.

5.1.2. Toy model 2, alone, is not likely to be compatible
with the reversion of folding
Starting from a globally positive Gaussian curvature (with a fold
around a curved midrib), a decrease in curvature of the midrib,
together with a decrease in the folding angle as observed in
figure 4, corresponds to a global decrease in the Gaussian curvature. This can be achieved only by a relative extension of the
lamina border, far from the midrib, while the lamina near the
midrib remains relatively unchanged. Keeping this relative
extension of the leaf periphery would lead at some point to a
flat leaf, with a null Gaussian curvature. The gradient of inplane growth is imposed by the initial Gaussian curvature. The
inset of figure 2 shows a fit of equation (4.3) with kG ¼ 8.9W 22,
where W is the width of the leaf; for approximately 10 cm the

J. R. Soc. Interface 15: 20170595

Finally, one can consider only the midrib, neglecting completely the rigidity of the lamina. In this case, the lamina is just
seen as a prolongation of the midrib, extending from attachment points on the midrib. In this picture, the opening angle
of the lamina is directly linked to the evolution of these
‘attachment points’. Considered by itself, the motion of
swinging of the midrib can be explained by a differential
growth between the abaxial and the adaxial parts similarly
to a bimetallic strip. But the midrib is three dimensional,
inducing an effect in the perpendicular direction. Therefore
differential growth will induce a change of both longitudinal
curvature of the midrib and perpendicular opening of the
lamina at the same time.
For the sake of simplicity,1 one can consider the midrib to be
analogous to a simple rectangular bimetallic strip. Timoshenko
[32] developed the corresponding theory long ago. One can
adapt it for a midrib made of two components which have
different growth rates e_1 and e_2 , and comparable thickness h
varying slowly compared with the curvatures [33]; then, for
each dimension (k or ?) the kinematic bimetallic strip equation
reads

6
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This toy model shows that the lamina alone can manage to
overcome a given Gaussian curvature kG if an appropriate
centro-lateral gradient of in-plane growth (stretch l(r))
develops in the lamina.

(article 9)
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5.1.3. Toy model 3 reveals under which conditions the midrib
could direct the lamina
1

3
(c)

Figure 9. Gaussian curvature as a function of blade growth: elliptic versus
hyperbolic solutions. (a– c) We represent schematically the growth of a
blade by the edge (green lines) while keeping the midrib at constant
length (red line). On the left side is the projection of the surface, while
the three-dimensional shape is on the right. (a) Gaussian curvature is positive
and the solution is elliptically curved to one side or the other. After growth
(1) we reach a flat state. (b) Flat state: Gaussian curvature is null. If one
reverses growth by extending the midrib (2), we can go back to one of
the two solutions of (a). If growth continues on the edge (3), we get to
(c). (c) Gaussian curvature is negative, and there are two elliptic solutions
(a curved surface, or twisted on the edge). These shapes, most commonly
the first one, can be observed in abnormally grown leaves (see electronic
supplementary material, figure S18). (Online version in colour.)
Gaussian curvature is approximately 1000 m22, which is
consistent with what has been measured in figure 5.
The issue is that, if continued, it would end up in the undulation of this lamina border, with a global Gaussian curvature
becoming negative (figure 9), as observed elsewhere [19,22,34].
But in the case of typical leaves, such as the avocado leaf, the
border does not become wavy, and it eventually becomes
completely flat. During the oscillations, we also observe that
Gaussian curvature always remains positive, as shown in
figure 5. When the midrib curvature changes sign, the folding
angle simultaneously changes sign also. It is still possible that
the lamina extension necessary to bring the global Gaussian
curvature to zero (flat leaf) would then invert its variation to
induce a positive Gaussian curvature again. This requires
inverse growth, where now the lamina near the midrib extends
relatively to the lamina border. This is indeed possible, and

5.2. Midrib is forcing the independent buckling
of the two half-blades
Model 3 suggests that the reversal is monitored by both an
active change of the vein curvature and an increase of the
target opening angle along the midrib: first the target opening
angle is low, having it frustrated, while keeping the half-blades
non-frustrated (close to their natural curvature) is the most
advantageous energetically; at some point, as the target
opening angle increases, the frustration becomes too high

J. R. Soc. Interface 15: 20170595

2

(b)

The brutal change in the folding angle w (figure 4) suggests that
it is directed from outside. During the inversion, the vein
imposes for each half-blade both the position of the border
and the angle of attachment; using the terminology of differential geometry, both the non-free boundary and the tangent
plane at the boundary are imposed. While it is fairly easy to
deform a convex surface isometrically by actuating it along a
non-closed curve [29,35], if the direction of the tangent plane
to the curve is simultaneously imposed and there are no isometric modes of deformation in general, the surface has to be
stretched or compressed to satisfy the boundary conditions.
These conflicting constraints at the boundary are exactly the
ones of our third toy model. Because the length scale ‘ of
equation (4.5) on which the fold is localized is typically the
radius of the midrib, this indicates that the folding angle of
the lamina should vary linearly with the longitudinal curvature of the midrib and that the slope of this variation should
be the order of magnitude of the diameter of the midrib. In
the experiment (figure 4), we indeed observed a linear dependence of the folding angle as a function of the midrib curvature
even if there was a jump at the buckling event. The anisotropy
of differential growth necessary to reproduce the data can be
estimated as Adiff  0:1 (see figure 4 and electronic supplementary material, figure S15). Although it was proposed
that cells have independent growth mechanisms in different
directions [36], this measure is much lower than the anisotropy
Agrowth of in-plane growth of the vein measured
experimentally.
Still, the fact that the folding angle of the lamina follows
qualitatively the variation in the connection angle makes the
midrib a good candidate to direct the global opening of
the whole lamina. Qualitative consistency of this scenario can
be demonstrated by experimental cuts at strategic times in
the development of the leaf: different curvatures at different
places induce different folding angles (see electronic supplementary material, figure S17). The proposed mechanism is
reminiscent of what has been observed previously in the the
maple bud, where both lamina folds and longitudinal curvature of the midrib are associated with an asymmetric midrib
growth, the abaxial side growing much more than the adaxial
one [16]; similarly, the reverse motion when the avocado leaf
unfolds, with its fluttering oscillation, would result in reverse
and oscillating asymmetric growth between the adaxial–abaxial
sides of the midrib.
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even necessary, but it would be very lucky that it would fold
each time on the opposite side: it could fold again on the original side, keeping the midrib curvature with the same sign.
Therefore, this mechanism, alone, is unlikely.

(a)
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Quantitatively, growth-induced motions are limited by the
poroelastic time scale [7–9]. When the time constant of a
phenomenon is greater than the poroelastic limit, it is always
induced by growth, while if the time constant is less it is necessarily an accelerated event induced either by buckling or by other
mechanical instability. For a typical plant tissue of size L, Forterre et al. estimated the poroelastic time scale to vary with
tissue size as tp  0.077  109 m2 s21  L 2 [7]. In our case, the
midrib with size of a few millimetres evolves in a few hours,
which is very slow compared with the poroelastic limit
(t(3mm)  10 min). On the contrary, the lamina with size of
approximately 1 mm flutters very fast (approx. 18 min21;
figure 3), flirting with or crossing the poroelastic limit
(t(1mm)  80 s).
This demonstrates that the midrib curvature changes with
growth, whereas the lamina takes advantage of a mechanical
phenomenon, such as buckling instability, to flutter fast.
Figure 4 shows that the midrib curvature not only changes
sign but also does it continuously, while the blade folding
angle shows a jump. Together with the time scales, this indicates that the midrib changes shape with inhomogeneous
growth, while the blade is forced by this midrib into fast buckling. In this picture, the lamina, at least during the duration of
the buckling, is acting passively, although at a longer time scale
the deformations that it undergoes could act as a guide and
incentive for the variation in its growth.

5.3. Mechanosensitivity
5.3.1. Feedback
It is now well established that growth is strongly dependent on
the local mechanics of the tissue (see, for example, [38,39] for
recent reviews or [40] for recent results on the rheology of
leaves). Here, the contrasting movement between the natural
closure of the lamina when the midrib curvature is reduced
and the opposite opening angle at the contact with the
midrib will create a local stress. This stress must induce a
local growth reaction to release it, reopening the angle locally.
We can then imagine that such a local reaction propagates in
the lamina so that finally the whole lamina is expanding,
especially at its periphery.
This is a remarkable phenomenon: by some means, the
midrib manages to mechanically direct the lamina at a distance
to remain oscillating between an enhanced growth at the periphery (state (1) of the scenario discussed in figure 9) and an
enhanced growth at the midrib (respectively, state (2)), in a
very controlled way through the angles at the boundary.
By doing so, it forces the leaf to change its global Gaussian

5.3.2. Influence of gravity
As described in the results section, the buckling events disappear after some time. One could ask if it is harder to move the
leaf due to its increasing weight. Let us consider a leaf extending
to a typical size L, its surface being S and its thickness being h.
The simplest scaling for Gaussian curvature is kG / 1/L 2. The
bending energy involved in buckling scales as Ebending /SEh 3kG.
On the other hand, the gravitational potential energy scales as
Egravity /Shr V gL, where r V is the volumetric mass density of
the leaf and g is the gravitational field. Overall, the ratio of the
two energies reads Egravity/Ebending / L 3r Vg/(Eh2). The two
pﬃ Eh2
terms become comparable only for a critical value ½3 V .
r g
For typical plant values (E  300 MPa [41], h  1 mm, r V  103
kg .m23), which gives Lc 30 cm.
This scaling argument indicates that the weight can be
neglected in most of the development as the size of the leaf
is often significantly smaller than Lc.
The combination of increasing length and the reduction in
the Gaussian curvature makes the two energetic terms of bending and gravity comparable at the end of development as the
full size of a leaf approaches Lc. This could potentially explain
the tailing off observed in the buckling events at the end of the
growth period, although we still believe it is most probably primarily due to a decrease in available energy as the growth
process is also progressively stopping.

5.3.3. Absence of oscillations in tortuous plants
The relation of the oscillations to the convergence towards a flat
state can be checked in the special case of tortuous plants, and
in particular the twisting hazel. The simple folding in two
leaves of the hazel plant presents the same typical motions of
the avocado leaf (see electronic supplementary material,
video S3, or online videos (http://www.arkive.org/
hazel/corylus-avellana/video-04.html)). However, in the
case of twisting plants none of these oscillations are observed.
Only a constant opening is observed, leading finally to a nonflat leaf, interestingly still with a positive Gaussian curvature
(see electronic supplementary material, video S4). Another
argument is given by the observation of an avocado leaf
constrained by a too large midrib curvature; this leaf could
not achieve buckling movements and ended up exhibiting
an undulated, negative Gaussian curvature surface at its
periphery (see electronic supplementary material, figure S16).

6. Conclusion
In conclusion, we have revealed the typical motion observed in
young growing simple leaves, which seems common to many
species. The blade flutters as a consequence of the directing
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5.2.1. Time scales

curvature, which would remain the same if the lamina was
passive, first by decreasing it (1) and then increasing it again
(2). As the oscillation of the curvature reduces in time, so
does the oscillation in the inhomogeneous growth of the
lamina, around the symmetric flat state. This decreasing oscillation of the curvature is thus an efficient conducting signal to
get closer and closer to a flat surface, as observed in figure 5.
Interestingly, the folding angle also decreases slightly as a function of time (see electronic supplementary material, figure S21).
Although of minor magnitude, this is another contribution to
the final flatness of the leaf.

rsif.royalsocietypublishing.org

and another equivalently energetic solution arises corresponding to an inverted frustrated half-blade and a non-frustrated
opening angle; the jump from one equivalent configuration
to the other is called buckling. In the case of the buckling of Dionaea muscipula, Forterre et al. [10] developed a toy model
illustrating the balance between bending and stretching. Similarly, here, we have a balance between stretching, bending and
target opening angle frustration. The typical deformation of the
pﬃﬃﬃﬃﬃﬃ
blade at the transition is h kG ≃ (0:1 cm)=(5 cm) ¼ 0:02, where
h is the typical thickness of the blade [37]. As the deformations
are quite small, it makes them difficult to measure experimentally; only the time scales of the movement can be compared
with the theoretical predictions.
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1

Although a biologically realistic geometry of the midrib can be modelled rigorously through conformal mapping (see electronic
supplementary material), we discuss here the pedagogical case of
the bimetallic strip (figure 8). In the electronic supplementary
material, we also prove that the two approaches are equivalent.
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motion of the midrib, which swings back and forth. The main
observations are buckling events, the proportionality of the
opening angle to the midrib curvature and the convergence
of the leaf towards a flat state without undulation at its periphery. We provide a parsimonious understanding of these
motions as a periodic asymmetric growth of the midrib,
directing a periodic inhomogeneous growth of the lamina,
enhanced first at the periphery during the opening of the leaf
and then near the midrib during the closing. This inhomogeneous growth is controlled by the midrib via geometry and
locally induced stresses at the connecting angle. This mechanism is parsimonious as it derives only from the reversal of the
motions observed in the first formation of the leaf inside the
bud. This is an interesting mechanism that provides plants
with the opportunity to achieve their posture regulation by
combining the joint goals of flattening the blade surface and
straightening the midrib line, in order to reach a final flat shape.
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Perspective : modèle
Nous sommes en train de développer un modèle théorique très simplifié (non publié
encore) pour discriminer les différentes hypothèses de croissance qui pourraient reproduire le
mouvement très stéréotypé de battement d’aile.
Description Nous commençons par un modèle sans croissance globale. Bien sûr les
mouvements sont le résultat de croissances différentielles, mais l’on suppose que ces
croissance différentielles sont possibles, tout en ayant une croissance globale négligeable.

-

-

-

--

-

Figure 3.4 – Représentation schématique de la feuille. Vue en 3D, dans le plan (x, z), puis
dans le plan (y, z)
La figure 3.4 montre la paramétrisation de notre feuille : Un polygone OABCD représentant
une surface plane par morceaux dans l’espace 3D (Les points C et D sont les symétriques de
A et B, de sorte que notre feuille est bi-symétrique par miroir selon les axes x et y). Dans
un premier temps les longueurs OA = a et OB = b ne changent pas, donc la feuille est
entièrement définie par les deux angles θ et φ qui correspondent respectivement à la courbure
long de la veine centrale, et à l’angle de repliement du limbe.
Les coordonnées de A et B s’écrivent :
→
−
A = (a cos θ, 0, a sin θ)
→
−
B = (0, b cos φ, b sin φ)
p−→
On définit la longueur du limbe ` = AB 2

(3.8)
(3.9)

Équations La longueur du limbe dépend des deux paramètres θ et φ
`(θ, φ) =

p
a2 + b2 − 2ab sin θ sin φ

(3.10)
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et l’évolution temporelle suit :
sin θ cos φφ̇ + sin φ cos θθ̇
˙ φ) = −ab p
`(θ,
a2 + b2 − 2ab sin θ sin φ

(3.11)

En négligeant l’inertie et l’élasticité pour φ, le lagrangien L ainsi que la fonction de Rayleigh
FRa s’écrivent :


L = − 21 k θ (θ − θ0 )2 − 21 k φ (φ − φ0 )2 − 12 k ` (`(θ, φ) − `0 )2
1 ˙
α`(θ, φ)2
FRa =
2

(3.12)

où k θ , k φ et k ` sont les constantes élastiques correspondant respectivement à la courbure
de la veine centrale, à l’angle d’attachement du limbe au niveau de la veine centrale, et à
l’extensibilité du limbe. α est un paramètre typique de la viscosité du limbe.
Pour chaque coordonnée généralisée qi ∈ {θ, φ}, les équations d’Euler-Lagrange
s’écrivent
∂FRa
d ∂L ∂L
−
=−
(3.13)
dt ∂ q˙i ∂qi
∂ q˙i
On obtient donc le système suivant :
(
˙
0
k θ (θ − θ0 ) − abk ` `−`
sin φ cos θ + α`˙ ∂∂θ̇` = 0
`
˙
0
k φ (φ − φ0 ) − abk ` `−`
sin θ cos φ + α`˙ ∂∂φ̇` = 0
`

(3.14)

Implémentation Les dérivées temporelles sont traitées de façon explicite, et à chaque pas de
temps, le couple (θ(t + dt), φ(t + dt)) est obtenu à partir de (θ(t), φ(t)) par résolution
numérique du système 3.14. Bien entendu, une loi de comportement doit être définie pour
les paramètres intrinsèques θ0 et φ0 (ainsi que pour `0 , pour d’éventuelles hypothèses de
mécanosensibilité)
Résultats préliminaires La figure 3.5 montre la preuve de concept de notre algorithme. Elle
représente une simulation où la veine centrale oscille (changement périodique de sa courbure
naturelle représentée par θ0 )). Le reste de la feuille est supposé suivre passivement. On ne
considère pas qu’il y ait la moindre élasticité au niveau de l’attachement du limbe : k φ = 0,
et donc la valeur de φ0 n’est pas pertinente (choisie arbitrairement à φ0 = 0).
Notre modèle recouvre donc bien le comportement prévu pour une feuille passive élastique
décrite dans notre papier[179]. La courbure de Gauss est conservée, et la croissance de la
courbure longitudinale entraı̂ne une décroissance de la courbure orthogonale. Reste désormais
à explorer ce modèle pour discriminer entre différentes hypothèses de mécanosensibilité. Ce
modèle est une première étape avant des modèles plus raffinés (à la fois numériquement et
dans le détail du champ de croissance, voir section 4.1.3.
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Figure 3.5 – Simulations effectuées pour le modèle sans croissance (a, b constants) et sans
viscosité (α = 0). Les valeurs élastiques choisies sont : k θ = 10, k φ = 0 et k ` = 10.

Figure 3.6 – Le carambolier (Averrhoa carambola). Gauche : l’arbre, la fleur, le fruit. Droite : la
feuille. D’après [131].
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Figure 3.7 – Les mouvements de Averrhoa carambola. Gauche : le mouvement lent
(environ 17h entre chaque image) de déploiement de la feuille (dans le plan principal).
Droite : le mouvement rapide (15 minutes entre chaque image) de nutation (hors du
plan principal). Les vidéos correspondantes à ces mouvements sont consultables en ligne
à cette adresse : http://www.msc.univ-paris-diderot.fr/~plant-dynamics/
presentations/Julien_Derr_GDR_PhyP_Montpellier_2018.html#3-0
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Présentation de Averrhoa carambola
Cette plante tropicale originaire d’Asie du sud-est s’est progressivement imposée dans le
paysage du laboratoire, principalement du fait de l’intérêt que nous avons porté à l’amplitude
remarquable de ses mouvements. J’en profite ici pour remercier les nombreux étudiantEs qui
ont contribué à son étude. Amina Saadani a effectué les premières observations 17 . Yoann
Corre a réalisé les premières comparaisons en absence de gravité moyenne 18 . Léa Laffond
a entrepris les premiers suivis de la nutation. Baptiste Rouger et Kenza Zahar ont récemment
démarré des expériences de contrôle en température. Mais je veux surtout rendre hommage
à la contribution considérable de Mathieu Rivière 19 qui a dédié sa thèse à ce sujet[131]. La
plupart des résultats présentés ici sont le fruit de son travail.
La figure 3.7 montre les deux types de mouvement que l’on a observé chez Averrhoa
carambola. Un mouvement lent (qui s’étale sur plusieurs journées) de déploiement de la feuille.
Ce mouvement s’effectue quasiment dans le plan principal de la feuille. Un second mouvement
beaucoup plus rapide montre une oscillation périodique (période de l’ordre de 2 heures) du
rachis hors du plan de droite à gauche. Ce mouvement est appelé nutation[130].
Dans les deux sections suivantes, nous détaillons l’un après l’autre les deux mouvements : le
déroulement de la feuille dans le plan (sous la forme d’un article) et le phénomène d’oscillation
hors du plan, nutation (section rédigée en anglais).
Mouvement de déroulement de la feuille
La forme du crochet lors du déploiement de la feuille résulte d’une régulation active de la
plante. Ce résultat a été accepté pour publication dans Journal of Experimental Botany le 11
août 2020. Nous avons reproduit page 152 le préprint
— Rivière M, Corre Y, Peaucelle A, Derr J, Douady S. Hook shape of growing leaves results
from an active regulation. Journal of Experimental Botany (2020).

17. Le rapport de stage est disponible ici : http://www.msc.univ-paris-diderot.fr/
plant-dynamics/rapports/Amina_Saadani.pdf
~
18. Le rapport de stage est disponible ici : http://www.msc.univ-paris-diderot.fr/
plant-dynamics/rapports/Yoann_Corre.pdf
~
19. https://mathieuriviere.github.io/
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Abstract
The rachis of most growing compound leaves observed in nature exhibits a stereotypical hook shape. In this study, we
focus on the canonical case of Averrhoa carambola. Combining kinematics and mechanical investigation, we characterize this hook shape and shed light on its establishment and maintenance. We show quantitatively that the hook
shape is a conserved bent zone propagating at constant velocity and constant distance from the apex throughout
development. A simple mechanical test reveals non-zero intrinsic curvature profiles for the rachis during its growth,
indicating that the hook shape is actively regulated. We show a robust spatial organization of growth, curvature, rigidity, and lignification, and their interplay. Regulatory processes appear to be specifically localized: in particular, differential growth occurs where the elongation rate drops. Finally, impairing the graviception of the leaf on a clinostat
led to reduced hook curvature but not to its loss. Altogether, our results suggest a role for proprioception in the regulation of the leaf hook shape, likely mediated via mechanical strain.
Keywords: Biomechanics, gravitropism, kinematics, leaf development, plant morphogenesis, plant movement, posture
regulation.

Introduction
Plants display an impressive variety of shapes. This diversity
can be observed across different species or organs. Single organs may have different shapes during their development. In
this wide diversity of shapes, some are notable because of their
ubiquity. Ubiquitous shapes are of particular interest when
observed at developmental stages. Since there is a strong and
intimate link between the shape of a developing organ and its
growth kinematics, such ubiquitous shapes could suggest the
existence of shared processes of shape and growth regulation
among species.
The apical hook is a good example of such a shape. It consists
of a marked downward bending of growing organs near their

tip.The term “apical hook” is usually associated with the hypocotyls of dicots. However, many stems with opposite phyllotaxis
and pinnate or bipinnate leaves also display such a curvature
(Fig. 1).The growing fronds of some ferns, Cycas or Drosera spp.
exhibit an even more exaggerated curvature at the apical end of
their fronds, referred to as circinate vernation. In each case, the
hook is associated with a characteristic opening or unfurling
motion, which goes on until the entire organ reaches its mature
state (Silk and Erickson, 1978; Rivière et al., 2017).
The apical hook has mostly been studied in hypocotyls since
the founding work of Charles and Francis Darwin (Darwin
and Darwin, 1880). It has since remained “one of the favorite

© The Author(s) 2020. Published by Oxford University Press on behalf of the Society for Experimental Biology. All rights reserved.
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Fig. 1. The typical hook shape of the rachis found in growing compound leaves illustrated in six different genera: (A) Calliandra haematocephala, (B)
Sindora wallichii, (C) Amorpha fruticosa, (D) Juglans regia, (E) Murraya koenigii, (F) Averrhoa carambola, the plant model in this study. Images (B) and (C)
are taken from the supplementary information of Rivière et al., 2017. Motions of leaves and stems, from growth to potential use. Physical Biology 14,
051001. © IOP Publishing. Reproduced with permission. More examples can also be seen therein. (This figure is available in colour at JXB online.)

experimental models to study the regulation of differential
growth” (Abbas et al., 2013) and up until now has remained an
active domain of research. This study focuses on the growing
compound leaf of Averrhoa carambola—whose leaves are oddpinnate and display a marked curvature during their development—in which, as far as we know, the hook shape has not
been characterized. This study originates in a naive observation—that growing compound leaves appear to droop under
their own weight—and aims to discover whether this is true.
The shape of the leaf could be the result of a passive bending
under the action of the leaf ’s own weight (self-weight). The
mechanics of the organ would then dictate the final shape.
These mechanical properties do indeed change during growth.
For instance, it is well known that, like stems, compound
leaves undergo a strong rigidification through lignification
in the course of their development (Rüggeberg et al., 2008).
However, Moulia et al. (1994) have shown that self-weight had
a relatively limited impact on the shape of mature maize leaves,
as it contributed to one-third of their curvature. This raises the
questions of whether this applies to developing leaves and, if so,
whether it applies at all developmental stages.
If this is the case, the hook could be the result of some active
posture-regulation process. Plants can actively trigger growthdriven motions, called tropisms, to adapt their posture, following
certain external cues. Gravity and light are two obvious external cues that are regularly proposed to explain plant shaping
(Duchemin et al., 2018). However, Bastien et al. (2013, 2015) have
highlighted the importance of proprioception and autotropism
in posture-regulation processes. The latter works have recently
inspired a model for the development of stem-like organs

(Chelakkot and Mahadevan, 2017). The model, which involves
gravitropism, autotropism, and elasticity, could reproduce many
different realistic shapes, suggesting that the combination of these
three parameters summarizes posture-regulation processes. In
the hypothesis of active regulation, the question of the regulated
quantity immediately arises—that is, whether it is the curvature
of the hook that is regulated, or rather the intrinsic curvature that
it would have without gravity.
Here, the hook shape naturally leads to questions about the
role of graviception and self-weight. In this paper we investigate experimentally the nature of the hook by combining a
kinematics study with a simple yet rich mechanical test: the
“flipping test”.

Materials and methods
Culture conditions for Averrhoa carambola plants
Averrhoa carambola seeds obtained from commercially available star fruit
were grown in a small laboratory greenhouse. When sufficiently developed and robust, they were moved inside the experimentation room and
provided with a 12 h/12 h light/dark cycle under regular culture lighting
lamps (ORTICA 200 W 2700 K, 9000 lumen). The temperature of the
room ranged from 20 °C to 24 °C, and relative humidity was approximately 60%.
Geometrical framework
Developing leaves were observed from the side so that images were
in the plane of the hook. Each rachis was reduced to its midline and
characterized within the geometrical framework depicted in Fig. 2.We
defined a global right-handed Cartesian coordinate system (ex,ey,ez)
where ez indicates the downward vertical. The plane of interest is
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defined by (ex,ez) and we will refer to it as the principal plane. We
defined t, a local tangent vector to the rachis. The local orientation θ
of the rachis is then given by θ=(–ez,t). We labelled the curvature of
the rachis in the plane of the hook K// (in m–1 or mm–1). The longitudinal coordinate is given by the arc length s from base to apex (in
cm). Alternatively, it can be defined from the apex to the base and is
then labelled sA. Finally, we measured the local radius R of the rachis
(in mm).

Growth kinematics
We obtained data on the growth kinematics with time-lapse photography. The plant was placed so that the principal plane (ex,ez) would
be orthogonal to the optical axis of the camera (Canon EOS 1000D).
A digital photograph was taken every 10 minutes.
The elongation of the leaflet was measured by tracking the position of
the leaflets. The change in the relative position of two successive leaflets
provides a rough quantification of the strain rate (or relative elongation
rate) of the rachis. The trajectories of the leaflets were approximated to
obtain a smoother estimation of the strain rate (Supplementary Fig. S2).
Finally, the complete strain rate field could be estimated by linear interpolation along the rachis, between leaflets (Supplementary Fig. S3).

The flexural rigidity B is furthermore related to the Young’s modulus E
of the considered material by B=EI, where I is the second moment of
area of the considered object. Since B and K0 are intrinsic properties of
the rachis, it can be seen from equation (1) that only two conformations
of the rachis are needed to evaluate them. This was made possible by
using the “up” and “down” orientations of the leaf during an experiment.
In our case, the self-weight of the rachis was the only mechanical action, and we ignored the weight of the leaflets (as described above). The
magnitude of the self-weight at any point of the rachis was estimated by
measuring the radius R of the rachis and with a cylindrical approximation
of the geometry of the rachis. The intensity of the corresponding torque
could then be obtained by spatially integrating the normal component
of the self-weight:



Fig. 2. Geometrical and mechanical quantities describing the subject of
this study. We set our parametrization in the plane (ex,ez) parallel to the
hook (side view). The rachis is described by its arc length s (from base to
apex) or sA (from apex to base). The local orientation of the rachis is given
by θ=(–ez,t), where t is the vector tangent to the rachis. The local curvature
is given by K//. Consider P, the weight applied at any point of the rachis. It
is always possible to decompose P into the sum of two forces, T and N,
respectively tangent and normal to the rachis. The sign convention for an
arbitrary torque is indicated. (This figure is available in colour at JXB online.)

Γ (s) =

ˆs

0

N (sA ) dsA =

ˆs

ρgπR2 (sA ) sin θ (sA ) dsA

(2)

0

The flipping test
For the flipping test, a plant with a growing leaf was firmly fixed on to
a vertical clinostat (a rotating device usually used to disrupt gravisensing
in plants). The clinostat was used to safely and consistently flip the plant
upside down (i.e. a rotation of 180°) in 15–20 seconds. The other leaves
were gently tied to the stem to prevent them from hiding the leaf of
interest when the plant was flipped. Leaves were maintained in the upside
down position for 30 min and then released to their ordinary orientation.This simple “flipping” procedure was repeated on 5 consecutive days
throughout the development of the leaf.
Despite its quite long duration, the daily flipping procedure was not
expected to cause measurable gravitropic motions within the timescale of
the experiment. First, the “sine law” states that the rate of the gravitropic
response of a plant is proportional to the sine of the presentation angle
(Sachs, 1882; Chauvet et al., 2016). With our experimental conditions,
dK/dṫ~sin(180°)=0, that is, the gravitropic response would be initially
slow. Second, because we waited 24 h between measurements, we considered it safe to assume that the plant was at its gravitropic setpoint angle.
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Geometrical characterization of the rachis
The midline of the rachis was extracted with an algorithm based on
Voronoi diagrams previously developed in the research team (for more
details see Couturier et al., 2009). This technique has already proven efficient on cylindrical plant organs and is available as a MATLAB toolbox
(Bastien et al., 2016). In the case of compound leaves, however, leaflets
make using Voronoi-based algorithms more difficult. Because they conceal a significant portion of the rachis and are of the same color, they
considerably affect the shape of the retrieved skeleton. Depending on the
experiment, additional procedures were necessary to retrieve the shape
of the rachis.
In experiments where the number of involved pictures was low (see
The flipping test, below), the leaflets were manually removed from the
pictures by using image editing software (GIMP; https://www.gimp.
org/). It was then possible to use our algorithm on the edited images.
In other experiments where the number of pictures was too high (see
Growth kinematics, below), the midline processing was split into two
steps. First, an erroneous midline was extracted using our Voronoi-based
algorithm. Second, the midline was fitted with a set of Bézier curves.This
procedure removed the errors due to the leaflets (see Supplementary Fig.
S1 at JXB online).

Mechanical quantifications and measurements
In some previous studies interested in quantifying the mechanical properties of plant organs, the authors would actively bend the organs of interest
(Beusmans and Silk, 1988; Silk and Beusmans, 1988; Moulia et al., 1994)
using loads. Here, we did not affect the load, but rather reversed the action of the self-weight on the leaf.To extract the mechanical properties of
the rachis, we then used beam theory (Silk and Beusmans, 1988). Several
approximations were required. First, the section of the rachis was assumed
to be circular. We also assumed that it was of homogeneous density and
isotropic mechanical properties. A reasonable approximation is  =1 kg
m–3, typical of most biological soft tissues. At early stages of hook formation, we quantified the relative contribution of the leaflets to be less than
15% of the total weight. Leaflets contributing to the torque are those
closer to the apex and are also the smallest.Their contribution to the total
torque is thus even less than 15%. Therefore, we neglected the mechanical action of the leaflets in this study. A separate experiment performed
after ablation of the leaflets confirmed qualitatively that the presence of
leaflets did not change the shape of the hook (Supplementary Fig. S4).
Finally, the values of R were quite sensitive to the presence of trichomes.
We noticed that for each time step of our experiment the spatial profile
of radii was approximately linear and steady. We thus performed a linear
regression over all the collected values of R and used the fitted values in
subsequent calculations.
Beam theory allows linkage of the torque, or moment of force, Γ applied on a beam to its flexural rigidity B, its curvature K//, and its intrinsic curvature K0 [see equation (1); Feynman et al., 1964]. In this study
Γ is expressed in N∙m and B in N∙m2.The intrinsic curvature corresponds
to the “natural” or “rest-state” curvature of a structure, when it is undergoing no mechanical action.


Γ (s) = B (s) K// (s) − K0 (s)

(1)
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B (s) =

K0 (s) =

Γ (s) − Γ∗ (s)
K// (s) − K ∗ // (s)

∗
K// (s) + K//
(s)

2

−

Γ (s) + Γ ∗ (s)
2B (s)

(3)

(4)

where the asterisked quantities refer to the flipped conformation of the
rachis (see Supplementary Fig. S5 and the associated calculations for a
more detailed derivation). Note from equation (3) that B is inversely
∗
. In stiff regions, ∆K → 0 and the
proportional to ∆K = K// − K//
error on ∆K is of the same order of magnitude as ∆K itself. For this
reason, we will only discuss the orders of magnitude of B in this paper.
We repeated the flipping and imaging procedure for 5 days on the same
leaf in order to demonstrate the changes in these mechanical profiles
throughout its development.

rachis: a bent zone and a straight zone. The straight zone becomes progressively longer, while the apical end of the hook
remains bent. This is why this process is often referred to as
“hook maintenance” in the literature (Abbas et al., 2013). This
hook maintenance results in the translation of the hook away
from the base (often compared to a “fountain”; Silk, 1984).
From t=110 h, the position of the bent zone with respect to
the apex is almost constant. Alternatively, in the frame attached
to the apex, the bent zone remains roughly stationary. Its position sbz is linearly fitted with a dotted line in Fig. 4 with
slope v=~1.3 mm h–1. This unfurling motion persists until the
developing leaf reaches complete straightness. Note that here
we considered that the motion is purely two-dimensional.
However, the length of the rachis actually shows some degree
of oscillation in Fig. 4. This corresponds to curvature oscillations orthogonal to the principal plane, usually referred to as
nutation (Rivière et al., 2017). Here, we disregarded nutation
as its amplitude is negligible compared with the unfurling motion. However, the emergence of the final shape is a continuous
and three-dimensional phenomenon. Splitting this process into
several motions is convenient but remains a convention. We
will address nutation in a future study.
Colocalization of growth and bending

Results
Steady propagation of a fixed-length bent zone
The main developmental steps of an A. carambola leaf over the
course of 15 days are presented in Supplementary Video S1.
The step on which this study focuses is shown over 6 days in
Fig. 3.The development begins at the apex of the main stem. At
first, the leaf is rather straight with only an adaxial curvature at
its tip. (The details of this tip curvature goes beyond the scope
of this paper, but some more experimental data are available
at http://www.msc.univ-paris-diderot.fr/~plant-dynamics/
review/labo/carambole/carambole_reversing.html.) As the
leaf grows, an abaxial curvature slowly builds up closer to the
base, which eventually establishes the hook shape we investigate in this paper (Rivière, 2017). Note that in certain cases, a
remainder of the early adaxial curvature persists at the very tip
of the leaf (this can be partially seen in the developing left leaf
in Fig. 3). Once the hook shape is established (from day 10 onwards in Supplementary Video S1), it propagates from the base
of the leaf to the apex while the leaf continues expanding.This
phase, referred to as hook maintenance or unfurling motion, is
shown in Fig. 3.
We quantified the unfurling motion by tracking the curvature K// both in space (along the rachis) and in time, and
represented it in a spatiotemporal diagram (see Fig. 4). We
smoothed the profiles of K//(t) using a moving average of 5 h.
Fig. 4 shows two successive phases in the motion. From t=0 h
to 70 h, the rachis is curved. The curvature decreases along the
rachis to end with negative values at the apex. This first phase
corresponds to the end of the establishment of the hook shape.
Then, from t=100 h, the signature of the straightening, unfurling motion with unbending of the basal end of the hook
is evident. It is now possible to distinguish two zones on the

The trajectories of the leaflets fitted well to a logistic-like
curve (Supplementary Fig. S2), giving a good indication of
the growth field. For each of the leaflets, its displacement
always takes place in the previously defined bent zone (see
Fig. 4). For instance, the interfoliolar segment defined by trajectories 1 and 2 goes through an elongation phase between
t=0 h and t=~120 h before reaching its final length. Then, the
closer to the apex, the later a given interfoliolar segment begins its elongation phase and reaches its final length. The most
striking observation of this colocalization is the fact that the
leaflet’s trajectory becomes completely vertical (meaning no
growth) once it arrives in the zone sA > sbz (no curvature).
Conversely, in the curved regionsA < sbz, the leaflets’ trajectories are evolving in time, corresponding to a growth zone
(Supplementary Fig. S3). These results show that the bending
zone and the growth zone coincide.
Contribution of self-weight to shape is negligible at the
earliest stages
Fig. 5 shows the results of the “flipping” experiment obtained
with a single young leaf. As described in the Materials and
methods, in this experiment the leaflet is flipped upside down
(i.e. rotated 180°) in 15–20 seconds. Photographs are taken
before the leaflet is flipped (Fig. 5A) and as soon as the 180°
rotation is complete, when the leaflet is upside down (Fig. 5B).
To facilitate comparison, in Fig. 5C, Fig. 5B has been rotated
and overlaid on Fig. 5A by maximum intensity projection. As is
evident in Fig. 5C, the shape of the rachis barely changes when
the leaf is flipped over. As expected, the rachis as a whole is
slightly displaced upwards. However, this displacement is small;
it is negligible in comparison with the total length of the rachis, and smaller than its radius.
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Thus, we did not expect any ongoing gravitropic response to affect our
measurements. We checked that the development of “flipped” plants was
not severely affected by comparing them with undisturbed plants. Some
slow viscous relaxation of the plant is expected to appear after each conformation change; in the present study, we considered it to be negligible
(Rivière, 2017).
After having retrieved Γ and K// for each of the two conformations
(normal and flipped) through our image analysis, we could access the spatial profiles of the intrinsic mechanical parameters defined earlier, B and
K0 . At each point of the rachis:
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The same flipping experiment was repeated daily for 5 days
on the same leaf (Fig. 6A). This experiment showed that the
deformation of the rachis due to the flipping increased during
the course of leaf development, as the length and weight of the
leaf increased. To quantify this effect, the intrinsic curvature
K0 and the flexural rigidity B were calculated for each repetition of the flipping experiment, and the results are shown in
Fig. 6B and Fig. 6C, respectively.
Intrinsic curvature profiles for growing leaves
Fig. 6B shows the intrinsic curvature near the apex. It also shows
that the intrinsic curvature is maintained throughout growth,
albeit with a decreasing intensity and increasing extent. At first,
the intrinsic curvature is large (K0 =240 m–1) but it then drops to

140 m–1 in 1 day and continues decreasing, but this is somewhat
compensated by the increase in the length of the curved region.
As a result, the hook gets larger while keeping a nearly constant
vertical downward angle at the apex (Supplementary Fig. S6).
The flexural rigidity profile appears to be steady in time
Fig. 6C shows the spatial profiles of the flexural rigidity B for
each day of the experiment. B varies over two to three orders of magnitude; most values lie between 10–7 N.m2 and 10–4
N.m2. There is a visible tendency in the profile of B: the flexural rigidity strongly increases from apex to base. In contrast
with K0 , all the B profiles are collapsing on a single “master
curve”. In other words, the profile of B does not vary much for
the duration of the experiment.
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Fig. 3. Unfurling motion or hook maintenance in Averrhoa carambola. The development of a leaf is shown over 6 days (one picture per day) spanning
days 10–15 of leaf development. After the large-scale hook shape is established, it gradually shifts as the leaf grows. Eventually, the hook will open and
the rachis of the leaf will flatten out. The whole development of the leaf, including the establishment of the hook shape, can be seen in Supplementary
Video S1. (This figure is available in colour at JXB online.)
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Deformation due to gravity is maximal downstream of
the bending zone
Based on the previously measured and derived quantities,
we calculated K//–K0 , the contribution of gravity to curvature of the leaf in regular conditions. Fig. 6D shows K//–K0
normalized by its maximum. After a shift near the beginning,

t = 126 h

this profile also tends toward a constant shape and localization.
K//–K0 is proportional to the elastic strain of the rachis under
its own weight. Remarkably, the maximum of K//–K0 is set
in a zone of decreasing K//, even when a steady profile is not
reached (see Fig. 6D inset, hatched zone).
The hook shape persists even with disrupted
graviception
By using a clinostat, we compared the development of leaves
grown with impaired graviception with that of leaves growing
in a constant gravity field. The spatiotemporal graphs of K//
for leaves grown in the two conditions are shown in Fig. 7. For
a leaf grown in regular conditions (Fig. 7A), the typical behavior of the unfurling motion described above is evident. In
particular, there is a well-defined bending zone near the apex.
For a leaf grown on the clinostat (Fig. 7B), a bending zone
also exists; its propagation is qualitatively comparable to the
propagation of the bending zone of the leaf grown in under
regular conditions. Downstream of the bending zone, the rachis tends to become progressively flatter, just as in the leaf
grown in regular conditions. However, the mean curvature of
the bending zone is significantly lower for the leaf grown on
the clinostat (typically 2- to 3-fold less than for the leaf grown
in regular conditions).

Discussion
The hook shape is actively established and maintained

Fig. 4. A typical spatiotemporal diagram of the rachis curvature K//. Note
that here we use the regular arc length s to emphasize the growth of the
leaf. On the right side of the diagram, the solid black line indicates the
total observed length L(t) of the rachis. It shows some degree of oscillation
corresponding to lateral movement of the leaf. The dotted line sbz(t)
represents the delimitation of a bent zone, that is, the hook. The translation
of this bent zone corresponds to the unfurling motion described in the
text. The lines numbered 1–7 correspond to the positions in time of the
successive leaflets 1–7. Acquisition lasted for 250 h (~10.5 days). For this
graph, K// profiles have been smoothed using a moving average with a 5 h
window. Inset: Snapshot of K// as a function of s for t=126 h. Here, the
data were smoothed again using a Savitzky–Golay filter to show the typical
signature of the hook. (This figure is available in colour at JXB online.)

A

B

We have demonstrated with a simple experiment that, although
the appearance of the apical hook suggests that the leaf droops
under its own weight, this is not the case. During the early developmental stages of the leaf, the elastic deformations of the
rachis due to the self-weight of the leaf do not contribute to its
shape (Fig. 5).The observed curvature of the rachis matches its
non-zero intrinsic curvature (Fig. 6B).This confirms the active
character of the hook shape. In other words, compound leaves
do not droop but actively grow curved, at least during the early
stages of leaf development. This result is not trivial if one considers the leaf from a static point of view. It makes more sense
once one considers the dynamic aspect of the leaf unfolding
mechanisms where the curvature is observed to evolve continuously, even changing sign, to finally converge to zero (flat
state) (Fig. 3, Supplementary Video S1).

C

Fig. 5. Self-weight of the leaf has a negligible impact on its shape. (A) A young leaf in the regular orientation. The arrow indicates the direction of the
effect of gravity. Scale bar=1 cm. (B) The same leaf flipped upside down. (C) False-color overlay of (A) and (B) flipped. Arrowheads indicate the exact
position of the apices. (This figure is available in colour at JXB online.)
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Since B=EI, the rigidity gradient can be broken down into
two components: geometric and material (Supplementary Fig.
S7). Geometry, through the increase of R along the rachis, only
accounts for up to a factor of 3. This means that the gradient
is mainly explained by material changes, as can be seen in the
large variations of E. Indeed, most of our measurements of E
away from the tip lie in the range 100–102 GPa. Finally, we
performed a complementary histological experiment, which
qualitatively revealed a gradient of lignification along the rachis
(Supplementary Fig. S8).
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Active processes appear to be precisely localized
The unfurling motion that occurs during the development
of A. carambola pinnate leaves depends on specific kinematics
(Fig. 4). A steady bending zone, with a well-defined length, runs
from the apex. This kind of “fountain” kinematics recalls the
maintenance of the apical hook in the case of hypocotyls (Silk
et al., 1978; Silk, 1984).While the active character of the unfurling
motion is not controversial, the question remained open in the
case of the apical hook.We have shown that the robust maintenance of the hook lies in the fine regulation of several quantities.
We have furthermore discovered a steady profile of flexural rigidity, with a gradient of material origin from apex
to base (Fig. 6C, see Supplementary Fig. S7). Although B is

very sensitive to curvature measurements, and thus noisy, its
profile is consistent with rigidity gradients observed in mature maize leaves (Moulia et al., 1994). The corresponding
values of Young’s modulus also lie within the usual range for
woody materials (Gibson, 2012; Özparpucu et al. 2019). The
rigidity gradient is consistent with lignification both spatially (Supplementary Fig. S8) and quantitatively, as it has
been shown that this tissue modification increases the Young’s
modulus of cell walls by two to three orders of magnitude
(Rüggeberg et al., 2008).
It thus appears that the unfurling motion takes place in a
specific region of the rachis, which is the seat of several active
processes. This region is also the region where nutation occurs
(Fig. 3, Supplementary Video S1).
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Fig. 6. Mechanical properties of the rachis during development over a period of 5 days. (A) For each day of the experiment (left to right), skeletons
corresponding to the regular (plain line) and flipped (dotted line) orientations of the leaf are overlaid. Scale bar=2 cm. (B) Spontaneous curvature (K0)
along the rachis. Dots and lines correspond to a moving average of size 1% and 6% of the leaf length, respectively. (C) Flexural rigidity (B) along the
rachis. Note that here the arc length sA (i.e. the distance to the apex) has been used. Data were obtained from K0 values with a 1% smooth. (D) K//–K0
normalized by its maximum. The hatched zone shows the position of the maxima for the last 3 days of experiment. Inset: K// along the rachis. Dots
indicate the exact positions of the maxima. (This figure is available in colour at JXB online.)
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Fig. 7. Influence of graviception on the hook. Spatiotemporal changes in K// of for two leaves with the same plastochron index. (A) Leaf grown in regular
conditions. This leaf displays a bending zone (visible as the patch of lighter shading) characteristic of the unfurling motion. (B) Leaf grown on a clinostat to
create impaired graviception. A hook is visible, although with lower curvature than (A). (This figure is available in colour at JXB online.)

The question of the origin of K0
The establishment, maintenance, and opening of the hook
curvature are achieved by actively changing the intrinsic curvature K0 (Fig. 6B), especially during the early stages of development. Plants achieve this via tropisms and differential elongation
(Bastien et al., 2013, 2015; Chelakkot and Mahadevan, 2017).
Chelakkot and Mahadevan (2017) proposed a model where
the interplay between weight, mechanics, and growth zone
creates this curvature. Here, we describe a different situation
where intrinsic curvature—not elasticity—is important, especially in the beginning.
Gravitropism is a natural candidate to explain the establishment of and changes in K0 . However, in one of our experiments, a plant growing on a clinostat, with impaired
gravisensing, still exhibited a hook (although its maximum
curvature was halved) and its rachis eventually straightened
(Fig. 7). Assuming a similar flexural rigidity B, we could deduce the corresponding intrinsic curvature K0,clino . We found
it to be around half of K0 . Altogether, this suggests that K0 , is
enhanced but not established by graviception.
The same effect was observed on the real curvature of Pisum
sativum hypocotyls (Miyamoto et al., 2014). Miyamoto et al.
(2014) argue that the hook shape of the hypocotyl is already
present in the grain. Leaves are, however, different: they can
first grow unconstrained, quite straight, or even curved in the
other direction (Fig. 3, Supplementary Video S1). Still, in both
cases, the plant can build and maintain an intrinsic curvature
independently of any gravitropism. Gravity would then be a
clue rather than a cue (Rivière et al., 2017).This first curvature
could be based on the adaxial–abaxial asymmetry of the leaf
(Couturier et al., 2012).
Insights on regulatory processes
The hook of A. carambola is a very reproducible feature.
Similarly, the unfurling motion consistently results in a straight
rachis. This reproducibility, together with the several steady

profiles we put forward, point to an efficient regulatory process. The last problem is, then, to determine which quantity is
regulated.
For vine tendrils, where the action of gravity is negligible,
Goldstein and Goriely (2006) assumed that the intrinsic curvature relaxes to the actual curvature so that no elastic strain
remains. In their model, Chelakkot and Mahadevan (2017) hypothesize that intrinsic curvature is adjusted according to the
real curvature. This idea was an extension of the autotropism
idea proposed by Bastien et al. (2013). Here, we found that the
intrinsic curvature in the growing zone is actively set (Fig. 7)
and leads to a roughly constant real curvature profile (Fig. 4).
We also observed the disappearance of the curvature at the end
of the growing zone. Outside the growing zone, the process
of lignification helps to maintain a flat state. Because intrinsic
curvature is also found to be zero, this behavior is consistent
with Goldstein and Goriely’s (2006) hypothesis. It also matches
the framework of Chelakkot and Mahadevan (2017) for a small
leaf, where the effect of gravity can be neglected.
However, for a large leaf with the presence of gravity,
there is necessarily a gap between the actual curvature K//
and the spontaneous curvature K0 . In this way K0 can never
equal K//. What could be regulated is the actual curvature
K//, but the plant needs a way to perceive it. Plants are sensitive to elastic strain but not to elastic stress (Coutand and
Moulia, 2000). Elastic strain is proportional to K//–K0 but
not to K// alone. It is tempting to think that it is K//–K0 , rather than K//, that is perceived. Indeed, our results show that
at later times K//–K0 displays a steady profile. Interestingly,
the maximum of K//–K0 consistently coincides with the
zone of unbending (i.e. decreasing K//values), at a fixed distance from the apex. This suggests that the strain due to
self-weight could participate in triggering the straightening
process. Indeed, the growing region that has the lowest
Young’s modulus generates the highest elastic strains and
would be more prone to regulation. This is true if the weight
moment is not too small, that is, if the distance to the apex
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Hook shape and hypocotyls
Compound leaves and hypocotyls are radically different organs. First of all, their physiological functions completely differ.
In terms of their morphology, hypocotyls have a cylindrical
symmetry, while the rachis of a compound leaf has bilateral
symmetry (see the cross-sections in Supplementary Fig. S8).
Finally, their developmental contexts also differ. Hypocotyls
first grow underground, in darkness, and light triggers the
opening of their hook (Liscum and Hangarter, 1993). By contrast, the leaves of A. carambola grow exposed to light, with no
bud around them. Despite these differences, our study shows
that A. carambola compound leaves not only have a hook shape
like that of most dicotyledonous hypocotyls, but also share
their curvature and growth kinematics (Silk et al., 1978, 1992).
This profound resemblance may be a useful guide to investigate and understand the regulation of the hook shape of leaves
at the microscopic scale. For example, leaf and hypocotyl hooks
could be based on similar organizations of auxin efflux carriers
or auxin and ethylene distribution, two important actors in
the regulation of hypocotyl hooks (Abbas et al., 2013). Finally,
the apical hook of hypocotyls has been shown to increase the
survival rate of rice seedlings (Harpham et al., 1991) as it might
help to protect the cotyledons, which are the initial source
of nutrients for the fragile seedling. In the case of compound
leaves, the context is different, and the function of the apical
hook remains an open question.

Conclusion
In this work, associating quantitative kinematic observations
with a simple mechanical test, we demonstrated that the
downwardly curved shape of the developing compound leaf of
A. carambola is established and maintained actively. By flipping
the leaf upside down to reverse the effect of gravity upon it,
we have shown that the rigidity and intrinsic curvature of the
rachis are sufficient to compensate for the effects of gravity, especially at the beginning of development. We found that this
process is regulated in space and time, first with a fixed intrinsic
curvature at the tip, when the deformation due to gravity of
the small leaf is negligible. As the leaf grows and gravity starts

to have a more important impact upon it, we then observed
that the maximum deformation is reached at a given distance
from the tip, suggesting that the intrinsic curvature could be
regulated to achieve this deformation. In this way the leaf uses
the effect of gravity to tune its own regulation.
Our findings provide experimental support for the recently
developed theoretical framework of Chelakkot and Mahadevan
(2017) mixing autotropism and mechanics, which hypothesized a regulation of natural curvature. We have additionally
shown that gravitropism has a limited influence on the processes involved in the regulation of leaf shape. These findings
in the hook of compound leaves are analogous to what has
been observed in the hypocotyl hook. As in stem growth, we
found the growth zone to be localized at a fixed distance from
the apex, as well as the change in the mechanical properties
of the tissues along the rachis during development. When the
rachis becomes rigid enough not to be deformed by gravity
any more, it locally reaches its final straight shape. We can hypothesize that the curving of the rachis is to probe the effect
of gravity and finally use it to converge toward the correct
straight shape (Rivière et al., 2017; Derr et al., 2018).

Supplementary data
The following supplementary data are available at JXB online.
Fig. S1: Set of three images showing how leaflets affect the
midline shape and how it has been corrected.
Fig. S2: Graph showing the trajectories of individual leaflets
shown in Fig. 4 and how they have been fitted.
Fig. S3: Spatiotemporal graph of the velocity along the
rachis interpolated from the leaflets’ positions shown in
Supplementary Fig. S2.
Fig. S4: Image of a growing A. carambola rachis whose leaflets have been cut off, revealing no drastic effect on the hook.
Fig. S5: Schematic representation of the “flipping” procedure
and detailed derivation of the equations presented in this study.
Fig. S6: Change of the tip angle over time, extracted from
Fig. 3.
Fig. S7: Profiles of Young’s modulus and area moment of inertia for the rachis, extracted from Fig. 6C.
Fig. S8: Cross-sections of the rachis stained with carmine
and iodine green.
Video S1: Video showing the development of an A. carambola leaf over 15 days.

Data availability
The data supporting the findings of this study are available from the corresponding author, Julien Derr, upon request.
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is not too large. Note that this claim is not in contradiction
with the observation of a hook on the plant grown on the
clinostat. Indeed, on the clinostat, the averaged gravity is
zero and thus no gravitropic response is expected. However,
gravity is non-zero and mechanosensitivity a priori remains.
So the leaf still bears some mechanical actions and might
respond to them.
Based on our results, we propose that, initially, the regulation is on the intrinsic curvature K0 , since there is not yet
an effect of gravity. Later, when and if the effect of gravity
becomes significant, the regulation is on the perceived deformation. It would be interesting to investigate a modified version of the theoretical framework of Chelakkot and
Mahadevan (2017) by having the proprioceptive regulation
on K//–K0 .
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Mouvement de nutation
Nous avons réalisé une étude multis-échelles de la nutation sur la plante Averrhoa
carambola. En combinant une quantification du mouvement macroscopique avec une
exploration microscopique, grâce à un AFM, nous avons a mis en évidence l’implication de
l’élasticité du tissu dans les mouvements de croissance. Le résultat majeur est cependant la
mise en évidence d’une loi de croissance liant croissance différentielle et croissance moyenne.
Une conséquence particulière est l’observation d’un mécanisme de “stop and go” où chaque
coté croı̂t à son tour à tel point que la partie à l’arrêt peut expérimenter des contractions.
J’écris cette section en anglais car elle constituera le premier jet d’un article en préparation.
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Multiscale analysis of plant nutation reveals
growth law during leaf unfolding
Mathieu Rivièrea , Alexis Peaucellea,b , Julien Derra,1 , and Stéphane Douadya
a

Laboratoire Matière et Systèmes Complexes, UMR 7057, Université Paris Diderot, Sorbonne Paris Cité, CNRS, F-75205 Paris Cedex 13, France; b Institut Jean-Pierre
Bourgin, INRA, CNRS, Agro ParisTech, Université Paris-Saclay, 78000 Versailles Cedex, France

and the importance of pectins is still unclear(31–34). On
another perspective, the role of elasticity that was added to
Lockhart model later on by Ortega(35) is subject to debate(36).
Finally, the multi-cellular aspect of the biophysics of growth
remains to be formalized and understood(37).
We want to investigate in detail the phenomenon of nutation
with a double goal in mind. By carefully quantifying the
motion of nutation, we will gain knowledge of the nature of
this puzzling mechanism; and, because motions are a direct
manifestation of differential growth, we will use the nutation
motion as a particular proxy to get insight on the very nature
of plant growth.
In this article, we present a multi-scale study of nutation
in the plant Averrhoa carambola, a plant known for exhibiting
ample growth motions(5, 38, 39) We start by characterizing the
motion of nutation at the plant level. We display the beauty
of the dynamics, and emphasize the spatial localization of it.
We continue by focusing on this specific zone which happens
to coincide with the growth zone. Our measurements allow
to characterize the growth law of nutation and highlight an
intimate relationship between differential growth and average
growth. Finally, we dive into the microscopic properties of the
plant cell wall by performing atomic force microscopy (AFM)
measurements as well as immunohistochemistry to reveal the
importance of elasticity in plant cell wall rheology.

Plant biomechanics | nutation movement | growth | time lapse imaging
| Atomic Force Microscopy (AFM) | Immunochemistry

P

lants move. This understated truth has been recently
reemphasized by the study of spectacular ultra rapid
motions(1). For example, the snapping of the Venus flytrap(2,
3) or the catapulting of fern spores(4) both require high speed
cameras to be recorded. At the opposite side of the timescales
spectrum, the slow motion necessitate time-lapse imaging.
Still, they exhibit as well an exciting variety of motion patterns.
They can be nastic mostions or tropism depending on whether
the direction of the motion is imposed by factors internal
or external to the plant. The trigger can be autonomic or
paratonic depending on whether the leading cause of the
motion is within the plant or not. They can finally be reversible
or linked to irreversible growth. These last three dichotomies
define the traditional classification of slow plant motion(5).
Within this framework, the status of one remarkable movement
called nutation is still undecided(5–8)
Nutation is the phenomenon that causes the orientation of
the long axis of an elongated growing plant to vary over time in
a pseudo-periodical way. It was already observed for climbing
plants by British botanists of the 17th century(9) and began to
be studied by Hugo von Mohl and Ludwig Palm in the first part
of the 19th century(10). To the best of our knowledge, the term
"nutation" was first mentioned by Charles Bonnet(11) although
he acknowledges that this term had been named before him,
by physicists who knew the phenomenon. They probably
saw this motion as a botanical analog to the astronomical
nutation∗ . Darwin introduced the idea that nutation had
an endogenous origin and many plant motions were actually
modified nutations(13). The very origin of nutation was a
source of debate at the time nonetheless (10), and it remains
so up to this date(8, 14, 15). Part of the community backs up
Darwin’s idea of an internal oscillator(16, 17). Others ascribe
this oscillating behaviour to inertial overshooting of the plant
occurring during its straightening process(18–21) . Finally,
the compromise solution calling for a combination of these two
hypotheses attracts more and more attention(6, 17, 22–24).
The one thing making consensus is that nutation is obviously
linked to growth.
Plant growth results from a subtle balance between the
strong internal osmotic pressure and the resisting rheology
of the cell wall(25). The viscoplastic framework formalised
by Lockhart(26) received good experimental support at the
single cell level (27–29). Still, some shortcomings need to be
addressed(30). The origin of the cell wall-loosening mechanism
∗

The definition slightly evolved in time. Bonnet discussed nutation in the context of phototropic
movements. Sachs redefined this term later in a more general context mentioning "curvatures
caused by the unequal growth of different sides of an organ"(12)

Results
Characterization of nutation. The unfurling motion of the

leaf of Avherroa carambola mostly takes place in a principal plane(5). The leaf unfolds steadily while propagating a
hook shape(39). This hook shape is visible Fig.1A. Although
this motion is mostly planar, it is also accompanied by out-ofplane curvature variations. The rachis bends and unbends in a
pseudo-periodical way, as if it were oscillating around a planar
state. One can see the motion of the hook, going outside of
the main plane in Fig.1A. Fig.1B shows the same motion seen
from the top, and on a slightly longer time range. The typical
period of oscillation is between 2 and 3 hours, while the typical
amplitude is of the order of 25 degrees. To properly quantify
the nutation motion, we define the arc length s going from
the base towards the apex† and the local orientation φ which
allow to compute the curvature K⊥ (see Fig.1C).
†

An alternative arc length sR going the opposite way will also be used.
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Fig. 1. Time-lapse image of the nutation of a Averrhoa carambola
leaf. (A) (side view). 30 minutes lapsed between each picture.
One can see the hook coming out of the plane towards the observer (B) (top view). A picture was taken every 15 min. The leaf
oscillates in a pendulum-like fashion, orthogonal to its growth axis
The period of the motion is generally comprised between 2 and
3 hours. (C) Geometrical parameters describing the rachis and
nutation.

A

C

B

D

Fig. 2. Growth kinematics underpinning the nutation motion. (a) Spatio-temporal diagram of the curvature along the rachis. (b) Spatio-temporal diagram of the envelope of
differential elongation. (c) Growth laws along the rachis.
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Le développement des feuilles

Growth and bending zones. The trajectories of the leaflets

give us access to the average elongation rate Ė of each of the
successive interfoliolar segments. It indicates a spatial steady
behaviour (data not shown as a spatiotemporal diagram, but
consistent with our previous study(39)). Here we also estimate
the profile of differential elongation δ̇ along the rachis thanks
to the different hypotheses described in the Material and
Methods section. We have then retrieve its envelope thanks
to a Hilbert transform. The evolution in time and space of
the envelope of δ̇ is displayed in Fig. 2B. We see that the
differential growth—hence the bending—is spatially limited
to a zone downstream of the apex. Similarly to what we
have done for the elongation, it is thus possible to define a
bending zone. Kinematics confirm what a careful observation
of the nutation motion already suggests (see Fig. 2B), but
not only. Our kinematics study also reveals that this bending
zone shares a remarkable feature with the elongation zone:
it sits at an approximately constant distance from the apex
(see Fig.2B). Finally, going a step further in the description
of nutation, we notice that the amplitude of the differential
elongation—or of the bending—varies in time, from 0 h−1 to
3 × 10−2 h−1‡ .
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on the measured experimental growth law: the data of Fig.2c
formalized by Eq.6 and 7 (see Materials and Methods). The
interest of this model is twofold. First it provides an order of
magnitude for the differential growth. Indeed, we find that the
parameters R (radius of the rachis), ∆L (length of transition
of the sigmoid representing the growth zone), δ0 (amplitude of
the differential growth), ω (pulsation of the nutation) and ∆φ
(angular amplitude) are in fact constrained by the relationship
∆φ =

Rheology of the cell wall. We took advantage of our kinematics

tracking to probe locally in time and space the characteristics
of the plant. We focused spatially on the growing or nutation
zone, and we chose the strategic time when the angle Φ is
close to zero, meaning that the differential growth rate would
be maximum. We name convex (respectively concave) the side
that is exterior (respectively interior) to the motion, and so
logically having the biggest (respectively smallest) growth rate.
First, the AFM mapping of the surface of the cut of the rachis
(displayed for one example as Fig. 4A) indicates an asymmetry
between the two sides of the plant. Indeed, the quantification
of the Young’s moduli shows that the convex side is softer than
the concave side (This difference is significant as the difference
of averages are more than 5 times the standard deviation). (see
Fig. 4B). Second the immunolabeling experiments seems also
to show an asymetry for pectins (both for the methylesterified
form and the de-methylesterified form (see JIM7, LM20 or
2F4 on Fig. 4C and Fig. 4D) Both forms of the pectins are
more present on the convex side that on the concave one.

Discussion

Refined kinematics of the growth zone reveals local contractions. We zoomed-in the kinematics in the growing zone. We

The nutation zone corresponds to the growing zone and undergoes “stop and go” phenomena. The kinematics data of

used particle image velocimetry techniques (see Materials and
Methods) to quantify more precisely the local growth. The
raw results are represented Fig. 3A: it represents the spatiotemporal elongation rate ε̇ for the interfoliolar segment which
contains the nutation zone. Because of the strong projection
effects (inherent to the 3d aspect of the nutation motion) the
apparent growth rate ε̇ oscillates and appears even negative
half of the time. The other striking feature is the doubling
of the spatial frequency between the zone close to the base
and the zone close to the apex. This is confirmed quantitatively by the wavelet transform displayed in Fig 3B. We see
two distinct frequencies, and a change from one to the other
depending on the position along the rachis. To make sense of
these data, we developed a simple kinematic model. It is based
‡

However, these slow modulations of nutation are not in the scope of the present study

Rivière et al.

[1]

By putting orders of magnitudes in this relationship, one finds
δ̇0 ∼ 3 × 10−2 h−1§ which is the order of magnitude of the averaged growth confirming the possibility of contractions. Second,
by quantitatively investigating the kinetic model one can play
on the parameters, and show that depending on the differential
growth value δ˙0 (with respect to the averaged growth ˙0 ) the
feature of spatial frequency doubling can be reproduced or
not (see Fig. 3C-G for the different parameter values. One
can also fit the wavelet transform spatio temporal diagram
to extract the most likely parameters. They are represented
Fig. 3C and d they do indicate that local contraction must
appear to explain the experimental data.

Differential elongation occurs where elongation rate drops.

The fact that the growth pattern is almost steady during the
development of the leaf enables us to average the measured
quantities. Because the pattern is steady on the referential
linked to the apex, we now use the reverse arc length sR going
backwards from the apex to the base. The averaged quantities
Ė and Ḋ corresponding to mean elongation rate and differential elongation rate are plotted on Fig.2c. Both quantities
confirms quantitatively the existence of a localized growth
zone. The typical length scale is about 50 mm and after 1cm
growth is non detectable at all. The mean elongation rate
variation looks like a sigmoid function. In the growth zone the
typical value is about 10−2 h−1 , consistently to typical averaged values found in the literature(40, 41), and then drops to
zero. Interestingly the differential elongation rate behaves differently, it is non monotonous and its maximum coincides with
the edge of the growing zone, where mean elongation drops. A
simple mathematical description of this sigmoid/peaked shape
is well fitted with the hyperbolic functions provided in Eq. 6
and 7 and the results are displayed Fig.2D.

2∆L δ̇0
R ω

the present study are consistent to our previous study which
indicated the presence of a steady growth zone, sitting at a
fixed distance from the apex(39). Here we show that this
growing zone also coincides with the nutation zone which
is characterized by rapid changes of its curvature K⊥ . The
obtained growth law displayed Fig. 2d has the particularity
to exhibit the coincidence of the maximum of the differential growth with the edge of the growth zone (when average
growth is collapsing). This is also consistent with qualitative
observations on Arabidopsis thaliana roots(42). This tends
to support ideas of saturation of growth. At the edge of the
growing zone, when growth is small, bistabilities can occur
while close to the apex where growth rate is much bigger, both
§

We used ∆Φ ∼ π/6, 2π/ω ∼ 2h, R ∼ 1mm and ∆L ∼ 50mm
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Fig. 3. Growth pattern (A) and associated wavelet decomposition (B) for experimental data. Same outputs for the numerical simulations of our kinematic model for various
parameters. C) and (D): ε˙0 = 1/4ε˙c (possible contractions). E) and (F): ε˙0 = ε˙c (threshold for contractions). G) and (H): ε˙0 = 2ε˙c (no contractions). I) and (J): Best fit of
the kinetic model to the experimental data; ∆φ = 8degrees, Lgz = 20.6 mm, ∆L = 12.2mm,δ˙0 = 4.5 × 10−3 h−1 (ε˙0 = 1.4 × 10−2 h−1 , R = 0.26mm were fixed
before fitting)

sides are growing a lot and similarly not letting any room for
differential growth. Quantitatively, at the edge of this growing
zone, when the differential elongation rate is maximum, its
value is roughly equal to the mean elongation rate. This would
advocate for a “stop and go” phenomenon where each side of
the rachis grow alternatively.
Softness of tissues enhances growth. Our experiments sug-

gest that growth is enhanced where the Young’s moduli are
smaller. Contrary to most findings which back up Lockart
model (at least for 1d growth(26, 43–45)) we demonstrate for
the case of a simple tissue the importance of elasticity. Our
results are in agreement with micro-indentation experiments
which found a decrease in the cellular stiffness of growing
pollen tips(46) as well as previous AFM measurements on
hypocotyls growth where anisotropic growth was associated to
softer longitudinal walls than transverse walls(47). In this last
study, the change in elastic properties was attributed to change
in chemical state of the pectins. The de-methylesterification of
the pectins would trigger elastic softening(48–50) contrary to
previous findings(51). In the present case, although the spatial
distribution of pectins is asymmetric, there is no significant
change in methylesterification state.

The hidden link between microscopic properties and macroscopic effects. Still, in our system it is difficult to disentangle

the reversible and irreversible contributions to growth as it
was done by Proseus et al. for the single-cell algae Chara(52).
It has also been shown in the case of the shoot apical meristem
that elastic inhomogeneities (or diffences in stress stiffening)
could lead to differential growth(36). Therefore, to discuss
the missing link between the observed microscopic properties
and the macroscopic contractions, we propose two different
hypotheses.
First, we could revisit the role of pectins. It was recently
4
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evidenced that a change in the structure of pectins could lead
to a huge increase of volume, up to 40%(53), but our lack of
significance in the structural changes between the convex and
the concave sides makes hardly advocate for this hypothesis.
Interestingly though, we do see a significant change in the
presence of any kind of pectins which leaves the debate open.
Second, one should also consider the reversible processes
as they have already been found to be involved in nutation.
Local contractions have indeed been measured at the organ
level(54, 55) and at the cellular level(56, 57). This last paper
actually shown that individual cells in the bending zone of
Phaseolus vulgaris undergo reversible volume variations; this
clearly advocates for water movements. Recently, Cheddadi et
al. formalized the water fluxes coupling in multicellular organs
and showed that new types of lateral inhibitory mechanisms
could amplify growth heterogeneities(58). The quantitative
analysis of Cheddadi’s model in the case of the geometry of a
bilayer goes beyond the scope of this paper but preliminary
results (numerical simulations, data not shown) indicate that
elasticity variation cannot be enough to induce oscillation.
The main explanation of this being that elasticity gives hardly
the relaxation timescale of pressure.

Conclusion
In conclusion, we have described quantitatively the phenomenon of nutation in Averrhoa carambola with data collected
at several scales. At the scale of the organ, we have shown that
nutation coincides with the growing zone involved in some
posture regulation processes(39). We deduced from kinematics
a growth law which shows that differential growth happens
at the edge of the growing zone where mean elongation rate
collapses. By focusing on this zone, our particle image velocimetry technique reveals a “stop and go" phenomenon for
growth implying even local contraction of the non growing
Rivière et al.
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Fig. 4. (A) Global rigidity mapping of a transverse cut of the rachis obtained by atomic force microscopy. (B) Relative rigidity histogram of the peripheral tissues.The histograms
of the concave (blue) and convex faces of the rachis are drawn separately for comparison. The three first moments are compared and normalized by an estimation of the
variability in E (∆X = Xconcave − Xconvex ). (C) Fluorescence images of transverse cuts from a single rachis in the nutation zone. Three histochemical treatments are
presented together (composite image) and individually. The used antibodies target non-crystalline cellulose (CBM4) and homogalacturonans with a low/high methyl-esterification
degree (2F4/LM20 respectively). For the HG images, two zoomed windows are presented for a detailed comparison of the lateral faces of the rachis. (D) Histogram of
fluorescence anisotropy for several histochemical treatments. The score corresponds to the average over repetitions of IL /IR − 1. IL (resp. IR ) is the mean fluorescence
intensities of the left (resp. right) half of the sample. Error bars show the standard deviation over repetitions.
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region. Finally the microscopic investigation revealed that the
key difference between the convex and the concave sides is the
elastic modulus. The link between these microscopic findings
and the possibility of contraction is still an open question.
Materials and Methods

Growth conditions of Averrhoa carambola. The conditions of cul-

ture are the same than in(39). Averrhoa carambola seeds were
directly obtained from commercially available fruits and sown into
all-purpose compost. Young seedlings were first kept inside a small
lab greenhouse. Older plants (> 6 months) were then moved to
the experimentation room. There, plants have been submitted to
a 12/12 light cycle under ORTICA 200W 2700K culture lamps.
The temperature and relative humidity rate were measured with
a DHT22 sensor. We checked that no brutal variation of these
quantities occurred during the experiments. The usual temperature
values were comprised between 20 and 24 degrees celsius. The usual
values for relative humidity were around 60%.
Kinematics: image acquisition. The curvature kinematics of the

rachis were realized using time-lapse photography. We placed a
Nikon D3300 DSLR camera above the growing leaves. The camera was controlled with gPhoto2. The time interval between each
picture was of 2.5 min. The camera was firmly fixed on a rigid
structure to avoid any displacement or rotation. The built-in flash
of the camera was covered with LEE Moss green filter and set to
the lowest intensity possible to minimize the input of light during
night. We carefully covered the pictured rachis with fluorescent
orange pigments with a paintbrush. Similarly, we deposited small
dots of blue pigments on the attach points of the successive pairs of
leaflets. In addition, a blue point was deposited close to the base of
the leaf to serve as a reference. This step makes the segmentation
of the rachis much easier and allows to track the position of the
leaflets in time. Because of growth, pigments needed to be added
manually on a regular basis to avoid complete dilution of the signal.
Kinematics: data analysis. For each experiment we got a set of

isochronous pictures from which we retrieved the geometry of the
rachis and the position of the leaflets in time. The midline (or
skeleton) of the rachis was obtained by first thresholding the red
channel of the pictures. A cloud of point was then obtained and
reduced to a smooth line with a moving median filter. The curvature
of the rachis κ⊥ in the plane of interest was obtained by locally
fitting the midline to a circle. The position of the leaflets was
retrieved by thresholding the blue channel. Because of growth, blues
dots lose intensity in time but also split sometimes. In addition,
the global motion of the rachis sometimes resulted in a temporary
occlusion of some blue dots. Simple rules on the conservation of
blues dots, distance between consecutive dots and displacements
values could overcome a majority of erroneous detections. Manual
correction was still needed in some special cases. Finally let’s
mention that the presented spatiotemporal graphs were smoothed
with 2D averaging and median filters.
Kinematics: particle image velocimetry like technique. Dry fluores-

cent orange pigments are carefully deposited on the surface of the
rachis thanks to a paintbrush. This is done in a way to create a
highly textured layer that will make image analysis easier. A camera
is placed as parallel as possible to the direction of growth of the leaf.
Flashes are covered with green filters for two purposes: first, ensure
a strong contrast between the green rachis and the orange pigments
; second, to avoid disturbing the plant too much during the night
by providing only green light (minimum of absorption). At last, because we want to capture growth and motions, pictures are typically
shot every 1 to 5 minutes. This interval is to be compared with
the typical 2.5 hours period of nutation which is the fastest growth
motion of Averrhoa carambola. We focus on one inter-leaflet for
the measurement. We obtain the skeleton of the rachis by a simple
geometric transformation of the upper contour (see supplemental
information). Then we measure the the elongation field along the
rachis by using image-to-image correlation algorithm similar to (59)
6
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(See supplemental information). The time-frequency analysis of
the elongation signals was done by using the continuous wavelet
transform toolbox from MATLAB. We used the ’cgau2’ mother
wavelet (second order derivative of the complex Gaussian). For
each location of the rachis, ε̇(t) was wavelet-transformed. From
the resulting complex coefficients Ca,b we extracted information
on the weight of each scale/frequency in the signal by computing

P

2

P P

2

an ‘energy’: E(a) =
Ca,b / a
Ca,b , where a and b
b
b
are the scale and shift parameters of the wavelet transform. This
information was then re-aggregated and re-arranged to build kymographs displaying the weight of frequencies in the elongation signal
along the rachis.
Details and implementation of the model. The rachis of A. carambola

leaves is modelized by a two-dimensional beam of width 2R (see
Fig. 5a) and of total length Ltot . The geometry of the midline is
then described with the same quantities than the actual leaf (see
Fig. 1C). The model contains only a few essential ingredients:
1. The lateral faces of the beam can have different elongation
rates ε̇L and ε̇R , giving rise to differential elongation δ̇. We
assume that the profile of elongation is linear in the bulk of
the rachis:

ε̇ = 1/2 (ε̇R + ε̇L )
[2]
δ̇ = 1/2 (ε̇R − ε̇L )
2. An apical growth zone of length Lgz . The elongation rate ε̇ as
a function of the reverse arc length sr at time t is thus given
by:



ε̇0
sr − Lgz
ε̇ (sr ) =
1 − tanh
[3]
2
∆L

3. Differential growth occurs where the mean elongation rate
drops, within a bending zone of length 2∆L. Because nutation
is a periodical oscillatory motion, differential elongation is
modulated by a sinus of frequency 2π/ω:



δ̇(sr , t) = δ̇0 1 − tanh2



sr − Lgz
∆L



sin ωt

[4]

4. We assume that the leaf bends only because of differential
elongation. In our case, since the period of nutation is much
smaller than the typical time scale of elongation, we neglect
the advection of curvature and write:
1 − R2 κ2⊥
∂κ⊥
'
δ̇
∂t
R

[5]

The functions chosen for the elongation laws are described hereafter.
1. Elongation of the midline of the rachis:
ε̇ (sr ) =

ε̇0
2



1 − tanh



sr − Lgz
∆L



[6]

2. Differential elongation between the lateral faces of the rachis:



δ̇(sr , t) = δ̇0 1 − tanh2



sr − Lgz
∆L



sin ωt

[7]

The model was implemented numerically with discretized versions
of the kinematic Eq. (6), Eq. (7) and Eq. (5).
Atomic force microscopy assays. Studied leaves were filmed

overnight before the AFM experiment in the same conditions than
for our kinematics experiments. Leaves were cut when φ ' 0°,
when the difference in the elongation rates of the lateral faces are
expected to be maximal. Several samples were taken free-handedly
from the nutation zone with a razor blade. We kept track of the
orientation of samples by resorting to several anatomical clues. The
distal/apical axis was checked thanks to fact that trichomes consistently point toward the apex. The adaxial/abaxial axis was checked
thanks to the bilateral symmetry of the rachis. Samples were then
placed vertically on a microscopy slide and partially embedded in
agarose in a similar manner than described in (50). Samples were
them kept immersed in a solution of mannitol for plasmolysis. For
the indentation itself, cantilevers with spherical beads of diameter
25 µm. The indentation depth is not directly controllable but was
Rivière et al.
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generally comprised between 1µm and 5µm. Force-distance curves
were analyzed with the proprietary JPK software to extract Young
moduli with Hertz contact model. We chose to work with relative
Young moduli (normalized by the average Young moduli of the sample). We repeated indentation on a probing zone of 100 × 100µm2 ,
which was manually moved to cover all the sample and get AFM
maps of elasticity¶
Immunolabelling experiments. We also recorded the kinematics of

the plant, similarly to what was done for AFM experiments (see previous section). Then, we performed immunohistochemistry. First,
the tissues of interest have to be taken and fixed. The fixation
process results in the death of the cells of the sample but allows
us to maintain the sample in its original biological state. This is
realized thanks to a bath in paraformaldehyde and a slow dehydration of the tissues. The sample is then embedded in a more
or less solid material—resin or wax—to facilitate its slicing. The
samples are then sliced thanks to a microtome and mounted on
microscopy slides and dewaxed. In our case, slices of 5 µm have
been realized. Then begins the immunostaining strictly speaking.
The sliced samples are first progressively rehydrated and placed
in a buffer. The nature of the buffer might depend on the nature
of the antibodies used for the experiment. The primary antibody
is injected over the microscopy slide and let to react overnight.
After washing the samples with the adequate buffer, the secondary
antibody is introduced and let to react for at least 12 h in the
dark, to avoid bleaching. Finally, the samples are washed a last
time and the microscopy slides sealed. The samples are now ready
for observation under a confocal microscope. For the choice of the
investigation, we mainly focused on the homogalacturonans, which
can be more or less methylesterified. Several antibodies are available
to discriminate the homogalacturonans in the cell wall depending on
their degree of esterification. The 2F4 antibody specifically binds
to lowly methylesterified pectins—degree of esterification up to
40%—forming Ca2+ -cross links. On the contrary, LM20 and JIM7
antibodies do not bind to unesterified homogalacturonans. These
three antibodies will thus allow us to compare the methylesterification status in the cell wall of Averrhoa carambola. Other antibodies
were used as a way to better understand the asymmetries our measurements could reveal. For example we used the CBM3 and CBM4
antibodies which target crystalline/non-crystalline cellulose. We
also used LM24 which targets xyloglucans.
¶
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Some aberrant points (impurities, trichomes) were withdrawn thanks to simple filters on height and
values. Some parts needed to be manually masked.

Rivière et al.

Fig. 5. A simple kinematic model of nutation. (a) The
rachis is simulated as a 2D beam of uniform width 2R,
total length Ltot (t) at time t. Like for its natural counterpart, the geometry of its midline is described by arclength s, tip angle ϕ and curvature κ⊥ (see Fig. ??b).
Its left and right faces elongate with rates ε̇L and ε̇R
respectively. (b) Elongation and differential elongation
profiles along the rachis. The elongation profile is characterized by a growth zone of length Lgz . Differential
elongation occurs where mean elongation drops. Both
quantities have a characteristic length ∆L. (c) When
ε̇0 is the free parameter of the simulation, its values
cover drastically different physical situations. In the red
zone (ε̇0 < ε̇c ), contractions occur as differential elongation can locally exceed the mean elongation. In the
purple zone (ε̇0 > ε̇max ), non-straight shapes are
frozen.
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Perspective : l’origine de la nutation
Controverse Nous avons reconnu dans la section précédente la possible existence
d’oscillateurs internes dans les plantes. Cependant, notre hypothèse de travail ici est que le
phénomène de nutation pourrait être l’expression d’une sur-réaction dans la régulation de la
posture de la feuille 20 .
Modèle Je présente ici le travail initié en collaboration avec Tomohiko Sano 21 . Nous avons
imaginé un modèle qui reprend les ingrédients de proprioception de [169], et potentiellement
les éléments mécaniques de [170], en rajoutant l’aspect tridimensionnel. L’idée est venue
d’une observation singulière : la croissance d’une feuille du carambolier sur un clinostat
s’accompagne d’un vrillage (voir figure 3.8). Comme si la gravité était nécessaire à la
régulation de la posture ? Est-ce que dans ce cas, les oscillations de nutation ne serait pas
que des overshoots de tropisme gravitaire ? Pour tester cette hypothèse, un modèle 3D est
nécessaire. Voici en bref les équations écrites avec Tomohiko :

Figure 3.8 – Lorsque nous faisons pousser le carambolier sur un clinostat, Les feuilles qu’il
développe ne régulent pas parfaitement l’alignement de leur rachis, mais montrent un certain
vrillage.
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20. C’est évidemment l’explication qui serait la plus élégante pour le physicien ! mais ça ne préjuge pas de la
réalité de la nature !
21. https://tomohiko-s.wixsite.com/my-homepage
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Les paramètres β et γ sont les paramètres gravitropiques et proprioceptifs définis de façon
cohérente avec le modèle original de Bastien et al.[169]. Il en découle deux échelles de temps :
1
le temps gravitropique tg = βL
et le temps proprioceptif tp = γ1 . Nous ajoutons ici un temps
de mémoire tm qui explique la forme des équations du système 3.15

Figure 3.9 – Gauche : Définition de la courbe 1D dans l’espace 3D ainsi que les vecteurs de
Darboux di , et angles associés Ωi . Droite : figures stroboscopiques représentant le mouvement
obtenu pour des temps de mémoire variés (a) tm = 0.01 tp , (b) tm = tp , et (c) tm = 6 tp . Le
rapport entre tp et tg est fixé à ttgp = 10. Crédits : Tomohiko Sano.
La simple introduction de l’effet 3D dans le modèle de Bastien ne reproduit donc pas
d’oscillation. Nous sommes en train d’ajouter l’ingrédient important de mécanosensibilité à ce
modèle. A noter que de très récents papiers viennent d’être publiés sur le sujet, où un autre
ingrédient important a été ajouté pour obtenir l’oscillation : un retard, qui ajoute naturellement
de l’inertie au problème (soit directement[181, 182], ou via la diffusion d’auxine[183]) 22 .
3.2.4

Conclusion

Nous avons décrit, dans cette section, notre étude expérimentale des mouvements
morphogénétiques liés aux déploiement des feuilles soit simples soit composées.
Nous avons montré que des mouvements typiques se retrouvaient de façon presque
universelle dans différentes espèces. Et même pour des mouvements différents, nous avons
mis en évidence les aspects de régulation à l’échelle du tissu.
Pour la suite, deux voies parallèles seront explorées : d’une part, la modélisation des
phénomènes observés (ce qui a commencé à être entrepris) pour rendre compte de façon
quantitative, et discriminer entre différentes hypothèses de mécanosensibilité ; et d’autre part,
la prise en compte plus concrète de la mécanique. C’est ce dernier point qui est développé en
particulier dans le prochain chapitre.

22. A noter que le retard n’est certainement pas suffisant pour obtenir l’oscillation. Dans ce genre de logique,
l’oscillation de nutation apparaı̂t comme une bifurcation de Hopf. Le retard permet de déstabiliser le système,
mais encore faut-il qu’il y ait un comportement “attractif” à grande échelle pour que le système ne diverge pas.
C’est ce qui est réalisé grâce à l’effet mémoire, qui permet de moyenner sur un intervalle de temps, et qui fait
saturer le système.
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Cette partie est consacrée aux nouveaux projets en cours : amélioration en cinématique
avec la reconstruction 3D fine des mouvements, un nouveau système pour l’étude des forces
mécaniques générées (vrilles des vignes), et enfin des systèmes quasi-macroscopiques pour
l’étude de la croissance au niveau cellulaire (algues chara).

4.1

Reconstruction 3D et mécanique (projet ANR MOTION)

4.1.1

Un défi technique

Comme nous l’avons vu dans le chapitre précédent, les mouvements de croissance des
plantes peuvent être de grande amplitude malgré des croissances relativement faibles. Cela
pose un défi technique majeur car toute tentative de mesure de croissance sera fortement
affectée par des effets de projection (voir section 3.2.3).
Pour relever ce défi, nous nous sommes associés à des chercheurs en informatique, pour
développer de nouveaux algorithmes pour la reconstruction 3D de feuilles simples, ou
composées. Notre collaborateur principal est Franck Hetroy-Wheeler, professeur en
informatique à l’université de Strasbourg.
4.1.2

Premiers résultats

Les premières expériences ont été réalisées à l’INRIA de Grenoble avec la collaboration
de Julien Pansiot 1 et Franck Hetroy-Wheeler 2 , puis au laboratoire sur un dispositif que nous
avons construit avec Mathieu Rivière. Il s’agit d’une cage construite en Norcan sur laquelle une
douzaine de caméras peuvent venir s’installer pour photographier la plante d’intérêt avec des
angles de vue les plus variés possibles (voir figure 4.1). Le processus de calibration consiste à
1. http://julien.pansiot.org/
2. https://cv.archives-ouvertes.fr/fhw
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photographier une mire avec l’ensemble des appareils, sous une trentaine d’angles différents.
Ensuite un cliché pris simultanément par les 12 appareils permet de reproduire un modèle 3D 3

Figure 4.1 – Dispositif expérimental de capture photo. Gauche : montage éphémère dans la salle
Kinovis de l’INRIA de Grenoble[184]. Droite : montage dédié installé au laboratoire MSC[185].
Mathieu en train de régler la mise au point d’un des appareils.
La figure 4.2 montre les premiers résultats obtenus sur une feuille de carambolier. La feuille
a été suivie pendant quelques heures, et le mouvement de nutation a été proprement reconstruit.
La reconstruction de la géométrie est très satisfaisante. L’étape suivante est maintenant de
gagner en précision pour pouvoir faire un suivi de texture sur les modèles 3D géométriques
reconstruits.
4.1.3

Demande de financement (ANR)

J’ai été le porteur d’une demande de financement ANR deux années de suite, MOTION
puis MOTION2 4 . L’idée principale de cette demande est de pouvoir financer un chercheur
postdoctoral chez nos collaborateurs informaticiens pour faire avancer la reconstruction 3D.
En effet, l’amplitude des mouvements 3D est si grande devant la croissance typique (des
mouvements de l’ordre de 30 degrés pour la nutation pour des croissances inférieures au %
par heure), que les techniques de reconstruction standard ne sont pas suffisantes. Sur cet
élément technique nous avons ensuite bâti un projet ambitieux qui est résumé figure 4.3. La
reconstruction 3D fine permettra d’abord d’avoir accès au champ de croissance détaillé. Les
tentatives existantes, ont pour l’heure donné la géométrie et des estimations grossières de la
croissance[179], ou des mesures sur des feuilles 2D[178]. Dans ce projet, pour la première fois,
3. Un poster récapitulatif est disponible à cette adresse : https://team.inria.fr/morpheo/files/
2017/10/carambole-2017-poster.pdf
4. Le dossier complet est consultable à cette adresse : http://www.msc.univ-paris-diderot.fr/
plant-dynamics/ANR/ANR_2019_MOTION2_phase2.pdf
~
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Figure 4.2 – Reconstruction 3D d’une feuille d’ Averrhoa carambola[186]. (a) Maillage 3D d’une
feuille, sans et avec texture. (b) Superposition des lignes centrales de la feuille pour 70 instants
différents pendant la phase de nutation d’une feuille. Le premier et le dernier montre bien
le mouvement typique de nutation. (c) Correspondance de motif d’un temps à l’autre, pour
déterminer le champ de croissance.
nous attendons des reconstructions avec des textures assez fines pour faire du suivi de
croissance (tâches 1 et 3). Concernant les propriétés mécaniques, des mesures sont déjà
disponibles pour des surfaces planes[178], mais nous nous attendons ici à les obtenir pour
des mouvements 3D. La reconstruction fine nous permettra d’interpréter des expériences de
mécanique telles que l’ablation locale, pour remonter aux contraintes résiduelles dans le tissu
(tâches 2 et 4). Enfin, des traitements chimiques seront appliqués (tâche 6) pour modifier
certains paramètres de croissance, et voir comment les mouvements sont affectés. Les
résultats seront compilés dans des modèles phénoménologiques, pour discriminer entre
différentes hypothèses de mécanosensibilité (tâche 5).

4.2
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Ce projet a démarré comme une curiosité lors d’un projet d’enseignement du module
Physique Expérimentale 5 . Il s’agit désormais d’une collaboration avec Dražen Zanchi qui a
5. Le travail initial des étudiants est consultable en ligne à cette adresse : http://www.msc.
univ-paris-diderot.fr/~phyexp/pmwiki.php/Vignes/TractionDeLaVigne.
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Figure 4.3 – Le projet est organisé en trois étapes : La reconstruction 3D et le mapping de
la croissance fine (tâches 1 et 3), une description quantitative de la mécanique de croissance
(tâches 2 et 4) et enfin une compréhension biologique de la mécanosensibilité (tâches 5 et 6).
rejoint récemment le laboratoire MSC.
4.2.1

Projet

Les plantes grimpantes (comme la vigne, le concombre, le pois ...) ont un organe particulier
appelé vrille, qui leur permet de s’accrocher à des supports. Botaniquement parlant, ces vrilles
peuvent être vues comme des feuilles modifiées (voir figure 4.4). Elles grandissent en présentant
un fort mouvement oscillant (phase de nutation) qui leur permet d’explorer l’espace avant de
rentrer en contact avec un obstacle et de s’y attacher (phase de contact). Pour ce faire, elles
s’enroulent autour de l’obstacle avant de vriller (phase de torsion). La force est générée soit
en spiralant autour d’une tige obstacle[187, 188], soit en courbant/tordant la vrille qui relie la
tige au support[189, 190]. Au laboratoire, nous avons mis en évidence ce phénomène sur les
vrilles des vignes 6 .
Notre objectif principal est de comprendre et contrôler la biophysique et la biomécanique
du phénomène par lequel la vrille génère cette force (par croissance et changement
conformationnel thigmotropique)
Les résultats attendus sont :
1. La compréhension de la croissance durant les phases de nutation, contact et torsion,
d’un point de vue mécanique/macroscopique.
2. Le contrôle quantitatif de l’évolution de la force durant la phase de torsion. En
regardant de près les phénomènes remarquables d’instabilités mécaniques
(flambement, enroulement, auto-contact).
6. Des vidéos correspondantes sont consultables en ligne : http://www.msc.univ-paris-diderot.
fr/~plant-dynamics/vine/.
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3. Concevoir un moteur vrille, qui pourra générer un brusque changement conformationnel
grâce à une instabilité mécanique (déclenchée par une variation continue de la courbure
spontanée par exemple).

Figure 4.4 – Gauche : une photo d’une vrille de gaillet (Galium aparine). Cette vrille montre
de multiples perversions. Droite : capture d’écran de notre expérience en laboratoire sur une
vigne. On visualise les vrilles qui s’étendent de part et d’autre. La vidéo associée montrant en
particulier la phase de nutation spectaculaire est disponible en ligne[191].

4.2.2

Résultats préliminaires

La partie expérimentale a été réalisée sur une vigne jeune (vitis vinifera, muscat blanc, 1
an). Cette plante a été observée au laboratoire dans notre salle dédiée (Température, humidité
et lumière contrôlées). Les cycles jour-nuit ont été ajustés à 16h/8h pour stimuler la croissance
(horaire d’été). La cinématique a été suivie par photographie image par image sur plusieurs
jours. Les temps caractéristiques ont été identifiés. Le temps le plus court est associé aux
mouvements violents de nutation (rapides coups de fouets de la vrille impliquant des angles
de plus de 180 degrés en une dizaine de minutes seulement[191]).
Pour étudier la traction des vrilles, nous avons positionné dans le voisinage de la plante
des cylindres de bois de 7mm de diamètre . Une fois que la vrille est entrée en contact avec
cet obstacle, elle s’attache à celui-ci, en faisant typiquement de 3 à 4 tours, ce qui prend
environ 1 à 2 jours. La force de traction a ensuite été mesurée en connectant le bout de bois
à une balance de précision (voir figure 4.5). La réponse thigmotropique est une croissance
différentielle. C’est-à-dire que la croissance externe de la vrille est augmentée par rapport à
la croissance intérieure, résultant en une augmentation de la courbure intrinsèque de cette
dernière.
L’augmentation de la courbure spontanée est considérée dans la littérature comme
l’élément déterminant pour le basculement entre un état plan et un état 3D de la tige
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élastique. Dans notre séquence image par image, cette transition est visible après 1 jour
environ (figure 4.5). Après ceci, le vrillage de la vrille devient clair et la force de traction
augmente petit à petit, de l’ordre de 50mN par jour. La géométrie de la vrille évolue, passant
d’une hélice typique (figure 4.5C) à une perversion (figure 4.5D et E), en accord avec les
observations historiques de Darwin sur les plantes grimpantes[192], et des analyses
théoriques plus récentes[189].
Ces expériences préliminaires montrent que notre dispositif est bien adapté pour suivre et
enregistrer la force de traction, et l’associer aux changements conformationnels de la vrille.
Ces changements sont calculables théoriquement en faisant des hypothèses adaptées.
Pour la partie théorique de ce projet nous collaborons avec Sébastien Neukirch de l’Institut
Jean le Rond d’Alembert. Sébastien a développé un programme numérique (Mathematica) qui
permet de trouver les solutions statiques au problème d’une poutre élastique 7 . La figure 4.5
montre un exemple de solution trouvée par le programme de Sébastien. Cet outil va nous
permettre d’explorer différents scénarios de croissance.

4.2.3

Collaborations et expériences de terrain

Nous avons pris contact avec Nicolas Saurin et Thierry Simoneau de l’INRAE, qui sont prêt à
nous accueillir pour des expériences de terrain, à la station viticole expérimentale de Château
Pech Rouge. La figure 4.6 représente une vue d’artiste du montage expérimental que nous
réaliserons dans le vignoble expérimental. Le but est de réaliser les mêmes expériences que
celles du laboratoire, mais sur une vigne pleine de vigueur dans son habitat naturel. La mission
est prévue pour le printemps 2021. Nous avons déposé cette année une demande “émergence”
pour pouvoir réaliser cette mission dans de bonnes conditions.

4.3

Investigation microscopique de la croissance

La plupart de mes activités s’intéressent à la croissance des plantes d’un point de vue
très macroscopique. Pour investiguer aussi les aspects microscopiques de la croissance, j’ai
commencé à collaborer avec Etienne Couturier 8 , afin d’étudier les mécanismes de croissance
des algues Chara. Etienne a soumis un projet ANR : “ANisotropy, ADhesion and plant SPIral
growth” (ANADSPI) pour lequel je suis collaborateur. Je résume ici les idées-clefs du projet,
ainsi que nos premiers résultats.
7. Les équations de la statique d’une poutre élastique consistent en un système d’équations différentielles
ordinaires où la variable indépendante est l’abscisse curviligne le long de la poutre. Le système est non linéaire
à 18 inconnues (position, tangente, orientation de la section, force, couples, courbures). Les paramètres incluent
la courbure naturelle, la torsion, et les rigidités de courbure et de torsion. Les difficultés numériques émergent
des conditions aux bords qui nécessitent des méthodes de shooting particulières.
8. Etienne a consacré sa thèse à l’étude du repliement des feuilles[174]. Il a ensuite été recruté au laboratoire
MSC en tant que chargé de recherche sur ce projet précis d’étude des mécanismes de croissance chez Chara.
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Figure 4.5 – Gauche : Génération de la force d’une vrille de vigne qui s’est attachée à un
morceau de bois (connecté à une balance de précision). Les intervalles grisés représentent la
nuit. Quelques captures d’écran (A, B, C, D, E) montrent l’évolution de la géométrie de la vrille
au cours de la traction. Droite : Simulations numériques. Trois vues de la configuration statique
d’une tige élastique encastrée aux deux extrémités. La couleur indique la torsion mécanique ;
la courbe jaune permet de visualiser la courbure naturelle. Une rotation de 45 degrés a été
imposée à l’extrémité de droite. Cette configuration montre le début d’une perversion qui
connecte deux phases d’hélicités opposées

Figure 4.6 – Vue schématique du vignoble dans lequel nous planifions d’installer une cage
d’observation. Vue détaillée de la cage sur laquelle plusieurs appareils photos sont installés
pour pouvoir ensuite reconstruire la géométrie 3D des vrilles en croissance. Les supports
serviront aussi à installer le système de mesure mécanique de traction. Crédits : @LBeauzamy.
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Contexte

Figure 4.7 – Gauche : Chara corallina. Les internœuds sont des cellules uniques qui sont
typiquement de l’ordre de plusieurs millimètres, voire du centimètre. Crédits : Wikimedia. Droite :
a. internœud sans cortication de Chara corralina ; barre = 0.5 mm. b. Internœud avec cortication
de Chara globularis. ; barre = 0.5 mm. c. Characeae avec cortications[193] : C. canenscens, C.
contraria, C. fragilis. Haut, vue latérale. Les inclinaisons des cortications varient entre espèces.
Bas, vue transverse. Un gros internœud est entouré de petites cortications.

Comme nous l’avons déjà évoqué dans la section 3.1.1, la pression hydrostatique dans une
cellule de plante s’appelle la pression de turgescence, et elle est d’origine osmotique. Son
rôle est en fait double : mettre la membrane en tension, mais aussi positivement réguler la
croissance[159]. Elle est donc au cœur des mécanismes de croissance[194].
Mais ce n’est pas le seul acteur, car l’action de la pression de turgescence est isotrope.
Or, la morphogénèse des plantes incluant l’émergence de formes complexes implique
naturellement la création de rapports d’aspects importants. Quelle est l’origine de ces
anisotropies de croissance ? Elles ont été observées de façon cohérente avec des anisotropies
de déformation (par exemple dans le cas du tube pollinique[195]). Les anisotropies de
déformation, quant à elles, peuvent provenir naturellement d’anisotropies rhéologiques. Un
facteur 5 à été mesuré dans l’anisotropie de rigidité pour les internœuds de characeae[156],
et l’influence des microfibrilles, qui peuvent renforcer certaines directions est cruciale[196,
197]. En particulier, lorsque les microfibrilles sont légèrement inclinées par rapport à l’axe
principal des cellules de chara, la croissance devient spiralée[198]. Des croissances spiralées
ont aussi été observées à l’échelle du tissu, sur des mutants d’Arabidopsis thaliana[199], sauf
si l’adhésion entre cellules est ensuite affectée[200].
Ces mouvements de croissance spiralée sont les plus simples qui font intervenir un
mouvement 3D non trivialement longitudinal. C’est un bon candidat pour tester
quantitativement les versions tensorialisées (3D) des modèles de Lockhart[201, 202], car pour
l’instant seule la version 1D a reçu d’importantes confirmations expérimentales.
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Objectifs du projet
L’objectif principal du projet est donc de répondre à cette question : est-ce que la loi de
Lockhart tensorialisée est valide à 3D ? Pour répondre à cette question, l’idée du projet est de
combiner un modèle de tissu, le plus simple possible, avec des cellules assez grosses pour
pouvoir modifier la pression in-situ. C’est le cas de certains characeae, dont les internœuds
sont de grosses cellules uniques qui possèdent des cortications (cellules périphériques, voir
figure 4.7).
Notre hypothèse de travail est donc que l’anisotropie de croissance découle de
l’anisotropie de déformation élastique. Nous allons tester expérimentalement et
théoriquement le pouvoir prédictif de cette hypothèse de travail, en quantifiant la croissance
spiralée d’un tissu de characeae constitué de cellules géantes. Dans un deuxième temps nous
regarderons plus en détail la réponse en croissance lorsque la pression des cellules est
imposée. Cela sera possible grâce au montage au laboratoire d’une sonde de pression. Cette
compétence expérimentale sera obtenue grâce à une collaboration avec Yoël Forterre et
Geoffroy Guéna (IUSTI Marseille), tous deux spécialistes de cette technique expérimentale.

Premiers résultats

t = 00.1 hours
2300
2100

y (µm)

1900
1700
1500
1300
1100
900
700
3000

4000

5000

6000

7000

8000

9000

x (µm)
20

< uy >x (µm)

< ux >y (µm)

0
−10
−20
−30
−40
3000

4000

5000

6000

7000

x (µm)

8000

9000

10000

10
0
−10
750

1000

1250

1500

1750

2000

2250

y (µm)

Figure 4.8 – Mesures de PIV pour caractériser la croissance de Chara globularis. Nous avons
zoomé sur un internœud en croissance. Nous avons accès au déplacement (u, v) selon x et y,
tracés tout en bas de la figure. La pente de u selon x fournit l’élongation ; la valeur moyenne
de v est liée à la rotation.
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Cinématique Nous avons développé un système de suivi de croissance basé sur des
enregistrements image par image de l’algue (intervalle de temps ∆t). Un exemple de film
reconstituant une expérience typique est disponible en ligne à cette adresse : http:
//www.msc.univ-paris-diderot.fr/~plant-dynamics/chara/rotation/. La
figure 4.8 montre un exemple de quantification à un instant donné. Il s’agit d’un zoom sur le
dernier internœud en croissance (le plus actif). En faisant des corrélations entre deux images
successives (PIV 9 ), nous avons accès au champ de déplacement local


−−→
u(x, y)
∆X(x, y) =
(4.1)
v(x, y)
1 ∂u
et la figure 4.8 montre que, sur l’extrémité la plus en
Le taux d’élongation local s’écrit ∆t
∂x
croissance, ce taux d’élongation est constant. Un fit linéaire donne une valeur de l’ordre de la
y
dizaine de pourcents par jour. La vitesse angulaire de rotation est θ̇ = hvi
où R est le rayon
R
de l’algue. On mesure de l’ordre du demi tour par jour ! Nous avons désormais la preuve de
principe pour des mesures de cinématique simple. Dans le cadre du projet ANR, nous
envisageons de faire de l’imagerie 3D grâce à la plateforme ImagoSeine
(https ://imagoseine.ijm.fr), pour avoir un champ de croissance beaucoup plus précis.

Modèle Nous souhaitons modéliser en parallèle la croissance, pour pouvoir à terme déduire
des paramètres de nos expériences. Plusieurs modèles tensorialisés (incluant les effets 3D dans
la croissance) ont été proposés[202, 203, 201, 204].
Nous avions exploré le modèle proposé par Huang et al.[202] avec le stage de Miguel
Sarrailh[205]. Ce modèle, basé sur une analogie avec la plasticité des métaux s’est avéré
numériquement très lourd à mettre en place (en particulier la détermination du flux plastique).
Le plan pour le futur est d’utiliser le même formalisme que[201] :
dFg −1
Fg = γΘ(Ee − E0 )
dt

(4.2)

où Fg est le tenseur de taux de croissance, Ee le tenseur de déformation, γ un scalaire
caractéristique de l’extensibilité, Θ(Ee − E0 ) correspond à un tenseur qui ne s’annule pas
uniquement dans les directions où la déformation élastique est au-dessus d’une valeur critique
décrite en E0 . Cette nouvelle formulation, plus simple, basée directement sur l’anisotropie de
déformation élastique, semble très prometteuse.

4.4

Conclusion

Les trois projets présentés ici présentent chacun des intérêts particuliers (reconstruction
3D, topologies 3D, aspects microscopiques), mais la direction générale de mes recherches est
9. La technique est dite PIV pour “Particle Image Velocimetry”.
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d’aller, au-delà de l’aspect cinématique de l’étude des mouvements, vers plus de mécanique.
Dans le premier projet, un effort important sera fait grâce aux expériences d’ablation locale,
à l’étude des contraintes résiduelles. Dans le second, les forces seront mesurées directement
macroscopiquement. Enfin, dans le troisième projet, la pression pourra être directement
imposée. Cette évolution est nécessaire pour aller vers une compréhension plus profonde des
mécanismes mis en jeu.

Chapitre 5

Nouvelle thématique de recherche :
géomorphogénèse

Pour ce dernier chapitre, j’aborde l’ouverture de mes thématiques de recherche à l’étude de
la morphogénèse de systèmes naturels, mais non biologiques. En pratique, il s’agit de l’étude
de systèmes géologiques.
Profitant de l’environnement culturel riche du laboratoire MSC, en particulier concernant la
mécanique des fluides, j’ai été progressivement intéressé par ce domaine où la morphogénèse
et la mécanique des fluides interagissent. A partir de 2015, je rejoins Michael Berhanu et Sylvain
Courrech du Pont sur une thématique nouvelle particulière : l’érosion par dissolution. Michael et
Sylvain sont des expérimentateurs reconnus en mécanique des fluides. De mon coté, j’amène
à l’équipe mes compétences numériques.
Par rapport à mes études sur les systèmes biologiques où les lois d’évolution intrinsèques
sont cachées, les systèmes simples que nous étudions en géomorphogénèse sont bien décrits
par les lois connues de l’hydrodynamique, mais la rétroaction entre les écoulements
hydrodynamiques et la topographie rendent l’étude de la morphogénèse de ce genre de
système d’une richesse incroyable.
Dans une première section, j’introduis le concept d’érosion par dissolution, en l’illustrant
avec les premières expériences, simples mais spectaculaires, réalisées au laboratoire sur des
matériaux aussi familiers que le caramel ou le sel (section 5.1). Je détaille ensuite ma
première étude concrète sur le sujet, qui montre la richesse de ce domaine : la revisite d’un
problème déjà abondamment traité dans la littérature : les instabilités de Rayleigh-Taylor /
Rayleigh-Bénard (section 5.2). Ensuite, je parle des perspectives. Je détaille d’abord quelques
projets en cours : le cas particulier de l’influence de la rugosité de surface dans les
développements de l’instabilité initiale, ou le problème de la fonte qui fait intervenir le champ
de température comme paramètre supplémentaire. Finalement, je détaille les projets futurs,
qui concernent essentiellement des expériences de terrain, ainsi qu’un nouveau type de
simulation à interface mobile (section 5.3).
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5.1

Erosion par dissolution

5.1.1

Introduction

La géomorphogénèse est l’émergence des formes du relief de la surface terrestre. Il résulte
de l’action des éléments naturels (pluie, gel, vent, etc.). C’est un thème vaste et déjà largement
exploré, mais la plupart des approches se sont focalisées sur l’érosion particulaire due aux
contraintes mécaniques[206]. Pourtant, dans la nature, de nombreuses roches sont solubles
dans l’eau comme le gypse ou le calcaire. Leur érosion chimique donne naissance à ce qu’on
appelle les structures karstiques : des paysages spectaculaires aux motifs remarquables (voir
quelques exemples figure 5.1). Ils apparaissent soit en surface, ce sont les lapiaz, les tsingys,
les cannelures (ou rillenkarren)...soit sous la surface, sous forme de cavités souterraines.

Figure 5.1 – Exemples de paysages spectaculaires observés dans la nature par érosion par
dissolution. Gauche : forêt de Tsingy de Bemaraha, Madagascar (Photo : Stephen Alvarez) et
plafond de la galerie inférieure occidentale de la grotte des Puits. (Meurthe et Moselle, France).
Photo : B. Losson. Droite : cannelures géantes, Isla madre de dios, Chili. Expédition Ultima
Patagonia (@CentreTerre).
Dans tous les cas, les motifs émergents résultent du couplage entre un écoulement
hydrodynamique et une topographie évolutive. L’aspect particulier à l’érosion par dissolution
est que le taux d’érosion local dépend du champ de concentration. Et celui-ci dépend de
l’hydrodynamique car il est “transporté” selon les équations d’advection-diffusion.
Ce genre de systèmes est donc parfaitement défini par
— L’équation de Navier-Stokes, qui détermine l’écoulement (dépendant de la topographie)
et qui fixe le champ de vitesse
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— L’équation d’advection-diffusion, qui fixe le champ de concentration à partir du champ
de vitesse, et des conditions limites.
— La condition limite de dissolution, qui fixe l’évolution de la topographie en fonction de
la concentration locale.
À l’interface, c’est la réaction chimique qui fixe le flux Φ de soluté selon l’équation suivante
Φ = α (cm − ci )

(5.1)

où cm est la concentration maximale de saturation, et ci la concentration locale à l’interface.
Cette relation linéaire n’a rien à voir avec une éventuelle approximation cinétique de premier
ordre 1 . Au contraire, elle découle naturellement de la théorie de l’état de transition (en
particulier de la dépendance exponentielle avec l’énergie libre de Gibbs, et du fait que cette
énergie soit logarithmique en concentration[208]). α est le préfacteur qui englobe toutes ces
considérations cinétiques ; il représente la vitesse de réaction (en m.s−1 ).
La dissolution du solide s’accompagne du recul de l’interface
− ρs vd · n = α(cm − ci )

(5.2)

où vd est la vitesse de l’interface (ou de dissolution), ρs la masse volumique du solide, et
n le vecteur normal à l’interface pointant vers le liquide.
La conservation du flux de soluté à l’interface s’écrit (par exemple dans le réferentiel de
l’interface, comme la somme du flux diffusif et du flux advectif) :
− ρs vd · n = −D ∇c|i · n + ci (ui − vd ) · n

(5.3)

où D est le coefficient de diffusion, et ui la vitesse du liquide à l’interface 2 :
ui · n = vd · n (1 − χ)
avec χ, le rapport des masses volumiques du liquide et du solide χ =
La condition limite à l’interface s’écrit donc de la sorte :


ci
= −D ∇c|i · n
α(cm − ci ) 1 −
ρl

(5.4)
ρs
.
ρl

(5.5)

Même si le terme en ci /ρl sera souvent négligé[207], cette condition limite est très riche car elle
couple le gradient du champ, au champ lui-même. C’est cette équation (5.5) qui déterminera
le champ de concentration. C’est ensuite l’équation 5.2 qui déterminera le recul de l’interface.
Pour une introduction exhaustive à l’érosion par dissolution, incluant notamment un état de
l’art fouillé, un large éventail d’illustrations géologiques, ainsi que des détails calculatoires sur
l’obtention des conditions limites, nous renvoyons le lecteur au chapitre 10 du document rédigé
par Michael Berhanu[208].
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Figure 5.2 – Gauche : dissolution d’un bloc de caramel plongé dans de l’eau. (a) vue de côté du
bloc tenu légèrement incliné. Visualisation schlieren de l’écoulement. (b) zoom sur l’interaction
entre filaments et topographie. (c)–(f) Motifs observés sous le bloc à différents instants : stries
longitudinales, chevrons, puis coquilles. D’après[209, 210]. Droite : vision schématique de
l’instabilité initiale. Le temps augmente de haut en bas. D’abord le soluté diffuse et crée
un film mince d’eau chargé en soluté. Ce film se déstabilise sous l’influence de la gravité,
avec une longueur d’onde bien définie (voir section 5.2.1). Cette modulation hydrodynamique
implique une inhomogénéité du champ de concentration, qui imprime un motif par érosion
différentielle[210].
5.1.2

Expériences

Des expériences simples mais spectaculaires, réalisées au laboratoire par Caroline Cohen
et Sylvain Courrech du Pont ont lancé cette thématique. Un corps plongé dans l’eau (tel un
bloc de sel ou de caramel) va rapidement donner lieu à une succession d’instabilités, menant
finalement à des motifs en forme de coquille tout à fait similaires à ceux observés sur la grotte
des Puits par exemple (voir figure 5.1).
La figure 5.2 montre en particulier l’évolution d’un bloc de caramel plongé, avec un léger
angle, dans un aquarium d’eau pure. Très rapidement, un écoulement s’établit
quasi-verticalement le long du bloc. Une première instabilité apparaı̂t avec la formation de
stries longitudinales, le long de l’écoulement. Les stries laissent place à des chevrons qui
interragissent. L’instabilité devient transverse, et les formes caractéristiques de coquilles
s’établissent. Ces formes sont aussi reminiscentes des coquilles observées sur les
icebergs[209]. Ce type d’expérience a aussi été réalisé sur le sel avec les mêmes résultats
qualitatifs. Voir par exemple les beaux clichés obtenus par Sylvain Courrech du Pont[210].
1. Cette justification erronée est malheureusement rencontrée dans la littérature[207].
2. La dérivation de cette équation est obtenue par principe de conservation[208].
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Cette étude expérimentale a donné lieu à deux publications :
— Cohen C, Berhanu M, Derr J, du Pont SC. Erosion patterns on dissolving and melting
bodies. Physical Review Fluids. 2016 Sep 12 ;1(5) :050508.
— Cohen C, Berhanu M, Derr J, du Pont SC. Buoyancy-driven dissolution of inclined blocks :
Erosion rate and pattern formation. Physical Review Fluids. 2020 May 18 ;5(5) :053802.
Expérimentalement, nous avons mis en évidence des lois d’échelle liées à l’instabilité
longitudinale initiale. Je ne les détaille pas ici car elles seront retrouvées et détaillées dans la
section suivante (théorie/numérique). J’en expose rapidement une vision intuitive.
5.1.3

Vision intuitive

Nous détaillons dans la figure 5.2 l’explication intuitive que nous avons pour expliquer
l’apparition des stries longitudinales. Elles sont liées à une instabilité hydrodynamique initiale.
Après un premier stade transitoire de diffusion, un film mince chargé en soluté se crée sous le
bloc. Il est plus dense que l’eau du bain, et par gravité se film se déstabilise en filaments.
La déstabilisation de ce film mince est évidement directement liée aux problèmes classiques
de Rayleigh-Taylor et de Rayleigh-Bénard.

5.2

Etude de l’instabilité initiale : Rayleigh-Bénard revisitée

5.2.1

Théorie

Quel type d’instabilité ? S’agit-il d’une instabilité de Rayleigh-Taylor ? Car nous avons bien
à faire à une instabilité de digitation, à l’interface entre deux fluides de densité différentes
lorsque le fluide léger est poussé par le plus dense[211, 212, 213]. S’agit-il d’une instabilité de
Rayleigh-Bénard[214] (en version solutale, où le champ de concentration remplace le champ
de température) ? Car, en effet, la couche limite qui s’établit à l’interface (en-dessous du bloc
solide) peut être vue comme une cellule de Rayleigh-Bénard, avec les conditions limites du
bain à l’extrémité inférieure, et la concentration fixée par le solide à l’interface avec celui-ci.
Je laisse le lecteur se faire sa propre opinion, et avoir le plaisir d’en discuter en société 3 . La
vérité est certainement que les deux visions sont défendables, mais puisque nous montrerons
que le nombre de Rayleigh contrôle cette instabilité, il me semble plus pertinent de décrire
notre phénomène comme une instabilité de Rayleigh-Bénard instationnaire.
En effet, la taille de notre “boı̂te” (la couche limite) évolue en fonction du temps. Au fur
et à mesure que le solide se dissout, la couche limite s’épaissit jusqu’à ce que le nombre de
Rayleigh solutal
∆ρ g `3
(5.6)
Ra =
ηD
3. Amusez-vous bien, c’est une source de discussion sans fin !
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dépasse une valeur seuil (où ∆ρ est la différence de densité entre l’interface et le bain, g le
champ de pesanteur, ` la taille de la couche limite, η la viscosité dynamique du fluide, et D
le coefficient de diffusion du soluté). La couche limite se déstabilise alors 4 .
Détermination du début de l’instabilité Nous discutons dans cette partie un travail réalisé
en collaboration avec Michael Berhanu. Ce travail n’est pas encore publié mais Michael a
rédigé un brouillon très détaillé qui constitue le chapitre 11 de son habilitation[208]. Nous nous
contentons ici de reproduire les étapes-clefs.
Les calculs classiques d’instabilité considèrent des perturbations harmoniques du champ
de concentration c autour d’un état de base cb . La difficulté de notre problème est que l’état
de base stable qui nous intéresse est la lente diffusion du front du champ de concentration, en
fonction du temps. Cet état de base n’est pas stationnaire ! Nous l’appelons cb (t). Une solution
sous forme d’une série de Fourier est donnée dans la littérature[215, 216] :

2 !


∞
X
4
(2n − 1)π
(2n − 1)π z
cb (t) = 1 +
exp −
t sin
(2n
−
1)
π
2H
2H
n=1
où H = H
, avec H la taille de la boı̂te considérée, et L la longueur caractéristique telle
L
que le nombre de Rayleigh solutal soit égal à 1. Dans cette expression, z est la dimension
verticale, avec l’interface en haut, en z = 0, et le liquide dans la partie z < 0 (voir [207]
pour un schéma de la géométrie considérée : le liquide qui se dissout est situé au-dessus d’un
réservoir d’eau).
En considérant le fluide comme incompressible, et en utilisant l’approximation de
Boussinesq, nous obtenons deux équations (Navier-Stokes, et advection-diffusion). Pour le
calcul d’instabilité linéaire, les termes non-linéaires sont aussi négligés, et le système à
étudier devient, en posant C = c − cb [208] :
∂cb
∂C
− 4C = −w
∂t
∂z

(5.7)

1 ∂4w
− 4(4w) = − 41 C
Sc ∂t

(5.8)

où w est le champ de vitesse selon z, Sc est le nombre de Schmidt, et en utilisant la notation
∂2
∂2
41 =
+
. En suivant l’approche de Foster [217], on peut éliminer la variable C du
∂x2
∂y 2
système des équations 5.8 et 5.8, pour obtenir l’équation-clef à résoudre :



∂
1 ∂
∂cb
−4
− 4 4w = 41 w
(5.9)
∂t
Sc ∂t
∂z

4. Dans la section suivante, nous explorons aussi de façon numérique ce qui se passe encore plus tard. Une
fois que la couche limite se déstabilise, l’épaisseur de celle-ci diminue, réduisant de facto le nombre de Rayleigh.
Nous montrerons en réalité qu’un régime quasi-stationnaire s’établit, où le nombre de Rayleigh est constant.
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On cherche ensuite une solution de la forme :
!
Z X
∞
Am (t) sin(mπz/H) (exp(ıkx x + ıky y) + c.c.) dk
w(x, y, z, t) =

(5.10)

m=1

que l’on injecte dans l’équation 5.9, et on utilise la méthode de Galerkin pour projeter les
termes non-diagonaux sur la base des Am . Pour k et t donnés, on obtient alors le système
suivant :



2

1
m2 π 2
m2 π 2
1
2
2
− 2 − k Äm (t) − 1 +
− 2 −k
Ȧm (t)
Sc
H
Sc
H

3
(5.11)
∞
m2 π 2
2k 2 X
2
Ar (t) Irm (t) = 0
+ − 2 −k
Am (t) +
H
H r=1
Avec Irm (t) une intégrale croisée 5 .
En posant Bm (t) = Ȧm (t), et en tronquant les sommes jusqu’à l’ordre N , on peut écrire le
système différentiel 5.11 sous forme matricielle, avec une matrice M de taille 2N ×2N . Soit le
→
−
→
−
→
−
dV
>
vecteur V (t) = (A1 , · · · , AN , B1 , · · · , BN ) , alors
= M V , où M s’écrit par blocs
dt
tous connus[208]. On définit alors σ comme la plus grande partie réelle des valeurs propres
de M . De façon traditionnelle, si σ est positif, le système devient instable. Dans notre cas
particulier, la solution de base (purement diffusive) évolue avec le temps. La diffusion a même
tendance à stabiliser le système (voir article numérique, section suivante). Il est raisonnable de
b
penser que le système devient instable lorsque σ > Mgrad (t) avec Mgrad (t) = max( ∂c
).
∂t
Numériquement, la matrice M est assemblée pour toute une série de valeurs de k et t, et
la valeur de σ est calculée. Les résultats sont représentés sur la figure 5.3, et en utilisant le
second critère d’instabilité, la relation de dispersion est dégagée. Cette relation de dispersion
montre que le système n’est instable qu’à partir d’un temps fini de démarrage. Le mode le plus
instable associé au démarrage de l’instabilité est représenté figure 5.3. La longueur d’onde est
finie, potentiellement liée au motif futur d’érosion, mais le fait que la relation de dispersion
soit si plate ne la caractérise pas fortement.
Cette étude théorique a permis de mettre en évidence le phénomène de démarrage de
l’instabilité (onset) en un temps fini. Mais les approximations nécessaires, ainsi que la relative
platitude de la relation de dispersion obtenue, nous ont poussés à aller plus loin et à simuler
numériquement le problème complet. C’est ce que nous présentons dans la section suivante.
5.2.2

Simulation numérique

Nous avons investigué en détail l’instabilité de convection solutale induite par la dissolution
d’un corps plongé dans un solvant au repos, en faisant la simulation numérique complète du
problème.
5. Irm (t) =

R0

−H

∂cb
sin(rπz/H) sin(mπz/H) dz
∂z
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Nous avons identifié trois régimes successifs. D’abord, un régime de diffusion pure, puis
le développement de l’instabilité convective, et enfin l’établissement d’un régime
quasi-stationnaire de dissolution. Nous avons caractérisé ces trois régimes. Basé sur un
nombre de Rayleigh constant, nous avons déduit des lois d’échelles. Nous avons vérifié
numériquement ces lois et nous faisons des prédictions géophysiques. En particulier, nous
montrons que la convection solutale est un mode important de dissolution lorsque les temps
géologiques sont pris en compte.
Nous reproduisons dans les pages suivantes l’article publié dans Physical Review Fluids :
— Philippi J, Berhanu M, Derr J, Courrech du Pont, S. Solutal convection induced by
dissolution. Physical Review Fluids. 2019 Oct 7 ;4(10) :103801.
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The dissolution of minerals into water becomes significant in geomorphology when
the erosion rate is controlled by the hydrodynamic transport of the solute. Even in the
absence of an external flow, dissolution itself can induce a convective flow due to the
action of gravity. Here we perform a study of the physics of solutal convection induced
by dissolution. We simulate numerically the hydrodynamics and the solute transport in a
two-dimensional geometry, corresponding to the case where a soluble body is suddenly
immersed in a quiescent solvent. We identify three regimes. At a short timescale, a
concentrated boundary layer grows by diffusion at the interface. After a finite onset time,
the thickness and the density reach critical values, which starts the destabilization of
the boundary layer. Finally, the destabilization is such that we observe the emission of
intermittent plumes. This last regime is quasistationary: The structure of the boundary layer
and the erosion rate fluctuate around constant values. Assuming that the destabilization of
the boundary layer occurs at a specific value of the solutal Rayleigh number, we derive
scaling laws for both fast and slow dissolution kinetics. Our simulations confirm this
scenario by validating the scaling laws for both onset and the quasistationary regime. We
find a constant value of the Rayleigh number during the quasistationary regime, showing
that the structure of the boundary layer is well controlled by the solutal convection. We
apply the scaling laws previously established to the case of real dissolving minerals. We
predict the typical dissolution rate in the presence of solutal convection. Our results suggest
that solutal convection could occur in more natural situations than expected. Even for
minerals with a quite low saturation concentration, the erosion rate would increase as the
dissolution would be controlled by the hydrodynamics.
DOI: 10.1103/PhysRevFluids.4.103801

I. INTRODUCTION

Erosion induced by dissolution and the associated morphogenesis are of particular interest
in a geological context. Dissolution is often the dominant erosive process in an area covered
by a dissolvable mineral like limestone in karst regions and produces remarkable patterns such
as scallops or rillenkarren [1,2]. The three most common dissoluble rocks are salt [halite or
sodium chloride (NaCl)], gypsum (CaSO4 and 2H2 O), and limestone (calcite and CaCO3 ), whose
solubilities in water are, respectively, about 360 g/l, 1.5 g/l, and 2.5 mg/l. It can be inferred that
dissolution of these rocks occurs on very different timescales (five orders of magnitude). With the
hypothesis of fast kinetics of dissolution, the dissolution rate is often assumed to be controlled by
solute transport rather than dissolution kinetics [3,4]. The erosion velocity decreases with the solute
concentration at the dissolving interface to vanish when it reaches the saturation concentration. Then
diffusive and advective transport of the solute control the erosion dynamics. Inside the ground, if
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the rock is porous or fractured, water flows into underground rivers, dissolving progressively the
rock and creating dissolution cavities. Complex three-dimensional networks of caves are formed
in limestone karst areas, evolving on a timescale typically between 10 000 and 100 000 yr [5].
Understanding the dissolution dynamics of the subsoil is of particular importance to prevent or
predict the collapse of large void cavities created by water drainage, leading to the formation of
sinkholes [6]. This risk is in particular present where a gypsum stratum is close to the surface, like
in Île de France [7].
In nature, hydrodynamic flows enhance solute transport. These flows are often imposed externally, like in the case of an underground river digging a cave. Nevertheless, solute flows can occur
without external forcing: buoyancy forces caused by differences in solute concentration can generate
a convective flow. Literally analogous to thermal convection, where the density variations are caused
by fluid thermal expansion, solutal convection can be triggered by evaporation [8,9] or freezing [10]
of salt water or dissolution. Solutal convection induced by dissolution is mostly studied in porous
media especially in the context of CO2 sequestration [11–14]. It can also appear in dissolution
cavities filled with water [15,16]. A question of geophysical interest consists in wondering if an
external flow is always necessary to achieve considerable erosion of rocks.
Shaping of bodies dissolving in quiescent water due to solutal convection has been reported in
several works. Most of them report the formation of patterns. To our knowledge, J. Schürr reports
the first observation of these patterns in 1904 during his Ph.d. thesis [17,18] at Clermont-Ferrand
(France) under the supervision of Bernard Brunhes. Subsequent studies have been performed from
a chemical engineering perspective [19,20] or in a pharmaceutical context [21]. In a geophysical
context, Tait and Jaupart [22,23] and then Kerr [24] studied the solutal convection to address
precipitation or dissolution in magma chambers. Quantitative measurements of dissolution mass flux
and surface patterning were performed with NaCl, KBr, and KCl [25–27] horizontal crystals. This
work has been extended recently to inclined bodies [28–30]. Tait and Jaupart [22] and subsequent
works infer scalings built on a constant solutal Rayleigh number.
We emphasize that immersing suddenly a dissoluble block into water does not correspond to
the classical Rayleigh-Bénard problem. Neither the concentration nor the flux at the boundaries
is stationary forced. The standard methods of linear stability analysis cannot be used to predict
the onset of the instability. Several theoretical approaches have been proposed to tackle the
time-dependent convective instability [31–40], but they rely on strong hypotheses and on arbitrary
criteria defining the onset. Although the solutal convective instability corresponds to a nonstationary
Rayleigh-Bénard problem, the global dissolution flux is experimentally found to be constant with
time [25,29]. The dissolution rate is set by the size of the concentration boundary layer at the
dissolving interface, as it is for the temperature boundary layer in turbulent thermal convection. The
experimental investigation of this layer remains challenging due to its small size (about 100 μm)
and the high concentration gradients, preventing the use of optical techniques.
Here we investigate, by means of numerical simulations, the solutal convection induced by
dissolution. At short timescales, we study the development of the boundary layer and the onset
of the instability. At longer times, we evidence the establishment of a quasistationary regime and
focus on the structure of the associated concentration field. We derive and verify simple scaling
laws predicting the onset parameters and the dissolution flux in the regimes where the dissolution
is limited by the hydrodynamic transport or by the chemical kinetics. The paper is organized as
follows. We detail in Sec. II the theoretical framework used in this study and we derive the associated
scaling laws. In Sec. III, for reference, we measure experimentally the onset time of the instability
for salt dissolving in saline water. The core of the paper is then dedicated to a two-dimensional
numerical simulation of convection. We develop the numerical model in Sec. IV. In Sec. V we
detail the temporal evolution of the instability and discuss three distinct regimes. We perform a
parametric study of the quasistationary regime in Sec. VI and verify the derived scaling laws. We
discuss the possible emergence and growth of dissolution patterns in Sec. VII. In Sec. VIII we
address the relevance of the solutal convection induced by dissolution for a natural environment.
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II. THEORETICAL FRAMEWORK AND SCALING LAWS

The physical problem of erosion induced by dissolution studied here can be understood as
an advection-diffusion problem in the fluid, coupled with a moving solid boundary due to the
dissolution [1]. In the following, we discuss the theoretical framework and the validity of the
different hypothesis for the typical case of NaCl salt (referred to in the following as salt) dissolving
in an aqueous solution.
A. Interface boundary condition at the solid-liquid interface

The dissolution reaction imposes at the solid-liquid interface a solute flux. Considering first-order
kinetics, this mass flux  is considered to be proportional to the difference between the solute mass
concentration at the solid-liquid interface ci and the saturation mass concentration cm ,  = α(cm −
ci ), where α is the dissolution rate coefficient (always positive) modeling the chemical kinetics of
dissolution [41]. We assume a linear relation between the density ρ and mass concentration c of the
solution, valid when only one chemical species is in the solution, c = cm (ρ − ρ0 )/(ρm − ρ0 ), with
ρ0 the density of the liquid in the absence of solute and ρm the density of the liquid at saturation. We
also note that, especially for fast dissolving minerals, the kinetics of the chemical solvation reactions
have not been precisely documented, at least experimentally. Molecular dynamics simulations at the
microscopic scale show a constant dissolution rate of NaCl crystal in the limit of infinitely diluted
solvent [42].
The dissolution of the solid results in the receding of the interface
−ρs vd · n = α(ci − cm ),

(1)

where vd is the dissolution velocity, n the normal vector to the interface directed outward from
the liquid, and ci the concentration at the interface. The conservation of the concentration at the
interface reads
−ρs vd · n = −ci vd · n − D∇c|i · n + ci ui · n,

(2)

where ui is the liquid velocity at the interface. The kinematic condition of nonpenetration is written
ui · n = vd · n(1 − χ ),

(3)

where χ is the expansion factor, the ratio between the volumes the solute occupies in the liquid
phase and the solid phase. In the quasistatic regime (when χ  ρcis ), and expressed as a function of
the fluid density ρ, Eqs. (1)–(3) are rewritten
ρm − ρ0
vd · n = α(ρi − ρm ) = −D∇ρ|i · n,
(4)
−ρs
cm
where D is the diffusion coefficient of the solute in the liquid. The quasistatic approximation
is reasonable for most practical geological cases. For salt, the saturation concentration is cm =
315 kg m−3 , the saturation density is ρm = 1200 kg m−3 , and the density of the solid salt crystal
is ρs = 2163 kg m−3 . Then ρs /cm ∼ 10 while χ  1. The dissolution rate depends on the value
of the density ρi at the interface, which is modified by advection by the hydrodynamic flow in
the liquid phase. We neglect the Gibbs-Thomson effect, which increases the dissolution velocity at
high curvature (curvature radius smaller than 1 μm) [43,44]. The dissolution process goes with the
release or absorption of heat energy because of the change in enthalpy. The dissolution of salt in
water is endothermic, which could limit the dissociation rate and affect the concentration saturation
value and other involved parameters that are temperature dependent. However, the energy balance
is taken to be incidental because first the thermal diffusivity in water is 100 times larger than the
mass diffusion coefficient and second because we consider a very large volume of solution acting
as a thermostat.
Considering that the characteristic spatial scale of the problem is the concentration boundary
layer thickness δ, the mass balance equation (4) is rewritten α(ρm − ρi ) ≈ Dδ (ρi − ρb ), where ρb is
103801-3
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the initial density of the solution (bath). From there the effective density difference ρ eff created in
the boundary layer reads
ρ eff ≡ ρi − ρb ≈

Da
ρ,
1 + Da

(5)

where ρ is the maximum density difference ρ ≡ ρm − ρb and Da is the dimensionless Damköhler number Da = αδ/D, which compares the dissolution rate coefficient α and a characteristic
diffusion velocity D/δ. When the Damköhler number is large, the dissolution is limited by the
diffusion and the concentration at the interface is close to the saturation concentration and ρ eff ≈
ρ. On the contrary, when the Damköhler number is small, the dissolution is limited by the
chemical kinetics. Therefore, the concentration at the interface is close to the bath concentration
and ρ eff ≈ Daρ. The coefficient α is not precisely known for most fast dissolving minerals.
However, in the case of dissolution of salt in water, using a disk rotating experiment and
assuming a first-order dissolution kinetics, Alkattan et al. [41] find α = 5.0 ± 0.4 × 10−4 m s−1
at a temperature T = 25 ◦ C. For such a value of α, our simulation will show that Da ∼ 10, so the
concentration at the interface is close to the concentration at saturation.
B. Scalings for the solutal convection induced by dissolution
1. Onset of convection instability

When putting a block in contact with a solution, the blocks starts dissolving. In a first step,
the concentration boundary layer charged in solute grows by diffusion until it reaches a critical
thickness δonset at t = tonset . At this point, the boundary layer becomes unstable due to the gravity
action because the concentrated solution is denser. A buoyancy instability develops as shown in our
simulations (see Sec. IV). This is analogous to the Rayleigh-Bénard instability where concentration
replaces temperature.
The classic theoretical approach to describe the convective instability [45] under the action of
the gravity acceleration g relies on the Boussinesq approximation, i.e., the variations of the density
with the solute concentration are neglected except for the weight of the fluid particle. Moreover,
it supposes that the diffusion coefficient D and the kinematic viscosity ν do not depend on the
solute concentration. With these hypotheses, the convective flow between two horizontal plates
eff 3
separated by a distance occurs in the stationary regime when the Rayleigh number Ra = ρηDg
exceeds a critical value [22,45], with η = ρb ν the dynamic viscosity. The given value depends
on the boundary conditions Rac = 27π 4 /4 ≈ 657.5 for free-surface boundaries, Rac = 1708 for
solid walls, and Rac = 1101 for mixed conditions. The corresponding wavelengths at the instability
threshold are 2.8 , 2.0 , and 2.3 , respectively [45]. In our situation, the geometry is semi-infinite
and the phenomenon is not stationary with a priori nonconstant concentration at the boundaries. At
t = 0, the dissolving material is put in contact with the solution, and the initial concentrations and
velocity fields are null.
A naive criterion of convection onset consists in basing the Rayleigh number on the boundary
layer thickness δonset as a characteristic length scale. It follows that
1/3

ηD
,
(6)
δonset ≈ Ra1/3
c
eff
ρ g
λonset ≈ γ δonset ,

(7)

where γ is the prefactor linking λ to δonset . As the boundary layer grows by diffusion during the first
2
step, the onset time of convection scales as tonset ≈ δonset
/D, which gives
2/3

η
tonset ≈ Ra2/3
.
(8)
√
c
ρ eff g D
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Some theoretical works addressed the question of the prefactors. For example, a semianalytical
work based on the propagation theory [36,37,46],
√where part of the dynamics of the base state is
taken into account, predicts tonset = 7.53(η/ρg D)2/3 . Later in this article, we perform the full
numerical simulation of the problem.
Note that for the practical case of salt dissolution, some of the above hypotheses are questionable.
The Boussinesq approximation is valid when the density variations are small, i.e., when (ρm −
ρb )/ρb  1. For salt (ρm − ρb )/ρb ≈ 0.2. Moreover, the dynamic viscosity η increases with c from
1.002 × 10−3 to 1.990 × 10−3 Pa s (saturated solution) [47]. The diffusion coefficient is almost
independent of concentration with a maximal variation of 7% [48].
2. Quasistationary regime of solutal convection

After the onset, the instability develops and concentrated plumes are intermittently emitted in the
vicinity of the interface. The solute flux at the interface reaches a constant value on average (see
[27,29] and Sec. IV). We refer to this regime as the quasistationary regime of solutal convection.
In the Rayleigh-Bénard problem, the thermal flux is usually written as a diffusive flux through
the gap of distance h times the Nusselt number Nu, which is the ratio between the actual flux and the
pure diffusive flux. For large gaps it has been found that the Nusselt number scales as Ra1/3 , where
Ra is the Rayleigh number based on the gap size h [49]. This results in a thermal flux independent
of the gap size h but controlled by the boundary layer thickness δ. By analogy, as previously done
[25,27], one can derive a scaling law in the quasistationary regime for the dissolution rate. From
Eq. (4), the mass flux of dissolved solute  scales like D(ci − cb )/δqs , where δqs is the thickness of
the boundary layer in the quasistationary regime. On this length scale, one can obtain a new value
of the Rayleigh number in the quasistationary regime Raqs =
 ≈ (Raqs )−1/3

3
ρ eff gδqs
.
ηD



gD2 ρ
cm
ρm − ρ0
η

eff 4/3

It follows that

.

(9)

Note that the same expression can be found by equating an advective and a diffusive flux [50].
3. Asymptotic laws

Considering the case of fast dissolution kinetics (Da  1) or slow dissolution kinetics (Da  1),
we derive a set of simple scalings from Eqs. (6)–(9) that we compare with our numerical simulations
in Sec. VI: For the fast dissolving case Da  1 and ρ eff ≈ ρ,



ηD 1/3
,
ρg


ηD 1/3
λonset ≈ γ Ra1/3
,
c
ρg
2/3

η
tonset ≈ Ra2/3
,
√
c
ρg D
 2 1/3
gD
cm
 ≈ (Raqs )−1/3
ρ 4/3 ,
η
ρm − ρ0
δonset ≈ Ra1/3
c

(10a)
(10b)
(10c)
(10d)

and for the slow dissolving case Da  1 and ρ eff ≈ Daρ,

δonset ≈ Ra1/4
c

D2 η
αρg
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(b)

101

∝ Δρ−2/3

tem (s)

198

100
101

102

Δρ (kg m−3)
FIG. 1. (a) Shadowgraph image of solutal convective flow. A salt block is put in contact with fresh water
and the image is taken 1.25 s after the contact. A graduation corresponds to 1 mm. (b) Emission time tem of the
first plume as a function of the density difference ρ = ρm − ρb , by
√ adjusting the maximal density to ρm =
1195 kg m−3 . The straight line indicates the scaling tem = K (η/ρg D)2/3 with the fitted value K = 12.8.

 2 1/4
D η
λonset ≈ γ Ra1/4
,
c
αρg

1/2
η
tonset ≈ Ra1/2
,
c
αρg
cm
ρ.
≈α
ρm − ρ0

(11b)
(11c)
(11d)

In the case of salt (Da  1), the scaling law for the flux  in the quasistationary regime (10d) has
been observed experimentally by Sullivan et al. with a Rayleigh number Raqs = 133 [25]. Cohen
et al. also evidenced this scaling law with Raqs = 94 [29]. We propose in the next section to test
experimentally with salt the scaling law for tonset .
III. EXPERIMENT: ONSET TIME OF THE CONVECTIVE INSTABILITY FOR SALT

Before addressing the numerical simulations of solutal convection induced by dissolution, which
constitutes the major part of this work, we present briefly a few experimental results. Here we put a
fast dissolving ionic crystal salt NaCl (Da  1) in contact with a water bath at an initial time t = 0.
The block is a rectangular cuboid of 5 × 5 × 2 cm3 made of commercial Himalayan pink salt [51].
The water surface is risen progressively and the initial time is detected by the establishment of a
meniscus. Later on, we observe the emission of plumes concentrated in the solute. We systematically
measure this time tem as a function of ρ (by varying the concentration of the bath). We visualize
the concentration field using a shadowgraph imaging technique. This setup enhances the variations
of the optical index, which depends on the solute concentration. This experiment is challenging for
small and large ρ and the accuracy is about 20%. At low salt concentration, the hydrodynamic
flow due to the motion of the interface perturbs the measurement. For salt concentration close to the
saturation, the optical index contrast is weak.
For pure water, the average tem is found to be equal to 0.95 s. Typically, 0.5-mm-wide plumes
sink with a velocity of 15 mm s−1 . The shadowgraph in Fig. 1(a) shows a complex structure of
entangled plumes corresponding to a turbulent regime of solutal convection. When increasing the
concentration of the bath, the emission time increases. For ρb = 1187 kg m−3 , we measure an
emission time tem = 10.5 s.
103801-6
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Etude de l’instabilité initiale : Rayleigh-Bénard revisitée

(article 11)

SOLUTAL CONVECTION INDUCED BY DISSOLUTION

The emission time of the first visible plumes tem exceeds the onset time tonset of the convective
flow. However, we expect these two timescales to scale similarly. Figure 1(b) shows tem as a function
of ρ; tem follows indeed the scaling law derived for tonset [Eq. (10c)]. The best fit gives
√
(12)
tem = 12.8(η/ρg D)2/3
when the maximal density is adjusted to ρm = 1195 kg m−3 . The volumetric mass of a saturated
solution of salt in pure water was measured to be 1194.1 kg m−3 at 25 ◦ C and 1199.1 kg m−3 at
15 ◦ C [52].
We take the other parameters to be equal to their value at the concentration of saturation at
20 ◦ C: D = 1.61 × 10−9 m2 s−1 [47] and η = 1.99 × 10−3 Pa s [47]. This is consistent with a large
Da number and a boundary layer of saturated solution.
The characteristic timescale tem of emission of filaments is thus measurable experimentally and
follows the scaling derived for the onset time. However, direct measurements of the onset time
tonset and of the typical thickness δ of the concentration boundary layer appear to be unreachable
experimentally. Computer simulations are required to access these quantities.
IV. NUMERICAL MODEL

We simulate the development of the instability at early times and the quasistationary dissolution
that follows. These simulations enable us to gain access to small times and small distances. They
confirm the physical scenario of solutal convection and the associated scaling laws (see Sec. II B 3).
They enable us to determine the prefactors that are useful for quantitative predictions.
Furthermore, we can study the transition between the two regimes: the diffusion limited regime
and the regime limited by the chemical kinetics. The latter regime, experimentally challenging, due
to the long timescales associated, has never to our knowledge been explored so far.
To compute this problem in an efficient way, we have performed numerical simulation of
the solutal convective instability with a simplified model. We only solve the coupled equations
governing the problem in a two-dimensional domain representing the liquid phase. We assume
that the characteristic time of motion of the solid interface is much larger than the hydrodynamic
timescale.1 Therefore, the solid interface at the top of the liquid domain is fixed in the simulations
while being a source of solute flux.
We solve simultaneously the incompressible Navier-Stokes equations with the Boussinesq
approximation and the advection-diffusion equation for solute concentration. We numerically solve
the advection-diffusion equation for the solution density instead of the concentration of solute,
which corresponds to a linear relationship between these two quantities. The corresponding set
of equations reads
∂ρ
+ (u · ∇)ρ = Dρ,
∂t


∂u
ρb
+ (u · ∇)u = −∇ p + νρb u + ρg,
∂t

∇ · u = 0,

where u, p, and ρ are the velocity, pressure, and density fields, respectively, and ν is the kinematic
viscosity. The boundary conditions for velocity and density are (i) a Dirichlet boundary condition
u = 0 for the velocity field at the top and at the bottom of the liquid domain because walls are rigid
and static and (ii) a Neumann boundary conditions for the density field given by the flux boundary
conditions at the solid surface (4) and a no-flux boundary condition at the bottom of the domain.

1
This assumption is stronger than the quasistatic approximation detailed in Sec. II. Both our experiments and
the results of our simulations show that it is reasonable, especially for the study of the flow instability.
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FIG. 2. Representation of the numerical domain with the appropriate boundary conditions.

The latter are written
D∇ρ|z=0 = −α[ρ(z = 0) − ρm ]n,


∂ρ 
= 0,
∂z z=−H

where n is a unit vector pointing outward from the fluid domain. On the left and right sides of the
domain, we impose periodic boundary conditions for the velocity and the density fields. Figure 2
displays the geometry of the model.
Using D/α as the characteristic length, D/α 2 as the characteristic time, and ρb as the characteristic density, the pertinent dimensionless quantities are written
x = (x, z) =

D
x̄,
α

t=

D
t¯,
α2

ρ = ρb ρ̄,

u = α ū,

p = −ρb gz + ρb α 2 p̄.

The governing equations in their dimensionless form become
∂ ρ̄
¯ ρ̄ = 
¯ ρ̄,
+ (ū · ∇)
∂ t¯

∂ ū
¯ ū = −∇
¯ p̄ + Sc
¯ ū − (ρ̄ − 1)g∗ ez ,
+ (ū · ∇)
∂ t¯

(13)
¯ · ū = 0,
∇

(14)

where Sc = ν/D is the Schmidt number and g∗ = gD
. Note that we moved the hydrostatic part of
α3
the pressure in the gravitational term. The flux boundary condition at the solid surface now reads
¯ ρ̄ = −[ρ̄(z̄ = 0) − ρ̄m ]n,
∇

(15)

where ρ̄m = ρρmb is the dimensionless saturation density.
The numerical dimensionless set of equations has been implemented in FREEFEM++ [53,54]
and solved with the finite-element methods. The features of our numerical scheme are detailed in
Appendix A. Appendix B shows the convergence of the code for several typical runs (see Fig. 12).
With the idea to simulate a semi-infinite domain, we make sure that the height H of the domain
is high enough to avoid interactions between the plumes and the bottom boundary. We checked that
the results do not depend on H. We have also chosen the width L of the domain in order to obtain an
aspect ratio which enables us to correctly determine the characteristic wavelength of the instability
but with reasonable computational costs.
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FIG. 3. (a) Snapshots of the simulation (for the case of salt) at different times corresponding to the three
regimes discussed in the main text: t = 0.9 s (diffusive regime), t = 2.6 s (instability regime), and t = 3.6 s
(plume regime). Each color represents a dimensionless isodensity (see the color scale). (b) Quantitative density
profiles at corresponding times. The graph represents the dimensionless density ρ(x) for a fixed distance from
the interface (z = −20 μm).
V. THE THREE REGIMES OF SOLUTAL CONVECTION

The numerical simulations succeed in reproducing in two dimensions the solutal convective
phenomenon observed when a solvable body is suddenly plunged into a water tank, which is by
essence nonstationary. Qualitatively, we can identify in the simulations three successive regimes:
(i) the diffusive propagation of the concentration front (t < tonset ), (ii) the growth of the instability
(tonset < t < tem ), and (iii) the emission of plumes and the quasistationary regime of dissolution
(t > tem ).
Snapshots of the density field in Fig. 3(a) and video in [55] show these successive regimes for
a typical run. These three successive regimes of dissolution are observable when looking at the
density field, the density profile, and the solute flux at the interface . Vertical density profiles as
shown in Fig. 4(a) are obtained by averaging horizontally the density field. The density decreases
monotonically from its maximum value at the interface to the value of the outer bath. We define the
characteristic thickness of the boundary layer as δ ≡ 2zhalf , where zhalf is the width of the profile
at half maximum. The mass flux  of solute entering the fluid phase through the top boundary is
=−

cm
α[ ρ(z = 0) x − ρm ].
ρm − ρ0

(16)

The wavelength λonset and onset time tonset determinations are explained in Appendix C. Figures 3
and 4 represents the data for a typical simulation computed with parameters corresponding to
the dissolution of salt in pure water (ρ/ρb = 0.2, ν = 10−6 m2 s−1 , D = 10−9 m2 s−1 , and
α = 10−4 m s−1 ). The dimensionless density can vary from 1 for fresh water to 1.2 for water
saturated in salt.
We detail now the three regimes.
(i) Diffusive regime t < tonset . At a short timescale t = 0.2 s, the density at the interface has
increased up to 1.13 at the interface and decreases to the value of the outer bath on a characteristic
length scale δ = 24.5 μm. Later on at t = 0.9 s, the isodensity curves are still parallel to the interface
(Fig. 3), which means that diffusion overcomes gravity. The density profile and the solute flux follow
the purely diffusive solution which has been solved analytically by Crank. The concentration field
(4) (see [56]) reads






 α 2
z
α
α√
z
c(z, t ) = cm erfc − √
Dt erfc − √ +
Dt .
(17)
− exp − z +
D
D
D
2 Dt
2 Dt
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FIG. 4. (a) Spatial density profiles. Blue lines show the result of the numerical simulation for t = 0.2 s and
t > 10 s; the latter is an average in the quasistationary regime. The blue area shows the fluctuation (standard
deviation) around the mean profile. These numerical profiles are compared to the analytical diffusive solutions
(17) (dashed green lines). From bottom to top, t = 0.2, 10, and 50 s. The diffusive theoretical profile describes
perfectly the numerical profile at t = 0.2 s, but the two profiles differ at later times, in the quasistationary
regime. (b) Characteristic thickness δ of the concentrated boundary layer as a function of time (δ ≡ 2zhalf ,
where zhalf is the width of the density profile at half maximum). (c) Dissolution flux  at the interface as a
function of time. The blue line indicates the results of the simulation (averaged spatially along the interface),
while the dotted green line corresponds to the analytical one-dimensional diffusion solution [obtained via
Eq. (17)]. (d) Time evolution of the wavelength determined by autocorrelation, from the first minimum (green
dots) and the first maximum (blue dots). (e) Corresponding score S computed as the relative weight of the
first peak versus the central peak. (f) Standard deviation σ of the horizontal density profile at the characteristic
distance z0 from the interface where ρ(z0 ) x = 0.8 ρ(0) x (see Appendix C).
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(ii) Growth of the instability (tonset < t < tem ). At a given time that we define as tonset , the diffusive
boundary layer becomes thick enough and starts to destabilize because of gravity. The isodensity
curve deforms (see Fig. 3 for t = 2.6 s) with an initial wavelength λ = 260 μm. The amplitude of
this density perturbation σ (see Appendix C) exponentially grows in time [Fig. 4(f)].
The solute flux at the interface in Fig. 4(c) moves away from the diffusion solution, showing that
the convection has started. However, the convective flow is not yet fully developed.
During the growth of the instability, the solute front still diffuses and the thickness of the
boundary layer increases. As a result, the wavelength may also increase with time. This is
particularly true for simulations at large viscosity as shown in Fig. 13 in Appendix C.
(iii) Emission of plumes and quasistationary regime (t > tem ). Finally, the boundary layer
destabilizes up to the emission of hydrodynamic plumes at t = tem . Plumes sink with a characteristic
mushroom-shaped head [see t = 3.6 s in Fig. 3(a)]. Then the horizontal density profile shows sharp
and strong variations along the x axis [Fig. 3(b)]. The standard deviation of the horizontal density
profile σ has reached a maximum and fluctuates in time [Fig. 4(f)].
Plumes are dynamic, move along the interface, and the emission is intermittent. The locations of
the plumes at a given time also appear erratic. We measure the characteristic time τplume between two
successive convective plumes [Figs. 5(b) and 5(c)]. For salt in pure water, we measure τplume t =
1.4 s ± 0.4 s. This value is very close to the value of tonset , which is the time for the development of
the concentration boundary layer before convection. The video in [55] shows the complex motion of
plumes, which sink with a typical velocity of 1 cm s−1 , consistent with typical experimental values
(see Ref. [29] and Sec. III).
At the emission t = tem , the thickness of the boundary layer is maximum. Because the emission
of this first plume is almost synchronized, the thickness of the boundary layer falls to a minimum. As
a consequence, the concentration gradient in the boundary layer and the dissolution flux increases
to a maximum (Fig. 4).
Then, despite the intermittency of plume emissions, the density profile reaches a quasistationary
regime with fluctuations around a mean value [see Fig. 4(a)]. Thus, the characteristic thickness of
the boundary layer and the solute flux reach quasistationary values; for the case of salt in pure
water, δ = 69 ± 4 μm and  = 2.7 ± 0.1 g s−1 m−2 . We expect the fluctuations to decrease for a
wider system. This regime is of particular importance as it controls the global dissolution dynamics
and likely the emergence of patterns when the interface dissolves. This result is consistent with the
experiments where a constant dissolution velocity is observed [27,29].
We note that the last regime could be observed due to the finite height of the simulation domain,
because of the accumulation of solute at the bottom. However, we always make sure to keep the
simulation far from this limit.
Figure 5(a) is a spatiotemporal diagram corresponding to the case of salt in pure water. It displays
the evolution of the density at a fixed z, just at the end of the boundary layer, as a function of time t
and position x.
First, the density increases homogeneously [regime (i)] until density perturbation appears (light
spots in the diagram). They grow [regime (ii)], with a characteristic wavelength until the emission
of plumes. The latter are intermittent, i.e., they interact, merge, and die and then new plumes arise
[regime (iii)].

VI. SCALING LAWS

In the preceding section we validated our numerical method with the example of salt dissolution
in fresh water. We described the main features of solutal convection induced by dissolution. In the
following, we confirm the scaling laws drawn in Sec. II B 3. First, we investigate the fast dissolution
regime and look at the dependences on the density difference ρ and the viscosity ν. Then we focus
on the dependence on the dissolution rate coefficient α and explore the transition between the fast
and the slow dissolution regimes.
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FIG. 5. (a) Spatiotemporal diagram of the density field plotted at z = −100 μm. The lateral boundaries
are not visible here, as the full size of the simulation was 1 cm. For times smaller than about 1.8 s, the density
boundary layer has not yet reached the distance of observation z = −100 μm and the convection onset does not
appears in this diagram. (b) Time evolution of the density at a particular point (x0 = 65 μm taken arbitrarily) far
enough from the interface to probe the hydrodynamic convective plumes (z0 = −100 μm). The stars indicate
the sharp peaks in concentration characteristic of the plumes. (c) Histogram of the durations between two
successive plumes at z0 = −100 μm for various values of x0 . From this distribution, we characterize the time
between two plume emissions by its median and standard deviation: τ̃plume = 1.4 s ± 0.4 s.

A. Fast dissolution regime
1. Effect of density difference ρ

We start our investigation by testing the effect of density contrast ρ = ρm − ρb on the
characteristics of the instability. Simulations are performed, keeping all parameters equal to the
case of the salt except the saturation density ρm , which we tune from ρm = 1.001ρb to ρm = 2ρb .
Figure 6(a) display the wavelength λonset as well as the boundary layer thickness δonset .
Figure 6(b) shows the onset time tonset . For both cases, the theoretical scaling predictions (see
Sec. II B 3) are recovered with power laws displaying exponents −1/3 and −2/3 for λonset or δonset
and tonset , respectively. The prefactor√for tonset is comparable to the one found in the experiment
for tem . We find tonset = 29.5(η/ρg D)2/3 , which has the same order of magnitude but is larger
than tem measured in experiments with salt [Eq. (12)]. This disagreement for the prefactor could be
explained by non-Boussinesq or three-dimensional effects, which are not completely negligible in
the experiment of salt dissolution in water.
Figure 6(d) shows the relation between the wavelength λonset and the thickness of the boundary layer δonset at the onset. As expected, both quantities are proportional (Sec. II). We find
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FIG. 6. Influence of density difference ρ. (a) The wavelength at the onset λonset () and boundary layer
thickness at onset δonset (◦), (b) the onset time tonset , and (c) the quasistationary dissolution flux  are plotted as
a function of density difference ρ. Data are well fitted with the scaling of Eqs. (10b), (10a), (10c), and (10d),
respectively. (d) Linear scaling between the wavelength and the thickness of the concentration boundary layer
at onset (the proportionality factor is 3.25). The brightness of the symbol indicates the value of ρ according
the scale given in the inset (in kg m−3 ).

λonset ≈ 3.25δonset , which is comparable to the available estimations in the literature. The classic
result for Rayleigh-Bénard problem between two plates separated by a distance δ with mixed
boundary conditions (nonslipping at one wall and slipping at the other) is indeed λ ≈ 2.3δ. For the
Rayleigh-Taylor instability of a viscous film of thickness δ above an inviscid fluid and in the limit
of vanishing surface tension, one finds λ ≈ 2.96δ [57,58]. Another analysis of the Rayleigh-Taylor
instability between two viscous fluids of the same dynamic viscosity also gives a similar result:
λ ≈ 3.71δ [50,59]. Note, however, that the prefactor depends slightly on the way δonset is measured.
Figure 6(c) shows the dissolution flux  averaged over time in the quasistationary regime as a
function of the density contrast;  scales like ρ 4/3 [Eq. (10d)]. Indeed, in this fast dissolution
regime, the density at the interface is close to the density of saturation.
2. Effect of viscosity

Here simulations are performed by keeping all parameters equal to the case of the salt except
the kinematic viscosity, which we tune from ν = 10−8 m2 s−1 to ν = 3 × 10−5 m2 s−1 . Contrary to
the other results of the paper, the simulated domain is 2 cm wide and 2 cm high in order to avoid
the saturation of the wavelength we observe when the domain is too small. Figures 7(a) and 7(b)
show λonset and tonset as functions of the kinematic viscosity. For both cases, the theoretical scaling
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kinematic viscosity ν. Data are well fitted with the scalings for fast dissolution kinetics Da  1 of Eqs. (7) and
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predictions (see Sec. II B 3) with the 1/3 and 2/3 exponents for λonset and tonset , respectively, are in
good agreement with the numerical simulations.
The shape and the dynamics of plumes depend drastically on the Schmidt number Sc. This is
qualitatively evidenced in Figs. 7(c) and 7(d), where the plumes at high Sc are much thinner than
the plumes at low Sc, which are more diffuse. However, the robustness of the scalings confirms that
the main physics (onset values and dissolution rate) depends on the thickness of the boundary layer
but is not sensitive to the detail of the mixing outside the boundary layer.
B. Dissolution rate coefficient α

Here we investigate the role of chemical kinetics of dissolution and the transition between
the dissolution kinetics limited regime (Da  1) and the diffusion limited regime (Da  1) by
varying the dissolution rate coefficient α while keeping constant all other parameters, which
correspond to salt dissolution in water. In particular, the saturation density is kept constant and
equals ρm = 1.2, although α and ρm are often correlated. Fast dissolving species have indeed a
large saturation concentration and reciprocity. Figure 8 shows the thickness δonset of the boundary
layer, the wavelength λ, and the time tonset at the onset of the instability together with the solute
flux  as a function of the dissolution rate coefficient α. For large values of α (here when
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FIG. 8. Influence of the dissolution rate coefficient α. (a) The wavelength at the onset λonset () and
boundary layer thickness at onset δonset (◦), (b) the onset time tonset , and (c) the dissolution flux  are plotted
as a function of the dissolution rate coefficient α. For α < 10−5 m s−1 , data are well fitted with the scaling
of Eqs. (11b), (11a), (11c), and (11d), respectively. For a high value of α, the data become independent of α.
In (c), the crossover value αc ≈ 1.5 × 10−5 m s−1 between the slow and the fast dissolving cases is obtained
by fitting the two asymptotic regimes. (d) Linear scaling between the wavelength and the thickness of the
concentration boundary layer (the proportionality factor is 3.6). The brightness of the symbol indicates the
value of α according the scale given in inset (in m s−1 ).

α  1.5 × 10−5 m s−1 ), the dissolution process is independent of α. This corresponds to the
dissolution limited regime where the concentration at the interface is close to the saturation value
[Fig. 9(a)]. For smaller values of α, the dissolution rate plays a role. The diffusion expels the solute
more rapidly than it is produced by the dissolution, so the density ρi at the interface decreases when
α decreases [see Fig. 9(a)]. The buoyancy decreases jointly with the concentration at the interface,
so the thickness of the unstable boundary layer increases with the time to develop the instability
when α (and ρi ) decreases. In the limit of vanishing α we observe the concentration at the interface
to be asymptotically close to the concentration of the outer bath, as predicted in Sec. II B 2. Then
only the dissolution rate and the saturation concentration control the solute flux at the interface,
which is proportional to α, as predicted in Eq. (11d). The instability in the fluid is still observed but
does not play a role in the global solute flux; however, it will play a role in the pattern formation,
as discussed in the next section. In the limit of small α we observe good agreement with the scaling
laws we propose, i.e., λonset ∝ α −1/4 , δonset ∝ α −1/4 , and tonset ∝ α −1/2 [Eqs. (11)]. In Fig. 8(d) we
verify the expected proportionality between the thickness of the boundary layer and the wavelength
at the onset, with λonset 3.6δonset . In the quasistationary regime, we find that the temporally and
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FIG. 9. (a) Evolution of the thickness of the boundary layer δqs as well as the interface density ρiqs , both
measured and averaged in the quasistatic regime, as a function of the dissolution rate coefficient α. A fit of these
data has been plotted as a dotted line by solving the system (19) described in the text. The Rayleigh number
has not been fitted but simply taken as the average value measured (Ra = 528), and we see that the match is
very good. (b) Calculation of the Rayleigh number from the measured parameters ρi and δ as a function of the
Damköhler number.

spatially averaged thickness of the boundary layer is slightly smaller than the onset value, as it is
depicted in Fig. 10, where δqs 0.83δonset for runs with both variable α and variable ρ.
Extrapolating the scaling laws for the flux  in the two regimes (low and high Da), we find a
transition for the value αc ≈ 1.5 × 10−5 m s−1 , for the set of parameters of salt dissolving in water.
Calculating the Damköhler number with δqs , we find the value of the critical Damköhler number at
the transition: Dac ≈ 1.2.
C. Constant Rayleigh number independent of α

The flow instability is controlled by the competition between diffusion and gravity to transport
the solute. In the quasistationary regime the effective solutal Rayleigh number
Raqs =

3
ρ eff gδqs

ηD

,

(18)

α constant
β constant

400

δqs (μm)

208

200
100
50
50

100

200

400
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FIG. 10. Comparison of the thickness of the boundary layer at onset δonset and in the quasistationary regime
δqs for various values of α (blue circles) and ρ (green squares). The dashed line represents the best linear fit
δqs ≈ 0.83δonset .
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computed with the interface density ρiqs and the boundary layer thickness δqs , is found to be constant
and independent of the Damköhler number as shown in Fig. 9(b), where Raqs = 528 ± 89. However,
the boundary condition at the solid-liquid interface is not fixed but is controlled by the competition
between diffusion and chemical kinetics (expressed by the Damköhler number). The concentration
at the interface and the thickness of the boundary layer are determined so that they correspond to a
constant Rayleigh number. This observation is obtained as an average of the system size. At smaller
scale the situation is dynamic: At a given value of x near the dissolving interface the boundary
layer thickness increases by diffusion. Once the concentrated boundary layer becomes unstable
when δ > δonset , the subsequent emission of plumes makes its thickness decrease suddenly below
the threshold of instability. Therefore, in the quasistationary regime and for an average size of the
dissolving body, the structure of the boundary layer (ρiqs and δqs ) corresponds to a constant Rayleigh
number because the average thickness of the boundary layer remains δqs close to δonset , as shown in
Fig. 4(b) or 10.
The Damköhler number Da is not known a priori, but one can compute ρi and δ from boundary
conditions, knowing that the Rayleigh number is constant. The coupled equations read
ρi − ρb g 3
δ ,
ρb νD
D
α(ρm − ρi ) = (ρi − ρb ).
δ
Ra =

(19)

We solved this system as a function of α with Raqs = 528. The computed result is displayed as
dotted lines in Fig. 9(a). The agreement is remarkable despite the approximation ∂/∂z ≈ 1/δ, which
confirms the scenario of dissolution at constant Rayleigh number.
This robust value of the Rayleigh number during the quasistationary regime is comparable to the
critical values of the Rayleigh number corresponding to the appearance of a convective flow. Using
the values obtained at the onset of instability, we find Rac = 950 ± 350. The ratio Rac /Raqs is
well approximated by (δonset /δqs )3 = (1/0.83)3 . We note that these values of the Rayleigh number
depend on an arbitrary way of defining δ (see Sec. V). Therefore, it is delicate to compare our
values to the critical values obtained in the literature for the Rayleigh-Bénard convection in the
stationary regime [45] (for example, 1100 for mixed boundary conditions) or to the values obtained
experimentally using the dissolution flux to estimate the boundary thickness, which are of order 100
[25,29]. In contrast, the critical value of Ra defined using tonset by Eq. (11c) does not rely on an
arbitrary estimation of δ. From the fit of Fig. 8(b), we find Rac = 374.
VII. DISCUSSION: SPATIAL VARIATIONS OF DENSITY AT THE INTERFACE AND POSSIBLE
EMERGENCE OF DISSOLUTION PATTERNS

We saw in previous sections that the global dissolution flux is constant in the quasistatic
regime. We address now the spatial variations of the local dissolution flux, which would be
responsible for the formation of the patterns observed for dissolving bodies plunged into a solvent
[17,18,20,25–28,30]. Analogous dissolution patterns have been observed recently in numerical
studies of dissolution in a porous medium [60]. Numerical studies of thermal Rayleigh-Bénard
convection with a horizontal melting boundary report also the development of a topography at
the solid-liquid interface [61,62]. Melting cavities are separated by cusps, which correspond to
the positions of falling plumes. Similarly, in recent dissolution experiments, where the solutal
convection creates a pattern, plumes are emitted at the peaks of the topography [28,29].
Spatial variations of concentration at the dissolving interface should induce a dissolution pattern
through differential dissolution. Although the interface does not move in our code, we study the
space and time fluctuations of the density field at the interface to discuss the emergence of a
dissolution pattern resulting from solutal convection. The boundary (4) relates the local interface
velocity to the the local value of interfacial solute concentration. The left-hand side of Eq. (4) is
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= Ra1/4 ( ηρgDs (ρ
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α (green squares), the slow dissolution regime scaling in vpattern
2 c3 ρ 4 )
m
is followed until a critical flux corresponding to the critical Damköhler number discussed in the preceding
section. When we vary ρ or ν at constant α = 10−4 m s−1 , one can observe a slight monotonic variation to
fast
= vd . Although α > αc , the value of α is not orders of magnitude larger than
the fast dissolution scaling: vpattern
αc , which may be needed to get perfect agreement.

rewritten
vd · n = α

ρi − ρm cm
.
ρ0 − ρm ρs

(20)

We link the typical velocity vpattern at which the pattern emerges (growth velocity) to the spatial
fluctuations of vd that the spatial fluctuations of the concentration field should induce. Therefore, it
corresponds to the standard deviation of the interface velocity
σρ(z=0) cm
,
(21)
vpattern = 2α
ρm − ρ0 ρs
where σρ(z=0) is the instantaneous standard deviation of the density profile at the interface
ρ(x, z = 0, t ).
We also define the scalar value vd as the spatially averaged dissolution velocity, which corresponds to the global dissolution flux. From Eq. (20) it reads
vd = α

ρ(z = 0) x − ρm cm
.
ρ0 − ρm
ρs

(22)

As we did for the flux , these quantities are averaged over time in the quasistationary regime.
Figure 11 shows the pattern velocity vpattern as a function of the dissolution velocity vd for the
salt parameters when varying the density difference ρ, the dynamic viscosity ν, or the dissolution
rate coefficient α. For fast dissolution kinetics (Da  1, varying ρ or ν), the pattern formation
velocity is roughly proportional to the dissolution velocity. Figure 11(b) shows a slight dependence
with the flux, but the velocity of pattern formation is always roughly half the speed of the mean
interface velocity. For slow dissolution kinetics (Da  1, varying α), we find that vpattern scales
like vd7/4 .
Simple arguments allow us to derive these scaling laws. Between two plumes, the local vertical
dissolution flux through the interface matches the divergence of the horizontal advective flux
d
integrated on the thickness of the concentration boundary layer δ,  ≈ dx
(δvδ cδ ), where vδ and
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cδ (x) are the values of the horizontal velocity and the concentration averaged over the thickness
of the boundary layer. Ascribing the differential dissolution to a difference of concentration in the
boundary layer only and using the fact that δ and λ are proportional, the previous balance integrated
over half a wavelength λ/2 gives
tonset
c̄δ ∼
,
(23)
δonset
where c̄δ is the characteristic concentration difference inside the boundary layer along the interface
onset
and δtonset
is the typical flow velocity in the boundary layer.
By definition, vpattern scales like the characteristic difference of dissolution velocity, so vpattern ∼
α
(c̄i ), where c̄i is the characteristic difference of concentration at the interface. For a linear
ρs
concentration boundary layer, c̄i ∼ 2c̄δ .
In the slow dissolving case, the dissolution flux , tonset , and δonset are given by Eq. (11c), (11a),
and (11d), so we find
 3
1/4
ηρs (ρm − ρ0 )3
slow
vpattern
= Ra1/4
vd7/4 ,
(24)
gD2 cm3 ρ 4
where the scaling of pattern formation is written as a function of the global dissolution velocity
vd = ρs . Similarly, in the fast dissolving case, the dissolution flux , tonset , and δonset are given by
Eq. (10c), (10a), and (10d), which gives
fast
vpattern
= vd .

(25)

These scaling laws agree fairly well with our data. Although the solid interface is fixed in our
simulations, these velocities of pattern formation should prevail at least in the early stage, when
patterns have small amplitudes.
However, as discussed in Sec. II and commonly reported [1], the hydrodynamic timescales are
substantially shorter than those corresponding to the interface evolution. Therefore, to observe the
growth of a significant pattern, the lifetime of the concentration variations should be larger than
or of the order of the typical time for pattern formation. Thus, pattern formation relies on a time
coherent spatial differential density profile at the interface: If the plume positions are uncorrelated
in time, the interface should remain flat. For the parameters of salt dissolution in pure water, we find
vpattern ≈ 0.38vd . Liu et al. found a similar value in experiments [26]. The typical time lapse between
the emission of two plumes at a given location of the boundary layer is τplume ≈ 1.4 s (Fig. 5);
τplume sets the coherence time of the boundary layer. Over this coherence time, the pattern attains
a typical amplitude vpattern τplume ≈ 10−6 m, which is about 50 times smaller than the thickness of
the boundary layer (see Fig. 4). This small rugosity may stabilize the position of plumes to explain
the emergence of patterns in experiments [26–29]. We have performed simulations with a solid
interface with peaks. They evidence that spikes at the interface stabilize the plume locations. This
offers perspective for future work studying the effect of the topography in the emergence of patterns
by simulating the same problem with a moving interface.
VIII. CONCLUSION

Motivated by the geophysical relevance of erosion by dissolution, we performed an extensive
numerical study of the solutal convection induced by dissolution, which occurs when immersing a
horizontal dissolving body in a quiescent solvent. Through the example of salt dissolving in water,
we described the three regimes of the convection driven by dissolution. First was the diffusive
regime, where the concentration boundary layer grows by diffusion until the thickness and the
density reach critical values at a finite time, the onset time. In the second regime, the boundary
layer destabilizes because of the buoyant flow and eventually leads to the emission of plumes. The
third regime of plumes emission corresponds to a quasistationary regime where the structure of
the boundary layer and the dissolution rate fluctuate around constant values. In this established
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TABLE I. Geological application of our numerical results in the cases of NaCl salt, gypsum, and limestone.
The fits in Figs. 6(c) and 8(c) give the prefactors for onset characteristics. In the fast dissolution regime,
m
)1/3 ρ −1/3 , and  ≈ 0.11(gD2 /η)1/3 ρmc−ρ
ρ 4/3 . In
we found tonset ≈ 29.2( g√ηD )2/3 ρ −2/3 , δonset ≈ 10.2( ηD
g
0
η 1/2 −1/2
D η 1/4 −1/4
the slow dissolution regime, we found tonset ≈ 19.3( ρg
) α
, δonset ≈ 6.25( ρg
) α
, and  ≈

−9
m
0.98 ρmc−ρ
ρα.
The
erosion
velocity
is
v
m2 s−1 ,
d = ρs . The chosen parameters for salt are D = 1.61 × 10
0
−6
2 −1
−3
−3
ν = 1.66 × 10 m s (saturated concentration), ρm = 1.2, ρ = 200 kg m , cm = 315 kg m , α = 5.0 ×
10−4 m s−1 [41], and the solid density ρsalt = 2170 kg m−3 . The parameters for gypsum are [3] D = 1.0 ×
10−9 m2 s−1 , cm = 2.04 kg m−3 , ρ = 2.58 kg m−3 , α = 2.7 × 10−6 m s−1 , and the solid density ρgypsum =
2320 kg m−3 . We take for the viscosity the value for fresh water ν = 10−6 m2 s−1 . For limestone, the chemical
reaction of dissolution involves the partial pressure in CO2 and depends on the pH. Moreover, the dissolution
rate is not linear with the concentration in ions Ca2+ , due to an inhibition phenomenon at high concentration.
We take α ≈ 3 × 10−6 m s−1 [63], which constitutes a higher bound in natural conditions. The other parameters
for the limestone are D = 1.4 × 10−9 m2 s−1 , the density at saturation in conditions of high CO2 pressure is
ρm = 1.000 312 kg m−3 [63] and so ρ = 3.12 × 10−1 kg m−3 and the solid density ρlimestone = 2711 kg m−3 .
Due to the weak solute concentration, the viscosity is the one of fresh water ν = 10−6 m2 s−1 . We choose also
cm = 0.057 kg m−3 [63].
2

Mineral
salt NaCl
gypsum
gypsum
limestone
limestone

Dissolution regime

tonset (s)

δonset (μm)

Da

D/δ (μm s−1 )

 (g m−2 s−1 )

vd

fast kinetics
fast kinetics
slow kinetics
fast kinetics
slow kinetics

2.2
33.7
74
123
202

113
349
389
787
756

35
0.93
1.0
1.7
1.62

14
2.9
2.6
1.8
1.8

5.1
2.9 ×10−2
5.4 ×10−3
1.0 × 10−3
1.7 × 10−4

74 m yr −1
39 cm yr −1
7.3 cm yr −1
1.2 cm yr −1
0.2 cm yr −1

regime, as for the onset of the instability, the solutal Rayleigh number is constant when calculated
with the actual density at the interface and the thickness of the concentration boundary layer. This
constant value of the Rayleigh number sets the scaling laws that grasp the dynamics of convective
dissolution. Varying the density difference, the viscosity, and the characteristic dissolution rate,
we confirm the physical picture and the scaling laws for the fast dissolving materials (Da  1)
and derive and verify the scaling laws for slow dissolving materials (Da  1). For such materials,
the solute concentration at the solid interface is smaller than the concentration of saturation, but
still the effective Rayleigh number is constant and equals approximately 500 in the quasistationary
regime. This is of particular importance when considering dissolution of geological materials such
as gypsum or limestone. Table I summarizes for NaCl salt, limestone, and gypsum the onset time
tonset (s), the thickness of the boundary layer at the onset δonset , the Damköhler number Da, the
characteristic velocity D/δ for which the advection by an external flow dominates the diffusion,
the dissolution flux , and the erosion velocity vd . For salt, our predictions match the orders of
magnitude found in experiments: onset time of the order of 1 s (see our experiment in Sec. III) and
fluxes of the order of a few g m2 s−1 (see [29]). If salt is a fast dissolving material, limestone and
gypsum appear to stand at transitional values of the Damköhler number. The occurrence of solutal
solution induced by dissolution is of prime importance in predicting the dissolved mass of minerals
as a function of time. In the presence of diffusion alone, the flux vanishes slowly with time, as the
concentration boundary layer becomes more and more thick. In contrast, once the quasistationary
regime of solutal convection characterized here has been reached, the erosion velocity remains
constant, which implies a significantly higher amount of dissolved material. This point is crucial
specifically in the case of the development of dissolution cavities in gypsum strata which can lead
to the appearance of sinkholes at the surface [6,64–66]. In nature, an external flow could inhibit
the solutal convection. If the velocity of an externally forced flow, in the boundary layer, is larger
than the characteristic velocity D/δ, the external flow would overcome the solutal convection to
transport the solute. However, in the case of quiescent water, although the dissolution rates can be
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weak even with a Damköhler number of order one, the solutal convection undoubtedly takes place
after a few seconds to a few tens of seconds only, making this mode of dissolution worth considering
on geological times.
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APPENDIX A: NUMERICAL METHODS

All the numerical simulations were performed with the open-source code FREEFEM++ [67] (see
also the paper of Hecht [53] for details). FREEFEM++ is a code solving partial differential equations
using the finite-element method. One of the particularities of this code is that the problem to solve is
described by its variational formulation. In this Appendix we provide some details about the weak
form of the dimensionless system (13)–(15) implemented in the code.
1. Weak form of the governing equations of the problem
a. Temporal discretization of the momentum equation and introduction of the
FREEFEM + + operator convect

The main difficulty in the determination of the weak form of the equations governing this
problem comes from the nonlinear convective term. However, it is possible with FREEFEM++ to
take it into account with an operator called convect. This operator appears explicitly in the weak
formulation of the problem implemented in the FREEFEM++ code. Obviously, due to this operator
specific to the code, the variational formulation we propose here does not correspond to those we
found in [68,69].
In order to properly introduce the convect operator, we can start by writing the time discretization of the momentum equation. This involves the velocity at times n and n + 1, pressure at time
n + 1, and density at time n. Indeed, we compute the velocity and the pressure fields with the
momentum equation for the density given at the previous time step. This difference lies in the
timescale separation between hydrodynamic and advection-diffusion phenomena. Therefore, we
obtain from Eq. (14) the discretized momentum equation (after dropping the overbars)
1 n+1
∂ pn+1
u
− uin ◦ Xin +
− Scuin+1 + (ρ n − 1)g∗ δi2 = 0,
τ i
∂xi
where τ is the time step of the discretization. The term uin ◦ Xin (x) could be approximated by the term
uin [x − uin (x)τ ], which we use to define the FREEFEM++ convect operator convect(un , −τ, uin ) :=
uin [x − uin (x)τ ].
b. Weak form of Navier-Stokes equations

We consider here the discretized dimensionless Navier-Stokes equations written with the operator
convect,
∂uin+1
= 0,
∂xi
 ∂ pn+1
1 n+1
ui − convect un , −τ, uin +
− Scuin+1 + (ρ n − 1)g∗ δi2 = 0.
τ
∂xi
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We proceed classically by multiplying these equations by appropriate test functions and then
integrating on the whole domain . The problem now is to determine the solution of the NavierStokes equations (u, p) ∈ V × W such that for all (v, q) ∈ V × W we have

∂un+1
qn+1 i d = 0,
∂xi



1
un+1 − convect un , −τ, uin vin+1 d
τ  i



∂ pn+1 n+1
+
vi d − Sc uin+1 vin+1 d + g∗ (ρ n − 1)vin+1 δi2 d = 0.
 ∂xi


The functional spaces V and W have to be compatible with the boundary conditions of the numerical
problem. Here we choose the spaces


V = H01 ()2 , W = q ∈ L 2 ()| q d = 0 .


The choice of V and W obviously has an influence on the final form of the variational formulation.
Here we have chosen to use the spaces, compatible with our problem, proposed by Hecht et al. in the
FREEFEM++ tutorial [54]. The next step is to apply the Green’s theorem to the momentum equation.
The boundary conditions imposed to solve our numerical problem are then used to properly write
the integrals along the boundary of the domain . Indeed, the relationship obtained with the Green’s
i
v resulting from
theorem is valid for all test functions v ∈ V = H01 (). Therefore, the product ∂u
∂n i
the theorem is null all along the boundary of the domain. The momentum equation is then given for
all test functions v ∈ V by




1
∂ pn+1 n+1
uin+1 − convect un , −τ, uin vin+1 d +
vi d + Sc ∇uin+1 · ∇vin+1 d
τ 
 ∂xi


∗
n
(ρ − 1)vin+1 δi2 d = 0.
+g


Otherwise, the pressure term could be written for all v ∈ V ,



∂v n+1
∂ pn+1 n+1
∂
pn+1 vin+1 d −
vi d =
pn+1 i d.
∂xi
 ∂xi
 ∂xi

However, the divergence theorem implies that


∂
pn+1 vin+1 d =
pn+1 vin+1 ni d = 0
 ∂xi

because v ∈ H01 ()2 . Finally, the weak formulation of the Navier-Stokes equations is as follows:
Determine the solutions (u, p) ∈ V × W such that for all test functions (v, q) ∈ V × W we have

∂un+1
qn+1 i d = 0,
(A1)
∂xi




∂v n+1
1
uin+1 − convect un , −τ, uin vin+1 d −
pn+1 i d
τ 
∂xi



n+1
n+1
∗
n
n+1
(ρ − 1)vi δi2 d = 0.
(A2)
+Sc ∇ui · ∇vi d + g




The mass equation (A1) could be trivially subtracted from the momentum equation (A2). We
have implemented this operation in the source code of FREEFEM++
in order to ensure the

incompressibility condition. We have also subtracted a penalty term  ε pn+1 qn+1 d, where ε is
a constant such that ε  1. This term is imposed to improve the stability of the code by numerically
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imposing the arbitrary constant in the pressure term. We have chosen ε = 10−6 in our numerical
simulations. There is no extra term in this weak formulation considering the boundary conditions
of our numerical problem. Indeed, we only consider periodic boundary conditions for the velocity.
This does not appear explicitly in the weak form, but is implemented in the FREEFEM++ source
code through the choice of appropriate periodic finite elements.
c. Weak form of the advection-diffusion equation

As with the Navier-Stokes equation, we first write the temporal discretization of the advectiondiffusion equation. This involves the density at times n and n + 1, and the velocity at time n. We
have the discretized equation
1 n+1
(ρ
− ρ n ◦ X n ) − ρ n+1 = 0.
τ
By using the same development as in the preceding section, we obtain, after the application of the
Green’s theorem, the equation involving the FREEFEM++ operator convect for all test functions
ξ ∈ X,



1
∂ρ n+1 n+1
ξ d = 0,
[ρ n+1 − convect(un , −τ, ρ n )]ξ n+1 d +
∇ρ n+1 · ∇ξ n+1 d −
τ 
∂n


where X is the Sobolev space H 1 . Due to the periodic boundary condition and the condition
of null flux at the bottom of the domain for the density, it only remains the contribution of
the flux boundary condition at the solid surface in the surface integral of the previous equation.
Along this last boundary the normal derivative is simply given by ∂ρ
= ∇ρ · n = −(ρ − ρm ). The
∂n
specific boundary condition modeling the dissolution is thus easily implemented. Finally, the weak
formulation of the advection-diffusion equation is as follows: Determine the solution ρ ∈ X such
that for all test functions ξ ∈ X we have


1
[ρ n+1 − convect(un , −τ, ρ n )]ξ n+1 d +
∇ρ n+1 · ∇ξ n+1 d
τ 


(ρ n+1 − ρm )ξ n+1 d = 0.
(A3)
+
solid

APPENDIX B: VALIDITY AND CONVERGENCE TESTS

For the canonical case of salt with D = 10−9 m2 s−1 , ν = 10−6 m2 s−1 , α = 10−4 m s−1 , and
β = 0.2, we checked that a small variation of the geometrical parameters (length L and height H)
as well as of the numerical parameters (maximum time step dtmax and nH a parameter characteristic
of the mesh refinement) does not affect the general results. We chose as a quantitative measure the
flux , because it displays correctly when the system starts evolving away from the pure diffusion
solution. Figure 12 shows that when we go away from the chosen parameters (L = 1 cm, H = 2 cm,
dtmax = 0.01, and nH = 50) the simulations stay robust.
APPENDIX C: ONSET CHARACTERIZATION

In order to determine the onset time of solutal convection, we carefully examine the temporal
evolution of the horizontal density profiles in the vicinity of the top boundary [as represented in
Fig. 3(b)]. Before the convection starts, the stable diffusive concentration field is evolving in time
[see Eq. (17)]. Thus, it is relevant to probe the horizontal density profile at an evolving vertical
distance from the interface to track the density perturbations. To determine at which distance to
probe the density, at each time of interest we compute a horizontally averaged vertical density
profile ρ(z) x and choose arbitrarily to look at the distance z0 where ρ(z0 ) x = 0.8 ρ(0) x . Taking
50%, 80%, or a different arbitrary number does not change the results (data not shown).
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FIG. 12. Numerical robustness of the simulations. If not precised, all parameters are set to the case of the
salt (see text). (a) Simulations for maximum time step dtmax varying from 0.005 s, to 0.01 s (typical value used
for the canonical case) and 0.02s. No significant change is seen. (b) Length dependence, simulations are done
for L = 1 cm which displays same behavior as L = 2 cm or L = 0.5 cm. (c) Height dependence, simulations
are done for H = 2 cm which displays same behavior as H = 1 cm or H = 0.5 cm. (d) Mesh refining: the
parameters nH is characteristic of the refinement. For nH = 20 the run is slightly different than for nH = 40,
but then, the same behavior is observed for nH = 50 (chosen value for the canonical case).

We associate theamplitude of the instability with the standard deviation of the horizontal density
profile: σ (ρz0 ,t ) = ρ(x, z0 , t )2 x − [ ρ(x, z0 , t ) x ]2 . To determine the wavelength at a given time
t and altitude z0 , we use standard autocorrelation techniques on the centered density profile s(x) =
ρ(x, z0 , t ) − ρ(x, z0 , t )(x) x . 
The autocorrelation A(x) = s(u)s(u + x)du has a central maximum peak in x = 0 whose
amplitude A(0) incidentally represents the variance of the original signal. The second maximum
peak is at the typical wavelength λ of the central peak. The wavelength can also be determined from
the position of the first minimum which stands between the central peak and the second peak. To
determine the accuracy of the detection, we measure the associated score S, which is the amplitude
of the second peak normalized by the amplitude of the central peak; S := A(λ)/A(0). For one given
run, by this method we extract at each time step the wavelength λ, measured from the position of the
second maximum and the first minimum, as well as the score S and the standard deviation σ (ρz0 ,t ).
This analysis clearly separates the three regimes.
As shown in Fig. 4, when t < tonset , the wavelength is very small, hardly defined, and corresponds
to a correlation score S close to zero. The standard deviation σ is very small. At a given time
corresponding to tonset , the wavelength sharply jumps to a larger and more defined value. We ascribe
this jump to a marker of the onset of the instability and assign the value tonset to this particular time.
In the precise case of salt in pure water, we find tonset = 1.02 s. For t > tonset , S increases towards
values close to 1 and the rugosity increases exponentially. These features correspond to the second
regime of instability development. The two estimations of the wavelength differ at the beginning of
this regime, but converges towards a well-defined value.
At longer times, the standard deviation σ (ρz0 ,t ) saturates and fluctuates around a mean value.
There we observe the emission of the sinking plumes (third regime). The transition between regimes
(ii) and (iii) corresponds to the first emission of plumes. We define this transition time tem as the time
where the boundary layer δ is maximum (tem = 2.74 s for pure water).
Note that, due to the increase of the thickness of the boundary layer as a function of time, the
wavelength can evolve monotonically between tonset and tem and may not reach a constant value (see,
for example, Fig. 13). In such a case, we define the wavelength at the onset as the average value
between the wavelength at t = tonset and the one at t = tem .
103801-24

5.2
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FIG. 13. Time evolution of the wavelength for parameters corresponding to the case of salt, but with an
increased viscosity of ν = 2.9 × 10−7 m2 s−1 . The wavelength was determined by autocorrelation from the
first minimum (green) and the first maximum (blue). Dotted vertical lines indicate the onset time and the
plume emission time. Between these lines, the wavelength increases monotonically.
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Figure 5.3 – A gauche, σ en échelle de couleur, en fonction de k et de t, pour H = 200 ; la ligne
verte pointillée correspond à σ > 0 et la ligne noire continue correspond à σ > Mgrad (t).
Droite : forme du mode le plus instable pour w(x, z) au démarrage de l’instabilité (H = 200).
Crédits : Michael Berhanu[208]

5.3

Perspectives

5.3.1

Stabilisation de l’instabilité par la topographie

Le travail des sections précédentes (5.2.2 en particulier), montre que l’instabilité initiale
est certainement responsable de la formation du motif d’érosion en stries. Pour que ce motif
s’imprime, il est important que l’instabilité hydrodynamique soit stabilisée par la topographie,
pour que le mécanisme s’amplifie et ne se moyenne pas à zéro.
C’est cette problématique que nous sommes en train d’étudier avec le stage de M2 de
Clément Lutringer. Nous avons repris le code précédent, en modifiant la rugosité de l’interface.
Nous allons changer trois paramètres : la forme, la longueur d’onde, et l’amplitude.
Les premiers résultats sont représentés figure 5.4. Une simulation à interface plate est
représentée à gauche. les plumes sont générées avec une longueur d’onde initiale bien
définie (de façon cohérente avec [207]), mais celles-ci interagissent fortement et leurs
positions fluctuent comme l’atteste leur diagramme spatio-temporel. Au contraire, pour une
interface rugueuse d’une amplitude de 100 µm, les plumes sont stabilisées aux creux de
l’interface. Reste à analyser plus finement les conséquences de ce phénomène sur le flux
entres autres (et donc la vitesse d’érosion par dissolution).
5.3.2

Fonte de la glace dans de l’eau salée

Tout ce que nous avons raconté précédemment sur la dissolution d’un solide par dissolution
peut s’appliquer aussi à la fonte. Seulement, dans ce cas, le système physique se complexifie
avec l’apparition d’un nouvel acteur : le champ de température. Sylvain Courrech du Pont a
réalisé des expériences au laboratoire sur la fonte de glaçons d’eau pure dans un bain d’eau
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Figure 5.4 – Simulation pour des amplitudes de rugosité (amplitude A) variable : A = 0µm
(gauche) A = 100µm (droite) pour des temps allant de bas en haut, de 6s, 15s, et 25s.
La densité varie entre celle de l’eau pure (1000 kg.m−3 , en bleu) et celle du sel saturé
(1200 kg.m−3 en rouge). En bas de chaque colonne, la dernière vignette représente le
diagramme spatio-temporel de la densité, juste au niveau de l’interface. La rugosité permet
de stabiliser les plumes qui partent des crêtes.
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salée chaude. Avec l’aide de Jérôme Jovet 6 , ils ont visualisé ce phénomène par strioscopie,
avec un miroir de schlieren (voir figure 5.5).
Je détaille rapidement les nouvelles équations, que nous avons implémentées pour simuler
ce système, où champ de température et champ de concentration sont mêlés. Mettons nous
d’accord sur les notations utilisées dans cette sous-section :

Figure 5.5 – Gauche : photo schlieren d’un glaçon plongé dans un bac d’eau chaude salée.
On distingue un double écoulement. L’eau pure qui vient de la fonte du glaçon remonte sous
forme de panaches. L’eau salée refroidie par le glaçon s’écoule vers le bas, le long du glaçon.
(Crédits : Sylvain Courrech du Pont). Droite : capture d’écran pour une vision qualitative d’une de
nos simulations. La couleur représente la valeur du champ de concentration (respectivement
de température) en haut (respectivement en bas). Le bleu indique les zones froides et peu
concentrées en sel, contrairement au rouge qui indique les zones chaudes et concentrées en
sel.

Notations
K est la conduction thermique en W.m−1 .K−1 . κ est la diffusivité thermique en m2 .s−1 .
κ = ρKcp (où ρ est la masse volumique et cp la chaleur spécifique). D est le coefficient de
diffusion solutale D ∼ 10−9 m2 .s−1 . Les nombres sans dimension pertinents sont
6. Voir par exemple Jérôme en pleine action, démontrant l’utilisation d’un miroir de schlieren ici : https:
//medecine.paris-nord.u-paris.fr/media-gallery/detail/22786/162542
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— le nombre de Lewis, Le = Dκ .
— le nombre de Schmidt, Sc = Dν avec ν la viscosité cinématique.
— le nombre de Stefan, St = cpL∆T avec ∆T l’écart de température, et L la chaleur
latente.
Nous associons la concentration en sel c et la densité du liquide ρ avec une relation linéaire :
0)
ρ = ρ0 + (ρm − ρ0 ) ccm , où c = (ρ(ρ−ρ
cm . ρ0 (respectivement ρm ) est la masse volumique
m −ρ0 )
de l’eau pure (respectivement saturée). cm est la concentration de l’eau saturée en sel.
Modèle et conditions limites
Nous allons considérer le cas d’un solide de glace pure, fixé au fond d’un bain d’eau
chaude et salée. Nous écrivons successivement : l’incompressibilité de l’écoulement,
l’équation de Navier-Stokes (sous sa forme approximée de Boussinesq) et les équations
d’advection-diffusion pour les champs de concentration (écrits pour ρ) et de température.

~ u=0
∇.~





 ρ ∂~u + (~u · ∇)~
~ u = −∇p
~ + η∆~u + ρ~g
∂t
∂ρ

~

= D∆ρ − (~u · ∇)ρ

∂t
 ∂T
~
= κ∆T − (~u · ∇)T

(5.12)

∂t

Les conditions limites sont périodiques sur les cotés verticaux ; elles représentent une boite
fermée en haut (pas de flux, et vitesse nulle, comme dans[207]). La seule différence est que
pour ces nouvelles simulations, nous tenons compte du recul de l’interface. Ce recul est pris
en compte de façon moyennée, donc aucun motif n’apparait à l’interface, mais au moins, la
condition limite à l’interface est exacte, et ne néglige plus l’équation 5.4 contrairement à ce
que nous avions fait précédemment[207].
Les conditions limites à l’interface mélangent trois ingrédients : conservation des flux pour
la concentration et l’énergie, avec la condition supplémentaire que l’on reste sur la courbe du
liquidus :

~ i − ci χv~d
 0 = −D∇c|
~ |i
Lρice v~d = −K ∇T

Ti = T0 − Γs|i = Γ ×

(5.13)
c
ρ

Dans notre cas, T0 = 273 K, et Γ = 0.06Kh−1 = 60 K [218]. L = 334 × 103 J.kg−1
Nous avons utilisé les équations 5.13 pour définir les conditions limites. Le gradient de
température impose v~d explicitement et la température est imposée par une condition de
Dirichlet (explicitement pour l’instant, même si le code pourrait être modifié pour le mettre de
façon implicite). La concentration est imposée par une condition de Neuman (implicitement en
ci et explicitement en v~d ).
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~ |i (t)
∇T

v~d (t + dt) = −KLρ


ice


 Ti (t + dt) = T0 − Γci (t + dt)
~ i (t + dt) = −ci (t + dt)χv~d (t)/D
∇c|



ux |i (t + dt) = 0



uy |i (t + dt) = −χvd (t + dt?)

(5.14)

Equations adimensionnées
Nous exprimons toutes les quantités pertinentes en fonction de leur version adimensionnée
(avec une barre) :
~x = (x, z) =

D
~x̄,
v0

~u = v0 ~ū,

t=

D
t̄,
v02

ρ = ρ0 ρ̄,

T = T0 T̄ .

(5.15)

avec v0 = (g D)1/3 pour que l’effet de la gravité soit normalisé à 1 dans l’équation de
Navier-Stokes (g ∗ = 1 si nous voulons comparer à [207])
La pression est écrite en fonction de la pression hydrostatique :

p = patm − ρb gz + p0 p̄,

(5.16)

Le système d’équations 5.12 devient, sous forme adimensionnée :

~¯ · ~ū = 0

∇



 ∂ ~ū + (~ū · ∇)
~¯ ~ū = −∇p̄
~¯ + Sc ∆
¯ ~ū − ( ρ̄ − 1)~ez
∂ t̄
ρ¯b
∂ ρ̄
~

¯
¯
~
= ∆ρ̄ − (ū · ∇)ρ̄


∂ t̄

 ∂ T̄
~¯ T̄
¯ T̄ − (~ū · ∇)
= Le ∆

(5.17)

∂ t̄

et les conditions limites à l’interface (Eq. 5.14) deviennent


~¯


 v~d (t + dt) = −A ∇T̄|i (t)

1
T̄i (t + dt) = 1 − B 1 − ρ(t+dt?)
¯


¯
 ∇ρ̄|
~ i (t + dt) = −χv~¯d (t) (ρ̄i (t + dt) − 1)

(5.18)

avec les variables adimensionnées supplémentaires :
A=

KT0
T0
= Le St
DLρice
∆T

B=

Γ cm
T0 (ρm − ρ0 )

(5.19)
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Implémentation et résultats préliminaires
Nous avons implémenté les équations précédentes en utilisant le logiciel libre d’éléments
finis FreeFem++[107]. Nous ne détaillons pas ici les détails techniques de formules
variationnelles utilisées, mais notre approche a été très similaire à ce que nous avions écrit
pour notre article[207] 7 . Une vision qualitative des résultats de notre code peut-être vue
figure 5.5. Nous obtenons des panaches d’eau claire et froide de façon fidèle à l’expérience,
qui sont vus en densité, mais qui sont aussi associés au champ de température. Nous
sommes en train d’investiguer plus en détail, et de façon quantitative, l’épaisseur des
différentes couches limites de température et de densité, et de voir quelles sont les lois
d’échelles obtenues pour la vitesse de fonte. À suivre ...
5.3.3

Missions de terrain (étude des cannelures ou rillenkaren)

Nous avons prévu dans le cadre de l’ANR ERODISS 8 de mener une mission pour mesurer
sur le terrain les caractéristiques de certaines structures géologiques remarquables. La
structure la plus en vue concerne les cannelures (voir figure 5.1). Je n’ai pas du tout abordé
dans ce document les travaux de l’équipe à ce sujet, car ma contribution a été très mineure,
mais Adrien Guérin et Michael Berhanu ont réalisé une étude expérimentale détaillée des
structures en forme de canaux apparaissant lorsqu’une roche est soumise à un écoulement de
ruissellement[219]. Le but est désormais d’obtenir plus de données quantitatives sur le terrain.
Nous avons identifié un premier site intéressant, facilement accessible. Il s’agit de la combe
Oursière située sur les hauteurs de Villard de Lans, dans le Vercors. Nous y avons effectué
des premiers tests de reconstruction 3D des profils des cannelures (voir figure 5.6). Pour les
prochaines missions, pour améliorer la résolution, nous allons acquérir un scanner 3D.

Figure 5.6 – Gauche : prise de vues stéréoscopiques. Nous voyons une belle cannelure. Michael
Berhanu perché au-dessus de celle-ci donne une idée de l’échelle. Après calibration, on peut
obtenir la carte de disparité (image de droite) qui donne l’information sur la profondeur.

7. Même si la non-linéarité de Navier-Stokes a été écrite légèrement différemment pour gagner en temps
d’exécution. Nous n’utilisons plus l’opérateur convect, en particulier, mais traitons la non-linéarité explicitement.
8. ANR jeune chercheur obtenue par Michael Berhanu, en collaboration avec Sylvain Courrech du Pont et
moi-même.
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Simulation en champ de phase (interface mobile)

Comme nous l’avons vu dans les sections précédentes, la richesse des systèmes étudiés
vient en particulier de l’interaction entre la topographie et l’hydrodynamique. C’est pourquoi,
à terme, nous voulons réaliser des simulations avec interface mobile. Nous avons réalisé des
premiers tests avec une boı̂te à outils[220] récemment développée par l’équipe de Ionut
Danaila, toujours avec le logiciel FreeFem++. C’est une méthode de type champ de phase,
même si c’est le champ de température qui joue, en réalité, le rôle de phase. Nous
représentons figure 5.7 quelques captures d’écran d’une vidéo 9 représentant une simulation
où un solide est chauffé par le dessous. La couleur indique le champ de température, le
solide devient liquide au-dessus d’une température critique. Ce type de formalisme pourra
être transposé à notre premier problème où une roche se dissout, à la condition de
considérer une dissolution rapide de telle sorte que la concentration à l’interface soit toujours
la concentration de saturation (mode ou le nombre de Damköhler est grand devant 1). Il y a
ensuite deux perspectives pour le futur : aller vers des systèmes 3D, ce qui sera possible
grâce au développement récent d’une nouvelle boı̂te à outils[221]. Ou changer les conditions
limites pour pouvoir implémenter la vraie condition limite, valable aussi à petit nombre de
Damköhler.

Figure 5.7 – Série d’images correspondant à une simulation à changement de phase, avec
interface mobile. Le temps évolue de gauche à droite. Le champ de température est représenté
du bleu (froid) au rouge (chaud). On chauffe localement le fond du système. Des panaches de
convection apparaissent, font fondre le solide localement, laissant apparaı̂tre des formes en
coquille.

5.4

Conclusion

Nous avons présenté dans cette section un système naturel qui s’écarte des systèmes
biologiques. Il s’agit des roches géologiques qui subissent l’érosion par dissolution. A la
différence des systèmes biologiques où les règles locales sont incertaines, la géophysique est
bien régie par la mécanique des fluides. Cependant, le couplage entre mécanique des fluides
et conditions limites (à la fois à cause de la condition limite de Stefan, et à cause de
9. La vidéo est consultable en ligne : http://www.msc.univ-paris-diderot.fr/
plant-dynamics/geomorpho/interface_mobile_test.mp4
~
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l’évolution de la topographie) rend ce genre de systèmes incroyablement riches. Nous avons
étudié le cas d’un solide plongé dans un bain d’eau. Nous avons caractérisé en particulier, à
la fois expérimentalement, puis théoriquement et numériquement, la première instabilité, que
nous avons nommée Rayleih-Bénard instationnaire. Nous avons aussi montré l’étendue des
futurs problèmes à traiter dans ce domaine : prise en compte de la rugosité, ou de champs
supplémentaires, traitement de l’instabilité secondaire, prise en compte des effets 3D,
interface mobile. Finalement nous avons mentionné les autres structures karstiques dues à
une érosion par de l’eau ruisselant en surface. Là encore, le sujet d’étude est vaste.

Conclusion

J’ai présenté dans ce manuscrit une synthèse de mes activités de recherche depuis ma
réorientation vers la biophysique. J’ai étudié des systèmes variés concernant
l’auto-organisation de systèmes biologiques et naturels à différentes échelles.
Aux petites échelles, nous avons vu dans le premier chapitre comment des interactions
simples entre protéines ou acides aminés peuvent faire émerger des organisations complexes
en terme de structure (articles 1 et 2), ou en terme de motifs (articles 3, 4 et 5). A l’échelle
du tissu, nous avons discuté l’émergence de forme - ou morphogénèse - dans le chapitre 2.
Nous avons caractérisé ces formes dans deux exemples (articles 6 et 7), et nous avons discuté
les perspectives en terme de modélisation. Nous avons ensuite présenté le cas particulier de
la morphogénèse végétale dans les chapitres 3 et 4. Après avoir d’abord mis en évidence
des mouvements morphogénétiques qui semblent universels (article 8), nous avons quantifié
leur cinématique (articles 9 et 10, et section 3.2.3). Nous nous intéressons désormais à inclure
la composante mécanique (chapitre 4). Finalement, nous avons présenté un nouveau thème
d’étude, en investigant la géomorphogénèse (chapitre 5, et article 11).
La diversité des sujets présentés ici montre le risque d’éparpillement auquel je m’expose.
Pour le futur proche, je définis les priorités suivantes. Mon axe principale de recherche sera
l’étude de la bio-mécanique des plantes (perspectives du chapitre 4). C’est mon sujet le plus
personnel, même s’il implique de nombreuses collaborations. Nous avons développé une
bonne connaissance de la cinématique de certaines plantes au laboratoire, et il est temps de
rentrer dans le vif du sujet de la mécanique. Dans un deuxième temps, je souhaite continuer
ma découverte du domaine de la géomorphogénèse ; le sujet particulier de l’érosion par
dissolution est encore jeune et riche à explorer. Finalement, je mesure la chance d’être dans
l’environnement intellectuel particulier du laboratoire MSC où mes collègues sont d’éminents
spécialistes de morphogénèse, et je continuerai à m’impliquer dans des projets collaboratifs
d’étude de la morphogénèse à l’échelle du tissu. Le chapitre 2 montre en particulier que nos
travaux de description laissent beaucoup de place à de nombreuses études de modélisation à
venir.
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sensibilité aux conditions initiales du renversement temporel, ESPCI, 2002
thermophorèse de particules microniques, ESPCI, 2002
réseau de boites quantiques induit dans un gaz éléctronique 2D, NTT basic research laboratories,
Atsugi, Japon, 2001

Expérience d’enseignement
Maître de conférence à l’université Paris Diderot
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Depuis 2010 {
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
.

Physique non linéaire et systèmes dynamiques, M1, travaux dirigés (2019, 2020)
Physique non linéaire et systèmes dynamiques, M1, travaux pratiques (2019, 2020)
Mécanique des fluides, L3, travaux dirigés (2013, 2020)
Mécanique des fluides, L3, travaux pratiques (2020)
Projets de physique numérique, M1 (2011, 2012, 2013, 2014, 2019, 2020)
Mécanique des milieux continus, M2, cours (2013, 2014, 2015, 2016,
2017,2018,2019,2020)
Mécanique des milieux continus, M2, travaux dirigés (2013, 2014, 2015, 2016,
2017,2018,2019,2020)
Mécanique des fluides (avancé), M1, travaux dirigés (2018)
Projets de physique expérimentale, L3 (2015, 2016, 2017, 2018, 2021)
Méthodes numériques, école d’ingénieur, travaux dirigés et projets (2017, 2018, 2019)
Mécanique du point, L1, travaux dirigés (2015)
Mécanique quantique (avancé), M1, travaux dirigés (2014)
Optique ondulatoire, travaux dirigés (2013, 2014)
Optique ondulatoire, travaux pratiques (2013, 2014)
Ondes et vibrations, cours (2011, 2012, 2013)
Ondes et vibrations, travaux dirigés (2012, 2013)
Ondes et vibrations, travaux pratiques (2011)
Mécanique du point, L2, cours(2010, 2011, 2012)
Mécanique du point, L2, travaux dirigés (2010, 2011, 2012)
Biophysique, L2, cours (2010)
Biophysique, L2, travaux dirigés (2010)
Physique statistique, M1, travaux dirigés (2010)
Mathématiques, L1, travaux dirigés (2010)

Enseignant invité à Dalhousie University (Halifax, Canada)
2008–2009 { Physique statistique (niveau M2)
{ Physique moderne (relativité restreinte, niveau M1)
.

Encadrement d’étudiants
Supervision de 1 post-doctorat, 4 doctorants, 8 étudiants de M2, et 8 L3 ou M1
2016 Post-doctorat: “Convection solutale induite par dissolution”, Julien Philippi.
Publication d’un article[7]
2020–2023 Thèse co-supervisée avec Stéphane Douady: “Modélisation de la croissance de fougères”,
Camille LeScao, en cours
2019–2022 Thèse co-supervisée avec Stéphane Douady: “Etude des réseaux de craquelures”, Paul
Jeammet, en cours
2016–2020 Thèse co-supervisée avec Pascal Jean Lopez, Annemiek Cornelissen et Stéphane Douady:
“Formes des gorgones”, Paul Valcke, soutenue le 9 novembre 2020
2014–2017 Thèse co-supervisée avec Alexis Peaucelle et Stéphane Douady: “Form, rhythm, and growth
heterogeneities of a leaf: Unfurling and nutation of Averrhoa Carambola”, Mathieu Rivière,
thèse défendue le 20 novembre 2017. [http://theses.md.univ-paris-diderot.fr/
RIVIERE_Mathieu_2_va_20171120.pdf]
Publication de 2 articles[9, 4] et un troisième en cours de soumission
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2020 Stage de M2 : “Modeling growth of ferns”, Camille LeScao. 4 mois (avec Stéphane
Douady)
2020 Stage de M2 : “Erosion by dissolution”, Clément Lutringer. 6 mois (avec Michael Berhanu)
2018 Stage de M2 : “Morphogenesis of diatoms”, Dahmane Boudries, “Master 2 Nanoscience”
(Université Paris Saclay). 4 mois
2018 Stage de M2 : “Experimental study of rhythms variation in plant motions”, Baptiste
Rouger, “Frontières Du Vivant” (FDV, Paris Descartes). 3 mois)
2017 Stage de M2 : “Computational modeling of spiral growth”, Miguel Sarrailh, “Mathématiques, modélisation et Simulation” (MMS, Pau). 6 mois
2016 Stage de M2 : “Computational morphogenesis of diatoms”, Paul Valcke, “Physique
Théorique des Systèmes Complexes” (PTSC, UPD/UPMC/ENS/Paris-Sud). 4 mois
2014 Stage de M2 : “Set up of experimental techniques for macroscopic growth measurements
of moving plants”, Mathieu Rivière, “Physique Théorique des Systèmes Complexes” (PTSC,
UPD/UPMC/ENS/Paris-Sud). 4 mois
2013 Stage de M2 : “Experimental study of the dynamical growth of Averrhoa Carambola”,
Yoann Corre, “Physique Macroscopique et Complexité” (UPD/UPMC/ENS/Paris-Sud). 6
mois
2019 Stage de L3 : “How does vine generate force ? ”, Benjamin Gouner, “Licence 3” (ENS de
Lyon). 2 mois (avec Drazen Zanchi)
2019 Stage de L3 : “Monitoring growth in the algea Chara corallina”, Karimé Gutierrez, visiting
student (Smith College). 3 mois, half time internship
2018 Stage de L3 : “Rhythms in Averrhoa Carambola”, Kenza Zahar, “Licence 3” (Université
Paris Diderot). 2 mois
2014 Stage d’école d’ingénieur : “Computational morphogenesis of diatoms”, Ayoub Bouiedya,
ESIEE Paris. 2 mois
2015 Stage de M1 : “Experimental investigation of thermonastic effect in flowers”, Valentin
Busson, “Master de Physique” (Paris Diderot). 2 mois
2011 Stage de M1 : “Experimental observations of plant motions”, Mouaz Ben Brahim,
“Physique de la Matière et ses Applications” (PMA, Paris Diderot). 4 mois
2013 Stage de L3 : “Investigation of plant motions under pseudo zero gravity”, Léa Laffond,
“Licence Frontière Du Vivant” (FDV, Paris Descartes). 4 mois
2012 Stage de L3 : “Quantitative measure of a plant motion”, Amina Saadani, “Physique de la
matière et ses applications” (PMA, Paris Diderot). 3 mois

Publications
[1] Léna Beauzamy, Frédéric Lemaître, and Julien Derr. Underlying mechanisms in microbial
solar cells: how modeling can help. Sustainable Energy & Fuels, 2020. https://pubs.
rsc.org/en/content/articlelanding/2020/se/d0se01304h#!divAbstract.
[2] Caroline Cohen, Michael Berhanu, Julien Derr, and Sylvain Courrech du Pont. Buoyancydriven dissolution of inclined blocks: Erosion rate and pattern formation. Physical Review
Fluids, 5(5):053802, 2020.
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[3] Adrien Guérin, Julien Derr, Sylvain Courrech du Pont, and Michael Berhanu. Streamwise dissolution patterns created by a flowing water film. Physical Review Letters, 125(19):194502,
2020. (séléctioné comme suggestion de l’éditeur) https://journals.aps.org/prl/
accepted/d507fY41Hf41277c95b195a25cc071213846ff3d4 et sujet d’un article de promotion dans Physics : https://physics.aps.org/articles/v13/171.
[4] Mathieu Riviere, Yoann Corre, Alexis Peaucelle, Julien Derr, and Stephane Douady. Hook
shape of growing leaves results from an active regulation. accepté pour publication dans
“Journal of Experimental Botany” (https: // doi. org/ 10. 1093/ jxb/ eraa378 ). A fait
l’objet d’un article de promotion : https: // academic. oup. com/ jxb/ article/ 71/
20/ 6189/ 5940027 , 2020.
[5] Suvam Roy, Niraja V. Bapat, Julien Derr, Sudha Rajamani, and Supratim Sengupta.
Emergence of ribozyme and trna-like structures from mineral-rich muddy pools on prebiotic
earth. Journal of Theoretical Biology, 506:110446, 2020.
[6] Charles Le Pabic, Julien Derr, Gilles Luquet, Pascal-Jean Lopez, and Laure BonnaudPonticelli. Three-dimensional structural evolution of the cuttlefish sepia officinalis shell
from embryo to adult stages. Journal of the Royal Society Interface, 16(158):20190175,
2019. [Accès libre : https://royalsocietypublishing.org/doi/full/10.1098/
rsif.2019.0175].
[7] Julien Philippi, Michael Berhanu, Julien Derr, and Sylvain Courrech du Pont. Solutal
convection induced by dissolution. Physical Review Fluids, 4(10):103801, 2019.
[8] Julien Derr, Renaud Bastien, Étienne Couturier, and Stéphane Douady. Fluttering of
growing leaves as a way to reach flatness: experimental evidence on persea americana.
Journal of the Royal society interface, 15(138):20170595, 2018. [Accès libre : https:
//royalsocietypublishing.org/doi/full/10.1098/rsif.2017.0595].
[9] Mathieu Rivière, Julien Derr, and Stéphane Douady. Motions of leaves and stems, from
growth to potential use. Physical biology, 2017.
[10] Caroline Cohen, Michael Berhanu, Julien Derr, and Sylvain Courrech du Pont.
Erosion patterns on dissolving and melting bodies.
Physical Review Fluids,
1(5):050508, 2016. [Accès libre : https://journals.aps.org/prfluids/pdf/10.
1103/PhysRevFluids.1.050508].
[11] Léna Beauzamy, Julien Derr, and Arezki Boudaoud. Quantifying hydrostatic pressure in
plant cells by using indentation with an atomic force microscope. Biophysical journal,
108(10):2448–2456, 2015. [Accès libre : https://www.sciencedirect.com/science/
article/pii/S0006349515002969].
[12] Julien Derr, Michael L Manapat, Sudha Rajamani, Kevin Leu, Ramon Xulvi-Brunet, Isaac
Joseph, Martin A Nowak, and Irene A Chen. Prebiotically plausible mechanisms increase
compositional diversity of nucleic acid sequences. Nucleic acids research (Chosen by editors
as Featured Article), 40(10):4711–4722, 2012. [Accès libre : https://academic.oup.
com/nar/article/40/10/4711/2411752]. Ce papier a été mis en avant par les éditeurs
(top 5%).
[13] Vincent Hervé, Julien Derr, Stéphane Douady, Michelle Quinet, Lionel Moisan,
and Pascal Jean Lopez. Multiparametric analyses reveal the ph-dependence of silicon biomineralization in diatoms.
PloS one, 7(10):e46722, 2012.
[Accès li-
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bre : https://journals.plos.org/plosone/article/file?id=10.1371/journal.
pone.0046722&type=printable].
[14] Supratim Sengupta, Julien Derr, Anirban Sain, and Andrew D Rutenberg. Stuttering min
oscillations within e. coli bacteria: a stochastic polymerization model. Physical biology,
9(5):056003, 2012.
[15] Julien Derr and Andrew D Rutenberg. Monodisperse domains by proteolytic control of the
coarsening instability. Physical Review E, 84(1):011928, 2011.
[16] Abraham Lin, Jose Jimenez, Julien Derr, Pedro Vera, Michael L Manapat, Kevin M Esvelt,
Laura Villanueva, David R Liu, and Irene A Chen. Inhibition of bacterial conjugation by
phage m13 and its protein g3p: quantitative analysis and model. PloS one, 6(5):e19991,
2011. [Accès libre : https://journals.plos.org/plosone/article/file?id=10.
1371/journal.pone.0019991&type=printable].
[17] Julien Derr, Kerry Dunn, Daria Riabinina, François Martin, Mohamed Chaker, and Federico
Rosei. Quantum confinement regime in silicon nanocrystals. Physica E: Low-dimensional
Systems and Nanostructures, 41(4):668–670, 2009.
[18] Julien Derr, Jason T Hopper, Anirban Sain, and Andrew D Rutenberg. Self-organization
of the mine protein ring in subcellular min oscillations. Physical Review E, 80(1):011922,
2009.
[19] K Dunn, J Derr, T Johnston, M Chaker, and F Rosei. Multiexponential photoluminescence
decay of blinking nanocrystal ensembles. Physical Review B, 80(3):035330, 2009.
[20] J Derr, G Knebel, D Braithwaite, B Salce, J Flouquet, K Flachbart, S Gabáni, and
N Shitsevalova. From unconventional insulating behavior towards conventional magnetism
in the intermediate-valence compound smb 6. Physical Review B, 77(19):193107, 2008.
[21] E Hassinger, J Derr, J Levallois, D Aoki, K Behnia, F Bourdarot, G Knebel, C Proust,
and J Flouquet. Skutterudite results shed light on heavy fermion physics. Journal of
the Physical Society of Japan, 77(Suppl. A):172–179, 2008. [Accès libre : https:
//journals.jps.jp/doi/pdf/10.1143/JPSJS.77SA.172].
[22] J Derr, G Knebel, G Lapertot, B Salce, S Kunii, and J Flouquet. Evidence for gap
anisotropy in smb6. Journal of Magnetism and Magnetic Materials, 310(2):560–562, 2007.
[23] J Derr, J Flouquet, B Salce, and G Knebel. Valence and magnetic ordering in the mixed
valent compound tmse. Physica B: Condensed Matter, 378:616–617, 2006.
[24] J Derr, G Knebel, G Lapertot, B Salce, MA Méasson, and J Flouquet. Valence and
magnetic ordering in intermediate valence compounds: Tmse versus smb6. Journal of
Physics: Condensed Matter, 18(6):2089, 2006.
[25] A Barla, J Derr, JP Sanchez, B Salce, G Lapertot, BP Doyle, R Rüffer, R Lengsdorf,
MM Abd-Elmeguid, and J Flouquet. High-pressure ground state of smb 6: electronic
conduction and long range magnetic order. Physical review letters, 94(16):166401, 2005.
[26] A Barla, JP Sanchez, J Derr, B Salce, G Lapertot, J Flouquet, BP Doyle, O Leupold,
R Rüffer, MM Abd-Elmeguid, et al. Valence and magnetic instabilities in sm compounds
at high pressures. Journal of Physics: Condensed Matter, 17(11):S837, 2005.
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[27] Jacques Flouquet, Alessandro Barla, Rodolphe Boursier, Julien Derr, and Georg Knebel.
Kondo engineering: from single kondo impurity to the kondo lattice. Journal of the Physical
Society of Japan, 74(1):178–185, 2005.
[28] Y Haga, J Derr, A Barla, B Salce, G Lapertot, I Sheikin, K Matsubayashi, NK Sato, and
J Flouquet. Pressure-induced magnetic phase transition in gold-phase sms. Physical Review
B, 70(22):220406, 2004.
28 publications dans des revues internationales à comité de lecture (9 en premier auteur, 10 en deuxième
auteur, 4 en dernier auteur ou correspondant). Profil largement multi-disciplinaire avec des publications
dans 17 revues différentes.

Présentations orales
17 conférences internationales (dont 5 en tant qu’orateur invité), 9 conférences nationales ou locales, 10
séminaires invités dans des universités nationales ou internationales.

Conférences internationales invitées
2017 Emergence of complexity in the RNA world, “Meeting on Emergence and Evolution
of Biological Complexity”, February 4-6, 2017, Bangalore. Invited speaker. [https:
//www.ncbs.res.in/events/evolution-biological-complexity-speakers]
Emergence of complexity in the RNA world, “Mini symposium on Origins of life”,
February 8, 2017, IISER Pune. Invited speaker http://www.iiserpune.ac.in/
colloquia-seminars/583.
Role of Self organization of Min proteins in Bacterial Cell Division, “Symposium on Fundamental physico-chemical phenomena and how they shape biological processes”, December 6, 2017, Pune. Invited speaker. http://www.iiserpune.ac.in/
colloquia-seminars/792
2015 Interplay between nutation and leaf development with or without gravity, “8th
Plant Biomechanics International Conference”, November 30 - December 4, 2015, Nagoya
(Japan). Invited speaker
2010 Emergence of Complexity in the RNA World, “Gordon Research Seminar on Origins
of Life”, January 9-10, Galveston (USA). Invited speaker (https://www.grc.org/originof-life-grs-conference/2010/)

Conférences internationales
2019 Swinging and Flutering of Growing Leaves, Plant growth and form symposium,
Heidelberg, September 11-13, 2019. [https://www.plantmorphodynamics.com/
symposium2019/speakers/]. Séléctionné pour une présentation courte
Solutal convection induced by dissolution, Rencontres du non linéaire, March 29, 2019,
flash-talk. [http://nonlineaire.univ-lille1.fr/SNL/programme/2019/]
2018 Fluttering of growing leaves as a way to reach flatness: experimental evidence on
Persea americana, “9th Plant Biomechanics International Conference”, August 9 - 14,
2018, Montreal (Canada). Oral presentation. [https://www.plantbiomech2018.com/
scientificprogram]
2015 Drag reduction by reconfiguration in gorgonians, “68th Annual Meeting of the APS
Division of Fluid Dynamics”, November 22-24, 2015, Boston (USA). Oral presentation
2014 Self-organization in bacteria : size regulation by proteolytic control of the coarsening instability, “Chaos, Complexity and Dynamics in Biological Networks”, May 12-16,
2014, Cargèse. Oral presentation.
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2013 Swinging and Fluttering of the Avocado Leaf, “Moving Without Muscle”, September
19-20, 2013, Grenoble. Oral presentation.
2012 Growth Dynamics of an Avocado Tree Leaf, “7th Plant Biomechanics International
Conference”,August 20-24, 2012. Clermont Ferrand (France). Présentation éclair
2010 Monodisperse domains by proteolitic control of coarsening instability, “APS March
meeting”, March 15-19, 2010, Portland (USA). Oral presentation.
Emergence of complexity in the RNA world, July 15-16, 2010. University of Stirling,
UK. Oral presentation. [http://www.cs.stir.ac.uk/SystemDynamics/MMBS_2010_
programme.pdf]
2009 Self-Organization of the MinE-ring in the subcellular Min Oscillations, “APS March
meeting”, March 16-20, 2009, Pittsburgh (USA). Oral presentation.
2006 Investigation of the intermediate valence compound SmB6 under pressure, “Quantum Complexities in Condensed Matter”, July 4-7, 2006, Cambridge (UK). Oral presentation.
2005 Pressure study of the Thulium based System TmSe/TmS, “Heavy Fermion Matter”
International conference, July 19-23, 2005, Grenoble (France). Oral presentation.

Séminaires invités
2019 Pattern formation in a geophysical context: the case of erosion by dissolution, IISER Kolkata, Physics department, August 29, 2019, invited seminar. [http:
//calendar.iiserkol.ac.in/view_event/826772/]
2018 Role of self organization of Min protein in bacterial cell division, FDV Thematic
Workshop: Computational Approaches to Life Sciences, April, 13, 2018. Invited talk
(https://cri-paris.org/doctoral-school-fdv/fellow-seminars/thematic-workshops/)
2017 Morphogenesis and Motions in Biological Systems, Laboratoire de Physique des
solides, September 29, 2017. Université Orsay. Invited seminar (https://www.lps.upsud.fr/spip.php?article2956)
How plants move!, Osaka University, Research Center for Solar Energy Chemistry,
December 21, 2017, invited seminar (vulgarization).
The physics of plant motions and morphogenesis, IISER Kolkata, Physics department, December 12, 2017, invited seminar. [http://calendar.iiserkol.ac.in/
view_event/410905/]
Interplay between plant motions and morphogenesis, IISER Pune, Self organization
and cell morphogenesis lab, December 8, 2017, invited seminar.
Plants Dynamics: Two Examples of Shape Regulation of Leaves, Laboratoire BIPOP,
March 9, 2017. INRIA, Grenoble. Invited seminar with Mathieu Rivière.
2016 Morphogenesis and Motions in Biological Systems, Laboratoire de Physique et Mécanique des Milieux Hétérogènes (PMMH), January 15, 2016, ESPCI Paris. Invited
seminar (https://www.espci.fr/fr/agenda/2015/seminaire-pmmh-julien-derr-msc)
2015 How plants move!, Cool Lab, IISER Pune, February 20, 2015, invited seminar (vulgarization).
2013 Plant motions, Laboratoire Reproduction et Développement des plantes (RDP), Groupe
Biophysique et Développement. July 4, 2013, ENS Lyon. Invited seminar

Conférences nationales ou locales
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2018 Turgor pressure and nutation. “GDR Phyp: Pression de turgescence chez les végétaux”, October 15-16, 2018. Montpellier. Oral presentation. [https://gdrphyp.files.
wordpress.com/2018/08/flyer-workshop-turgomap.pdf]
2017 Fluttering of Growing Leaves as a Way to Reach Flatness. “GDR Phyp: Biophysique
et Biomécanique des Plantes”, June 20-21, 2017. Le Pharo, Marseille. Oral presentation.
[https://gdrphyp.files.wordpress.com/2017/04/programme.pdf]
2016 Swinging and Fluttering Motions of Simple Leaves , “Journées de rencontre INRAMSC”, December 5, 2016, INRA Versailles. Oral presentation.
Drag reduction by reconfiguration in gorgonians, “8ièmes Rencontres MSC, June 8-10,
2016, Cap Hornu. Oral presentation.
2015 Nutation et Croissance des feuilles composées, “Journées Physique des Plantes”,
September 30 - October 1, 2015, Imera, Marseille. Oral presentation with Mathieu Rivière.
Teaching Experimental Physics, “EPU2015 : Enseigner la Physique à l’Université”, July
5-6, 2015, UPMC, Paris. Oral presentation with Yves Couder.
Self organization in the Min system, “Journées Complexité Désordre”, January 12-13,
2015, UPD, Paris. Oral presentation.
2014 Posture regulation in Plants: the example of Averroa Carambola, “Rencontres
MSC”, June 11-13, 2014, Courcimont. Oral presentation.
Dynamique des plantes : suivi de la croissance d’une feuille en 3D, “6ièmes Rencontres MSC, Avril 5-7, 2012, Villers sur mer. Oral presentation.

Autres
2017 Modélisation de la convection solutale induite par la dissolution., Laboratoire Matière
et Systèmes Complexes, Equipe Dynamique des systèmes Hors Equilibre, April 6, 2017.
UPD, Paris. Lab Seminar with Michael Berhanu
2009 Size Regulation in proteins assembly, September 10, 2009. School of Engineering and
Applied Sciences, Harvard University, Lab Seminar in Michael Brenner’s group
Self-Organization in the MIN system, May 27, 2009. FAS Center for Systems Biology,
Harvard University, Lab Seminar
2005 Investigation of the intermediate valence compound SmB6 under pressure, SPSMS
laboratory seminar, January, 2005,Grenoble (France). Oral presentation.
2005 Nouvelle phase magnétique dans le composé SmB6 , séminaire du laboratoire LCP,
Grenoble (France).

Fonctions d’intérêt collectif
Responsibilités administratives

{ Conseil de laboratoire membre nommé au conseil de laboratoire MSC (depuis 2019)
{ Conseil scientifique membre du conseil scientifique pour un contrat RTE de chercheur
CDD obtenu par Marc Durand (2020-2021)
{ Porteur des financements “Rôle des mécanismes prébiotiques dans l’émergence de la
complexité moléculaire sur la terre primitive” (PICS, 2016) et “Reconstruction de textures
3D pour une mesure fine de la croissance des plantes” (Appel d’offre interne MSC, 2015)

Responsibilités scientifiques

2010–2016 Organisateur des séminaires généraux du laboratoire MSC.
2010–2011 Organisateur des séminaires de l’équipe DSHE.
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2012 Organisateur du workshop, “6èmes rencontres MSC”, Villers sur mer.
2010–present Travail de “referee”, pour divers journaux (Journal of the royal society interface, Fluids,
The European Physical Journal Plus (EPJP), Applied surface science, Micro and Nano
systems...).

Responsibilités pédagogiques
{ Responsable de Master 2 : co-responsable avec Alain Ponton du Master 2 international “Physics of soft matter” :
https://u-paris.fr/en/
master-in-fundamental-physics-physics-of-soft-matter/ (depuis 2020)
{ Responsable de modules : mécanique des milieux continus (2014-2020), projets de
physique expérimentale (2016-2018), physique Medphy (2010-2014), ondes et vibrations
(2011-2013), biophysique (2010).
{ Rapporteur de stage Auguste Pezin (2017), Sophie Parizon (2015), Gabriel Mostefa
(2015), Julien Porceddu (2015), Timothé Poulain (2014), Adrien Parruite (2014),
Guillaume Reille (2013)
{ Tuteur:médiateur pour la thèse de Sébastien Kosgodagan (soutenue en 2014)
{ Responsable du parcours “Medphy”, une promotion qui accueille d’anciens étudiants
de médecine pour les reconvertir de façon accélérée à la physique. Organisation de
rencontres avec les anciennes promotions (2010-2013).

Vulgarisation scientifique
{ Université ouverte Quand les plantes font des mathématiques (2019, avec Stéphane
Douady).
{ Fête de la science Expériences autour de l’œuf (2020, avec Nicolas Chevalier). Démonstrations de Supraconductivité (2011, avec Marie-Aude Méasson).
{ La main à la pâte Interventions hebdomadaires dans des écoles primaires (1999-2001).
{ Edition scientifique écriture d’un corrigé à des épreuves d’admission en grandes écoles
(éditions H&K, 2000).

Financements
2021–2023 Emergence “DYNAVINE”, Vrilles motrices, porteur du projet, avec Drazen Zanchi,
38 ke.
2020–2023 ANR “ANADSPI”, ANisotropy, ADhesion and plant SPIral growth., Collaboration avec
Etienne Couturier (PI), 265 ke.
2017–2021 ANR “ERODISS”, Hydrodynamics of erosion by dissolution, Collaboration avec Sylvain
Courrech du Pont et Michael Berhanu(PI), 250 ke.
2016–2019 CNRS PICS 07501, Rôle des mécanismes prébiotiques dans l’émergence de la complexité
moléculaire sur la terre primitive , (porteur du projet) , 15 ke.
2016–2017 Projet exploratoire PERSYVAL-Lab: “Carambole”, 3D reconstruction of plant motions, Collaboration avec Franck Hetroy (PI), Julien Pansiot et Florence Bertails-Descoubes,
9 ke.
2020 Appel d’offre MSC, Culture de plantes au laboratoire, 3000 e.
2015 Appel d’offre MSC, Reconstruction de textures 3D pour une mesure fine de la croissance
des plantes, Porteur du projet, 5500 e.
2008 HFSP awardee, Human Frontier Science Program Cross Disciplinary awardee, financement
de 3 ans.
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Activités récentes les plus significatives
{ Cinématique des mouvements morphogénétiques des plantes Mise au point de
technique de reconstruction 3D, soumission de demande ANR dont je suis le porteur
(MOTION), encadrement d’étudiants dont un doctorant (Mathieu Rivière) sur le sujet.
3 publications[8, 9, 4].
{ Géo-morphogénèse Dévelopement de codes numériques pour la simulation de l’érosion
par dissolution. Encadrement d’un postdoc (Julien Philippi) menant à une publication[7].
Participation en tant que responsable numérique à l’ANR ERODISS
{ Auto-organisation dans des systèmes chimiques prébiotiques Développement d’un
modèle numérique[12]. Mise au point d’une collaboration avec des chercheurs étrangers,
obtention d’un financement PICS du CNRS. Co-encadrement d’un étudiant étranger
(Suvam Roy) menant à une publication récente[5]
{ Biomécanique des plantes Mise au point d’une technique de mesure de force in-situ
dans des plantes générant de fortes forces (vrilles). Financement Emergence (co-porteur
principal avec Drazen Zanchi)
{ Rhéologie des plantes Etude microscopique des algues chara. Mise au point d’une
technique de PIV pour la caractérisation de la croissance de chara. ANR ANADSPI avec
Etienne Couturier.
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Annexe B : copie du diplôme de thèse
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[152] Jacques Dumais et Yoël Forterre. ““Vegetable dynamicks”: the role of water in plant
movements”. In : Annual Review of Fluid Mechanics 44 (2012), p. 453-478.
[153] ANJ Heyn. “The physiology of cell elongation”. In : The Botanical Review 6.10 (1940),
p. 515.
[154] Antonius Nicolaas Johannes Heyn. “Der mechanismus der Zellstreckung”. In : Recueil
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adresse : http : / / www . msc . univ - paris - diderot . fr / ~ plant dynamics/ cage_ live/ .
[186] Carambole. https : / / team . inria . fr / morpheo / carambole/. Accessed:
2017-10-25.

Bibliographie

257

[187] Sandrine Isnard et Wendy K Silk. “Moving with climbing plants from Charles Darwin’s
time into the 21st century”. In : American Journal of Botany 96.7 (2009), p. 1205-1221.
[188] Alain Goriely et Sébastien Neukirch. “Mechanics of climbing and attachment in twining
plants”. In : Physical review letters 97.18 (2006), p. 184302.
[189] Alain Goriely et Michael Tabor. “Spontaneous helix hand reversal and tendril perversion
in climbing plants”. In : Physical Review Letters 80.7 (1998), p. 1564.
[190] Sharon J Gerbode et al. “How the cucumber tendril coils and overwinds”. In : Science
337.6098 (2012), p. 1087-1091.
[191] Online information about vine tendrils investigation at MSC. http://www.msc.univparis-diderot.fr/~plant-dynamics/vine/.
[192] Charles Darwin. The movements and habits of climbing plants. J. Murray, 1875.
[193] Matvienko Hollerwah M.M. “Life of plants. Lichens, algae Volume: Volume 3”. In : A.M.
Moscow: education, 1977.
[194] Jens H Kroeger, Rabah Zerzour et Anja Geitmann. “Regulator or driving force? The role
of turgor pressure in oscillatory plant cell growth”. In : PloS one 6.4 (2011).
[195] Enrique R Rojas, Scott Hotton et Jacques Dumais. “Chemically mediated mechanical
expansion of the pollen tube cell wall”. In : Biophysical journal 101.8 (2011),
p. 1844-1853.
[196] MC Probine et RD Preston. “Cell growth and the structure and mechanical properties of
the wall in internodal cells of Nitella opaca: I. Wall structure and growth”. In : Journal
of Experimental Botany 12.2 (1961), p. 261-282.
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In : soumis à Physical Review Letters (2020).
[220] Aina Rakotondrandisa, Georges Sadaka et Ionut Danaila. “A finite-element toolbox for
the simulation of solid–liquid phase-change systems with natural convection”. In :
Computer Physics Communications (2020), p. 107188.
[221] Georges Sadaka et al. “Parallel finite-element codes for the simulation of
two-dimensional and three-dimensional solid-liquid phase-change systems with
natural convection”. In : (2020).

