
What is biological information? 
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Course 5:  Structural and geometric information

When the production of molecular species is coupled 
to their diffusion, striking spatial–temporal molecular 
patterns can emerge. Reaction–diffusion systems such 
as Turing instabilities21 produce patterns with length 
scales that depend on the details of activator–inhibitor 
interactions22 (BOX 2). Excitable systems manifest charac-
teristic temporal dynamics, in which, for instance, trigger 
wave velocities depend on diffusion and positive feedback 
timescales23. Concentration gradients of molecules where 
the local concentration depends on the production–
degradation rates and on the diffusion/transport  

constants24, define time and length scales of morphogenetic  
fields. The emergent biochemical patterns are read 
and interpreted by cells via cell signalling and direct a 
sequence of downstream cellular decisions. For instance, 
the concentration-dependent activity of morphogens 
transforms a homogeneous field of cells into discrete 
regions of defined length, each with its own morpho-
genetic and differentiation programmes driven by the 
induction of specific changes in gene expression25,26. 
As another example, Turing instabilities control pal-
ate ridges27 and digit number in growing limbs28 in the 
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Fig. 1 | Programme versus self-organization in the flow of morphogenetic 
information. a | Length and timescales of morphogenetic information can 
be defined by biochemical (in red on the left) or mechanical (in blue on the 
right) interactions occurring within the given geometry of the tissue (in grey). 
On the left: the constant of effective diffusion (D) of a molecular species (red 
star) from a spatially restricted production zone and its rate of degradation 
(k) define the local concentration and thus the length scale (λ) and timescale 
(τ) of the cellular and tissue level processes driving shape changes. These 
length and timescales can be quantitatively estimated by measuring D and 
k (equations in the yellow quadrant). The graph on the left illustrates the 
spatial decay of the concentration of a molecular species following an 
exponential decay with length scale λ. On the right: the propagation of 
deformation due to an applied stress can define the length scale (λ) and 
timescale (τ) of morphogenetic events in a tissue. Strain propagation 
depends on the elastic modulus (stiffness) E, the viscosity η and the friction 
coefficient γ . The length (λ) and timescales (τ) are defined quantitatively as 
in the yellow quadrant at the bottom left. The graph illustrates how the 
viscosity of a material impacts on the timescale of deformation following an 
applied stress. A fully elastic material has a coefficient of viscosity equal to 0 
and never dissipates the elastic energy due to the applied stresses (that is, 
they can return to their initial configuration when the stress is released) while 

a viscoelastic material dissipates the elastic energy (that is, it cannot return 
to the initial configuration upon stress release) when the stress is applied for 
long enough beyond a certain timescale. The applied stress is indicated by σ 
and the induced strain by ε. Of note, biochemical interactions and cell and 
tissue mechanics can regulate each other. For instance, biochemical 
signalling can regulate the stiffness/viscosity of the actin cortex or may 
activate force-generating molecular motors. Mechanics can regulate local 
protein concentrations by advection or elicit biochemical signalling via 
mechanotransduction. b | Idealized information flows illustrating how 
morphogenesis could be executed as a programme (middle) or emerge in a 
self-organized fashion (right). Biochemistry, mechanics and geometry are the 
key modules of morphogenesis (as illustrated in part a). In programmed 
morphogenesis the information is fully encapsulated in the initial patterning 
(that is, biochemistry) and geometry of the tissue. This determines fully the 
execution of cell and tissue mechanical operations and the final outcome  
of morphogenesis. The strict hierarchy and the unidirectional flow of 
information are represented by single-headed arrows. In the case of self- 
organized morphogenesis biochemistry, mechanics and geometry  
can regulate each other as a result of multiple feedbacks and thus  
the information emerges and is continuously modulated during the 
morphogenetic process.

Strain
A measure of deformation  
of an object with respect to  
a reference length upon 
application of a mechanical 
stress. This is a dimensionless 
parameter
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asymmetry and antero-posterior polarity of the cell are expressed at 
the cortical unit level by the direction of the cytoskeletal appendages 
nucleated around each basal body such as the conspicuous ciliary 
rootlet (Fig. 1).

During division (Fig. 2), the organelles are duplicated and a 
wave of basal body duplication pervades the cell. Like centrioles 
in centrosomes, basal bodies duplicate by a conservative process 
with each neo-formed organelle arising close and at right angles to 
the mother. The process obeys a strict polarity: the new basal body 
inserts in the cortex just anterior to its “mother,” along the axis of 
the longitudinal row (Fig. 3A and B).4 Cytoskeletal appendages will 
then be nucleated at precise sites of the “peribasal body material” 
within the limits of the cortical unit (Fig. 4). Although orchestrated 
at the whole cell level and triggered by the same mitotic signals, basal 
body duplication and the correlative duplication of cortical units are 
managed locally, at the cortical unit level (Fig. 4).

The pioneer experimental study started with doublet cells. 
“Doublets” had long been observed to appear occasionally in cultures 
of different ciliate species, and their stability was noted. Paramecium 
doublets comprise two complete sets of organelles and basal body 
fields, arranged in tandem (Fig. 5). This doublet organization is 
perpetuated through vegetative division and Sonneborn explored the 
genetic determination of this stability.

One advantage of Paramecium for genetic studies lies in the 
fact that each pair of conjugants simultaneously achieves the two  

reciprocal crosses, as conjugation involves only nuclear exchange: 
each conjugant retains its cellular integrity and a stationary, “female,” 
gametic nucleus which fuses with a migratory, “male,” gametic nucleus 
provided by the partner. Each pair of conjugants thus yields two F1 
clones of identical heterozygous nuclear genotype but each retains 
its cytoplasmic characters. Occasional cytoplasmic bridges allow 
cytoplasmic exchanges, which can be monitored by cytoplasmically 
controlled characters such as the presence or absence of “k particles,”  
a bacterial endosymbiont, or the alternative expression of mating 
types.5 Doublets arise precisely when such bridges between conju-
gating cells fail to break, leading to complete fusion of the two 
conjugants.

Doublets could be crossed with normal partners carrying genetic 
nuclear and cytoplasmic markers. The doublet phenotype was 
maternally inherited and maintained in F2 and subsequent sexual 
generations in the maternal line of descent, regardless of the 
segregation of the genetic markers, and even after intermixing of 
endoplasm and cytoplasmic organelles, thus ruling out both nuclear 
and cytoplasmic determinants. Still, it could be argued that the 
singlet/doublet alternative might reflect alternative differentiated 
states of the macronucleus (a process known to control expression 
of Paramecium surface antigens and mating type) or that doublets 
might have a double gene complement. Both counter-arguments 
could be ruled out by sophisticated manipulations amounting to 
reciprocal transplantations of nuclei.1

Preformed cell structure and cell heredity

Figure 1. Cortical organization of Paramecium. The figure shows the ventral 
(left) and dorsal (right) sides of a cell immunolabeled by an anti-tubulin 
antibody which reveals basal bodies as discrete dots (bb) and an antibody 
directed against the ciliary rootlets (cr) which form a thin bundle emanat-
ing from each basal body, as shown in the enlargement. A-P marks the 
antero-posterior cell axis. The ventral side is marked by a line of contrast in 
the global arrangement of basal body rows, the oral meridian, which defines 
the right (R) and the left (L) of the cell. The oral apparatus (oa)-a ciliated fun-
nel at the bottom of which phagocytosis takes place-and the cytoproct (cy) 
open on the ventral side, while the pores of the contractile vacuole systems 
(cvp) localize on the dorsal surface. Bar: 10 mm. Images appear courtesy 
of F. Ruiz.

Figure 2. Morphogenetic processes during division. The figure shows inter-
phase and dividing living cells expressing GFP-PtCen2a, a centrin specific  
to basal bodies.29 Smaller dots correspond to a single basal body per 
cortical unit, larger ones to two basal bodies per unit. In the dividing cell, 
where basal body duplication proceeds, the division furrow (df) delimits 
the two presumptive daughter cells. The old oral apparatus is conserved in 
the anterior daughter cell, while a new one has developed in the posterior 
one. The two insets pinpoint three units with 2 bbs in the interphase cell and 
their progeny in the dividing cell. Images are shown with reverse contrast.  
Bar: 10 mm. Images appear courtesy of F. Ruiz.
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Plan

• Structural cellular heredity and cellular self-organisation 

• Geometric information in cells:  
decoding cell shape via signalling 
decoding cell shape via mechanics 

• Geometric information in development  and morphogenesis 
Geometric guidance 
Geometric feedback



John von Neumann
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Self-reproducing automata

conference, 1948. publication,1951

(1903-1957)

The General and Logical Theory of Automata

• Established a link between the 
ability of cells and organisms to 
self-reproduce and the theory of 
universal computation in 
automata/machines developed 
by Turing (1936). 

• According to this view, Life is 
intimately linked to computation 
and information processing 

Von Neumann, J., 1951. In: Jeffress, L.A.
(Ed.), Cerebral Mechanisms of Behavior: The Hixon Symposium. 
John Wiley and Sons, New York, pp. 1–41.



D

D

ID

ID

A B C
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(a) Automaton A, which when furnished the description of any other 
automaton in terms of appropriate functions, will construct that entity. 

A description in this sense will be called an instruction and denoted by a 
letter I 

  

Self-reproducing automata - What is the set of instructions ID

• Requirements (to avoid degenerate complexity): 
— Copying the machine (A) 
— Copying the instructions to make the machine (B)

E
Read

Copy
Build

Read

(b) Automaton B, which can make a copy of any instruction  I 

 that is furnished to it.  

This automaton is nothing more subtle than a « reproducer ». ( c ) 

(c) Combine the automata A and B with each other,  
and with a control mechanism C. 
C will first cause A to construct the automaton which is described by this 
instruction I. Next C will cause B to copy the instruction I, and insert the 
copy into the automaton, which has just been constructed by A. Finally, C 
will separate this construction from the system A + B + C.

E= D + ID = A + ID + B + C

(d) denote D = A + B + C. D requires an instruction I.  

Form an instruction ID, which describes this automaton D, 
and insert to into A within D. Call the aggregate which 
now results E. 

E is self-reproductive
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D

D

ID

ID

A B C
E

Is the heritable information strictly in the DNA? 
Is the information complete in the genome and its chemical derivatives?

• Underlying hypotheses: 
• ID encodes A, B and C.  
• A, as it builds D, the cell, provides building blocks that, 

with an energy source, self-assemble or self-organise into 
a cell (membrane, organelles etc). 

• Cell organisation is fully transmitted via the synthesis of 
chemical components of a cell and given self-organisation 
property.   

Self-reproducing automata - What is the set of instructions in ID?



Propagation and transmission of organisation at cell division

• First sign of life on earth ~ 3.48B years ago

• For billions of years, bacteria propagated by cell division

• How is cellular organisation transmitted from one cell to its descendants?

Thomas LECUIT   2024-2025
6

Doubling time ~60 min



Green alga — Micrasterias rotata 
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Propagation and transmission of organisation at cell division



• Grind a cell to complete chemical homogeneity 
• Keep high supply of energy (ATP), keep DNA.  
• Chemical activity is preserved and complete

Cell Biology by the numbers.  Ron Milo, Rob Phillips, 2012
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Figure 6: An order of magnitude census of the major components 
of the three model cells we employ often in the lab and in this 
book. A bacterial cell (E. coli), a unicellular eukaryote (the budding 
yeast S. cerevisiae, and a mammalian cell line (such as an 
adherent HeLa cell).  
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Figure 6: An order of magnitude census of the major components 
of the three model cells we employ often in the lab and in this 
book. A bacterial cell (E. coli), a unicellular eukaryote (the budding 
yeast S. cerevisiae, and a mammalian cell line (such as an 
adherent HeLa cell).  

• Cells do not re-assemble/self-organise from the evolved chemical components 
• The chemical information in a cell is not complete to ensure the propagation of organisation 

• Cells need an organisation to propagate organisation

• What happens if a cell loses its organisation yet keeps the complete set of active molecules?

8

Are cells purely self organised? — A thought experiment…



Are cells purely self organised? — A thought experiment…
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Photo by OlenaPavlovich

Freeze -196°C

• A contrario what happens if molecular activity is stopped but cell organisation is preserved?
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Figure 6: An order of magnitude census of the major components 
of the three model cells we employ often in the lab and in this 
book. A bacterial cell (E. coli), a unicellular eukaryote (the budding 
yeast S. cerevisiae, and a mammalian cell line (such as an 
adherent HeLa cell).  

Thaw to 37°C

• Cells need an organisation to propagate organisation 
• Cell organisation does not fully self-organise

— Cell can lose completely molecular dynamics and activity, but they restart if cell organisation is preserved 

9
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« Reproduction » of biological membranes

• Membranes have 50% lipids (5. 106/µm2), 50% proteins.  
• Lipid bilayers can self-assemble in vitro.

10578 | Phys. Chem. Chem. Phys., 2016, 18, 10573--10584 This journal is© the Owner Societies 2016

the lipid bridge phospholipids were incorporated into the lipid
assembly. However, this scenario occurs in only one of the
corresponding Lipid14 repeats and in one of the eight Slipids
PC simulations in which a bilayer was formed (Table 2a). The
Lipid14/Slipids simulations appear to be more in line with
united-atom self-assembly mechanisms where the closure of
the water pore is characterized as the last and often time-
limiting step in the bilayer formation.4,7,8 The discrepancy may
in part be related to cut-off conditions. Consistent with the
Lipid14 and Slipids simulations in the present work, the C36
lipids were simulated using a strict van der Waals cut-off (Table 1,
denoted cut in Table 2a and b), while force switching schemes
were applied in the original validation of the C36 force field.16 As
will be discussed in detail later, additional C36 DPPC and DOPC
simulations were performed using a similar force switch function
as in the original C36 paper (Table 1, denoted as fsw in Table 2a
and b). One out of three DPPC force switch repeats showed the
possibly premature pore closure compared to all three repeats
with the cut-off, suggesting that the treatment of van der Waals
forces might influence not only bilayer properties but also the
self-assembly pathway in simulations and might have contrib-
uted to the observed difference in mechanism. Nonetheless,
three out of the six force switch simulations still displayed the
early pore closure described above.

There are large variations in bilayer formation times
(Table 2a), both between phospholipids, between force fields
and between repeats for a specific lipid using the same force
field. Substantial differences in bilayer formation times have
also been established in self-assembly studies using united-
atom models.6–8 Drawing any conclusions is therefore difficult,
but certain trends can be identified and perhaps more so for
Lipid14 than for the other two force fields. In terms of the
Lipid14 zwitterionic lipids in Table 2a the rate of self-assembly
appears to be higher for POPE than for POPC. One explanation
might be that the phosphatidylcholine head group is bigger
and bulkier than phosphatidylethanolamine and therefore
faces more significant steric challenges upon retreating from
the hydrophobic region of the lipid assembly to the lipid-water
interface. Indeed, Marrink et al.7 pointed to steric hindrance as

a plausible factor contributing to lengthy pore lifetimes.
Secondly the timings for Lipid14 suggest that also the anionic
PS and PG lipids self-assemble faster than the PC lipids.
Electrostatically and in light of the hydrophobic effect it seems
reasonable that charged, more polar anionic head groups
escape the hydrophobic environment more easily than the
neutral zwitterionic PC head groups. The results indicate that
the rate of Lipid14 self-assembly is dependent on both the size
and charge of the head group for the phospholipids under
investigation. However, it is important to mention that the ion
concentration was significantly higher in the simulations of the
anionics than was the case for the zwitterionics (Table 1), which
might have had an influence.

Structural properties of self-assembled bilayers

Self-assembled bilayers were allowed to relax and equilibrate
for 50 ns, and the remaining portion of each of the 1 micro-
second simulations was used for calculating average structural
bilayer properties. These properties are featured together with
experimental counterparts in Table 2a and b and Fig. 2 and
include areas and volumes per lipid,39–50 bilayer (DHH) and
Luzzati (DB) thicknesses,39–41,43–48,50–53 isothermal compressi-
bility moduli (KA)44,49,54–57 and deuterium order parameter
(SCD) profiles.58–64 Of the most robust structural data to validate
lipid simulations against are X-ray and neutron scattering form
factors directly derived from experiments that can be directly
compared to simulation without requiring modelling or fitting
of the experimental data.36,40 X-ray and neutron form factor
profiles are presented in Fig. S1 and S2 (ESI†), respectively, for
the lipids for which experimental data are available.

Overall, all three force fields give good agreement with
experimental observables for the assembled bilayers. The nota-
ble exception is DPPC modeled with the C36 force field and a
non-bonded cut-off of 10 Å, where the bilayers in all three
repeats eventually adopt a highly ordered configuration with
partial overlap between the tails from opposite leaflets (Fig. S3,
ESI†). The resulting static and compressed nature of these
bilayers is reflected by low areas and volumes per lipid, very
high KA values, overestimated thicknesses, very high order

Fig. 1 General mechanism of all-atom bilayer self-assembly. Four characteristic stages were observed during the self-assembly process (see main text
for details) and are illustrated here by representative snapshots from one of the simulations. Phospholipids are shown as stick models, with the
phosphorus atoms in the constituent head groups represented by orange spheres. Water, ions and hydrogen atoms have been omitted for clarity. Please
note that the snapshots include portions of neighbouring periodic images in addition to the simulation unit cell, which is indicated by dashed-lined
squares.
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the lipid bridge phospholipids were incorporated into the lipid
assembly. However, this scenario occurs in only one of the
corresponding Lipid14 repeats and in one of the eight Slipids
PC simulations in which a bilayer was formed (Table 2a). The
Lipid14/Slipids simulations appear to be more in line with
united-atom self-assembly mechanisms where the closure of
the water pore is characterized as the last and often time-
limiting step in the bilayer formation.4,7,8 The discrepancy may
in part be related to cut-off conditions. Consistent with the
Lipid14 and Slipids simulations in the present work, the C36
lipids were simulated using a strict van der Waals cut-off (Table 1,
denoted cut in Table 2a and b), while force switching schemes
were applied in the original validation of the C36 force field.16 As
will be discussed in detail later, additional C36 DPPC and DOPC
simulations were performed using a similar force switch function
as in the original C36 paper (Table 1, denoted as fsw in Table 2a
and b). One out of three DPPC force switch repeats showed the
possibly premature pore closure compared to all three repeats
with the cut-off, suggesting that the treatment of van der Waals
forces might influence not only bilayer properties but also the
self-assembly pathway in simulations and might have contrib-
uted to the observed difference in mechanism. Nonetheless,
three out of the six force switch simulations still displayed the
early pore closure described above.

There are large variations in bilayer formation times
(Table 2a), both between phospholipids, between force fields
and between repeats for a specific lipid using the same force
field. Substantial differences in bilayer formation times have
also been established in self-assembly studies using united-
atom models.6–8 Drawing any conclusions is therefore difficult,
but certain trends can be identified and perhaps more so for
Lipid14 than for the other two force fields. In terms of the
Lipid14 zwitterionic lipids in Table 2a the rate of self-assembly
appears to be higher for POPE than for POPC. One explanation
might be that the phosphatidylcholine head group is bigger
and bulkier than phosphatidylethanolamine and therefore
faces more significant steric challenges upon retreating from
the hydrophobic region of the lipid assembly to the lipid-water
interface. Indeed, Marrink et al.7 pointed to steric hindrance as

a plausible factor contributing to lengthy pore lifetimes.
Secondly the timings for Lipid14 suggest that also the anionic
PS and PG lipids self-assemble faster than the PC lipids.
Electrostatically and in light of the hydrophobic effect it seems
reasonable that charged, more polar anionic head groups
escape the hydrophobic environment more easily than the
neutral zwitterionic PC head groups. The results indicate that
the rate of Lipid14 self-assembly is dependent on both the size
and charge of the head group for the phospholipids under
investigation. However, it is important to mention that the ion
concentration was significantly higher in the simulations of the
anionics than was the case for the zwitterionics (Table 1), which
might have had an influence.

Structural properties of self-assembled bilayers

Self-assembled bilayers were allowed to relax and equilibrate
for 50 ns, and the remaining portion of each of the 1 micro-
second simulations was used for calculating average structural
bilayer properties. These properties are featured together with
experimental counterparts in Table 2a and b and Fig. 2 and
include areas and volumes per lipid,39–50 bilayer (DHH) and
Luzzati (DB) thicknesses,39–41,43–48,50–53 isothermal compressi-
bility moduli (KA)44,49,54–57 and deuterium order parameter
(SCD) profiles.58–64 Of the most robust structural data to validate
lipid simulations against are X-ray and neutron scattering form
factors directly derived from experiments that can be directly
compared to simulation without requiring modelling or fitting
of the experimental data.36,40 X-ray and neutron form factor
profiles are presented in Fig. S1 and S2 (ESI†), respectively, for
the lipids for which experimental data are available.

Overall, all three force fields give good agreement with
experimental observables for the assembled bilayers. The nota-
ble exception is DPPC modeled with the C36 force field and a
non-bonded cut-off of 10 Å, where the bilayers in all three
repeats eventually adopt a highly ordered configuration with
partial overlap between the tails from opposite leaflets (Fig. S3,
ESI†). The resulting static and compressed nature of these
bilayers is reflected by low areas and volumes per lipid, very
high KA values, overestimated thicknesses, very high order

Fig. 1 General mechanism of all-atom bilayer self-assembly. Four characteristic stages were observed during the self-assembly process (see main text
for details) and are illustrated here by representative snapshots from one of the simulations. Phospholipids are shown as stick models, with the
phosphorus atoms in the constituent head groups represented by orange spheres. Water, ions and hydrogen atoms have been omitted for clarity. Please
note that the snapshots include portions of neighbouring periodic images in addition to the simulation unit cell, which is indicated by dashed-lined
squares.
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Mitochondria fusionMembrane fusion: vesicle docking and fusing

• But in vivo, membranes do not self-assemble. 
• Membranes grow by insertion of lipids, fusion of membranes etc. 
• Moreover, membranes have specific protein compositions, topologies 

and orientations characteristic of different membrane systems, or 
membrane organelles.

DOI:10.1042/BIO20200064

http://dx.doi.org/10.1042/BIO20200064


Thomas LECUIT   2020-2021

60 
 

When talking about the “size” of organelles such as the ER, there are 
several different ways we can characterize their spatial extent. One 
perspective is to compare the total membrane area tied up in the 
organelle of interest relative to that of the plasma membrane, for example. 
A second way of characterizing the spatial extent of the organelle is by 
appealing to the volume enclosed within the organelle of interest and 
comparing it to the total cell volume. As can be inferred from the electron 
micrograph image of an acinar cell from the pancreas in charge of 
secretion (Figure 1), the undulating shape of the convoluted endoplasmic 
reticulum membrane ensures that its surface area is actually 10-20 times 
larger than the outer surface area of the cell itself (the plasma membrane). 
The distribution of membrane surface area among different organelles in 
liver and pancreatic cells is quantitatively detailed in Table 1. The table 
shows that the membrane area allocation is dominated by the ER (as 
much as 60%) followed by the Golgi and mitochondria. The cell plasma 
membrane in these mammalian cells tends to be a small fraction of less 
than 10%. In terms of volume, the ER can comprise >10% of the cellular 
volume as shown in Table 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In recent years, the advent of both fluorescence microscopy and 
tomographic methods in electron microscopy have made it possible to 
construct a much more faithful view of the full three-dimensional 
structure of these organelles. 
 
 
 
 

Table 1: The percentage of the total cell membrane of each membrane type in two model cells. 
The symbol ‘-‘ indicates that the value was not determined. Adapted from MBOC, 5th ed.. Table 
12-1. 
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Figure 2.23: Eukaryotic cell and its
organelles. The schematic shows a
eukaryotic cell and a variety of
membrane-bound organelles. A
thin-section electron microscopy
image shows a portion of a rat liver
cell approximately equivalent to the
boxed area on the schematic. A
portion of the nucleus can be seen
in the upper left-hand corner. The
most prominent organelles visible in
the image are mitochondria,
lysosomes, the rough endoplasmic
reticulum, and the Golgi apparatus.
(Eukaryotic cell from Alberts et al.,
Molecular Biology of the Cell, 5th

ed., New York, Garland Science,
2008; electron micrograph from
D. W. Fawcett, The Cell, Its
Organelles and lnclusions: An Atlas
of Fine Structure. W. B. Saunders,
1966.)
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Figure 2.24: Electron micrograph
and associated schematic of the
endoplasmic reticulum (ER). The
left-hand panel shows a thin-section
electron micrograph of an acinar cell
from the pancreas of a bat. The
nucleus is visible at the upper right
and the dense and elaborate
endoplasmic reticulum structure is
strikingly evident. The right-hand
panel shows a schematic diagram of
a model for the three-dimensional
structure of the endoplasmic
reticulum in this cell. Notice that the
size of the lumen in the endoplasmic
reticulum in the schematic is
exaggerated for ease of
interpretation. (Electron micrograph
from D. W. Fawcett, The Cell, Its
Organelles and Inclusions: An Atlas of
Fine Structure. W. B. Saunders, 1966.)
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FIG. 1. Schematic models for cotranslational translocation (Top)
and posttranslational translocation across one membrane (Middle)
or two membranes (Bottom). Translocator subunits are represented
as bilateral (see Fig. 2) integral membrane proteins with their receptor
domains asymmetrically exposed (or accessible) only at that side of
the membrane that faces the protein biosynthetic compartment
(prokaryotic and eukaryotic cytoplasm, mitochondrial matrix, chlo-
roplast stroma). According to their receptor domains the translocator
subunits are referred to as signal receptor (SiR) or ribosome receptor
(RR). Signal receptors may be linked to corresponding coupling fac-
tors (CF) to achieve simultaneous posttranslational translocation
across the outer (OM) and inner (TM) membrane (Bottom). As an
alternative to this "gap junction" model (Bottom), posttranslational
translocation could proceed consecutively, first across the outer
membrane and then across the inner membrane by using two signal
sequences, one addressed to the outer membrane (identical to that
of proteins translocated only across the outer membrane) and another
one addressed to the inner membrane. Arrows in the plane of the
membrane indicate assembly or disassembly of the translocator.
Signal peptidase (SiP) is arbitrarily indicated either to be closely
associated with (Middle and Bottom) or to be an integral part of
(Top) the assembled translocator. The signal peptidase cleavage site
between the signal sequence (Si) and the remainder of the polypeptide
chain is indicated by a dashed arrow.

large ribosomal subunit. In posttranslational translocation, on
the other hand, the ribosome would not contribute and the bi-
valent ligand would be represented instead by two distinct
domains in the signal sequence (Fig. 1, Middle and Bottom).
The translocator would be disassembled by disassociation and
lateral diffusion of the subunits in the plane of the mem-
brane.

Cellular membranes that are competent (1) for cotransla-
tional or posttranslational translocation are listed in Table 1. It
is envisioned that each of the nine listed membranes (or

Table 1. Cellular membranes proposed to be endowed with a
transport system (translocator) for unidirectional translocation of

nascent or newly synthesized proteins
Translocation

mode Membrane Code

Cotranslational a. Prokaryotic plasma membrane PPM
b. Inner mitochondrial membrane IMM
c. Thylakoid membrane TKM
d. Rough endoplasmic reticulum RER

Posttranslational e. Outer mitochondrial membrane OMM
(across one f. Outer chloroplast membrane 0CM
membrane) g. Peroxisomal membrane PXM

Posttranslational h. Mitochondrial envelope MEN
(across two i. Chloroplast envelope CEN
membranes)
Each of the translocation-competent membranes (1) listed here

(a-i) is proposed to contain only one distinct "translocator" (in
multiple copies). Each translocator responds to one type of signal
sequence. Translocation can proceed across a single membrane (a-g)
or across two membranes (h and i), cotranslationally (a-d) or post-
translationally (e-i). Suggested abbreviations for these transloca-
tion-competent membranes might serve as useful codes. For example,
a signal sequence (Si) addressed to the rough endoplasmic reticulum
(RER), to the chloroplast envelope (CEN), etc., might be designated
Si(RER), Si(CEN), etc. Likewise, a particular signal receptor (SiR)
or signal peptidase (SiP) could be classified as SiR(RER), SiR(CEN),
or SiP(RER), SiP(CEN), etc. Ribosome receptors (RR) are limited
to membranes with cotranslational translocators (a-d). Again, they
could be classified as RR(PPM), RR(IMM), etc.

membrane pairs) is endowed with only one distinct translocator
(present in multiple copies) that specifically decodes only one
type of signal sequence. Accordingly, a tentative number of
translocator-specific signal sequences (or signal sequence-
specific translocators) would be: one in prokaryotic cells, five
in animal cells, and eight in plant cells (having both mito-
chondria and chloroplasts).
A signal sequence may or may not be cleaved after translo-

cation. Its domain for cleavage by signal peptidase may be al-
tered independently from its domain for translocation [un-
cleaved signal sequence (9, 10)]. The existence of an internal
signal sequence addressed to the RER has recently been dem-
onstrated for chicken ovalbumin (10). Primary structure in-
formation is now available for the signal sequence addressed
to RER (many examples are summarized in ref. 1), for the signal
sequence addressed to PPM (a few examples are summarized
in ref. 1), and for one example of a signal sequence addressed
to CEN (11).
Integration into membranes
Many integral membrane proteins (IMPs) require selective
translocation of one or more hydrophilic segment(s) of the
polypeptide chain in order to acquire their characteristic
asymmetric orientation. How could a selective translocation
of discrete segment(s) of the polypeptide chain be accom-
plished?

In considering hypothetical solutions to this problem it is
useful to seek an arbitrary definition of the theoretically possible
modes of orientation of the polypeptide chain of IMPs with
respect to the hydrophobic core and the hydrophilic environ-
ment of the lipid bilayer. IMPs can be classified as monotopic,
bitopic, and polytopic (Fig. 2). The polypeptide chain of
monotopic IMPs exhibits unilateral topology-i.e., each mol-
ecule possesses hydrophilic domain(s) exposed to the hydro-
philic environment on only one side of the membrane. The
polypeptide chain of bitopic and polytopic IMPs is bilateral in

Cell Biology: Blobel
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• Protein translocation mechanisms in membranes. 
• Integral membrane proteins (IMPs) require 

internal signal sequences and selective 
translocation mechanisms. 

• Translocator proteins on receiving membrane 

Proc. Natl. Acad. Sci. USA
Vol. 77, No. 3, pp. 1496-1500, March 1980
Cell Biology

Intracellular protein topogenesis
(protein translocation across membranes/protein integration into membranes/posttranslocational sorting/topogenic sequences/phylogeny of membranes and compartments)

GUNTER BLOBEL
Laboratory of Cell Biology, The Rockefeller University, New York, New York 10021

Communicated by Gerald M. Edelman, November 19,1979

ABSTRACT Concurrently with or shortly after their syn-
thesis on ribosomes, numerous specific proteins are unidirec-
tionally translocated across or asymmetrically integrated into
distinct cellular membranes. Thereafter, subpopulations of these
proteins need to be sorted from each other and routed for export
or targeted to other intracellular membranes or compartments.
It is hypothesized here that the information for these processes,
termed "protein topogenesis," is encoded in discrete "topo-
genic" sequences that constitute a permanent or transient part
of the polypeptide chain. The repertoire of distinct topogenic
sequences is predicted to be relatively small because many
different proteins would be topologically equivalent-i.e., tar-
geted to the same intracellular address. The information content
of topogenic sequences would be decoded and processed by
distinct effectors. Four types of topogenic sequences could be
distinguished: signal sequences, stop-transfer sequences, sorting
sequences, and insertion sequences. Signal sequences initiate
translocation of proteins across specific membranes. They
would be decoded and processed by protein translocators that,by virtue of their signal sequence-specific domain and their
unique location in distinct cellular membranes, effect unidi-
rectional translocation of proteins across specific cellular
membranes. Stop-transfer sequences interrupt the translocation
process that was previously initiated by a signal sequence and,
by excluding a distinct segment of the polypeptide chain from
translocation, yield asymmetric integration of proteins into
translocation-competent membranes. Sorting sequences would
act as determinants for posttranslocational traffic of subpopu-
lations of proteins, originating in translocation-competent donor
membranes (and compartments) and going to translocation-
incompetent receiver membranes (and compartments). Finally,
insertion sequences initiate unilateral integration of proteins
into the lipid bilayer without the mediation of a distinct protein
effector. Examples are given for topogenic sequences, either
alone or in combination, to provide the information for the lo-
cation of proteins in any of the intracellular compartments or
for the asymmetric orientation of proteins and their location
in any of the cellular membranes. Proposals are made con-
cerning the evolution of topogenic sequences and the relation-
ship of protein topogenesis to the precellular evolution of
membranes and compartments.
"Intracellular protein topogenesis" is used here as a categorical
term for those intracellular processes that occur concomitantly
with or shortly after synthesis of proteins on ribosomes and that
result in the unidirectional translocation of the proteins across
or asymmetric integration of them into translocation-compe-
tent membranes as well as their subsequent posttranslocational
pathway to other (translocation-incompetent) cellular mem-
branes and compartments. Recent in vitro studies on the early
events (translocation and integration) in the topogenesis of a
number of specific proteins of distinct cellular topology (re-
viewed in ref. 1) have provided important information. An
attempt is made in this paper to integrate this information on
the early events in topogenesis into a conceptual framework,
The publication costs of this article were defrayed in part by page
charge payment. This article must therefore be hereby marked "ad-
vertisement" in accordance with 18 U. S. C. §1734 solely to indicate
this fact.
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to extrapolate from there to later events (posttranslocational
pathways), and thus to formulate a general hypothesis on in-
tracellular protein topogenesis. This hypothesis predicts that
the determinants for intracellular protein topogenesis reside
in discrete segments of each polypeptide chain. These segments,
termed "topogenic sequences," are permanent or transient
features of the protein and are characterized by their redun-
dancy, being shared by the many structurally otherwise dif-
ferent proteins whose common denominator is an identical
topogenesis. Furthermore, the phylogeny of biological mem-
branes, of cells, and of cellular compartments will be considered
with respect to protein topogenesis.
Translocation of proteins across membranes
Translocation is understood here as transport of an entire
polypeptide chain across one (or two) membrane(s), proceeding
unidirectionally from the protein biosynthetic compartment.
Not considered in this category are "ectopically" synthesized
proteins (e.g., toxins such as the colicins or diphtheria toxin)
although their entry into cells may also proceed via translocation
across the plasma membrane.
Two essential tenets have to be considered in any hypothesis

on protein translocation. First, the permeability barrier of the
membrane is reversibly and selectivity modified for the passage
of each translocated polypeptide chain while being maintained
for other solutes. Second, the species of protein to be translo-
cated as well as the type of translocation-competent mem-
brane(s) engaged in its translocation is highly specific. The
detailed proposals (1) that have been made so far to satisfy these
tenets can be stated in an abbreviated version: all polypeptide
chains to be translocated contain the information for their
translocation in a discrete portion of the newly synthesized
chain, termed the "signal" sequence; the signal sequence is
addressed to specific integral membrane proteins that effect
translocation of the polypeptide chain.
Two modes of translocation have been distinguished. In one

mode (Fig. 1 Top), first described for secretory proteins (2, 3),
translocation is cotranslational-i.e., strictly coupled to trans-
lation. In the other mode of translocation, first described for a
cytosol-synthesized chloroplast stroma protein (4-6) and then
for other cytosol-synthesized proteins that are imported into
peroxisomes (7) or the mitochondrial matrix (8), translocation
is posttranslational-i.e., it is uncoupled from translation.
Posttranslational translocation can proceed across either one
membrane or two membranes (Fig. 1 Middle and Bottom).
Common to the proposed models for the two modes of

translocation (Fig. 1) is the idea that a bivalent ligand would
be able to recruit and to "crosslink" corresponding receptor
domains of translocator subunits into a functional translocator.
In cotranslational translocation (Fig. 1 Top) this bivalent ligand
would be represented by the signal sequence and a site on the

Abbreviations: See Table 1 for codes for membranes; IMPs, integral
membrane proteins.D
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ABSTRACT Concurrently with or shortly after their syn-
thesis on ribosomes, numerous specific proteins are unidirec-
tionally translocated across or asymmetrically integrated into
distinct cellular membranes. Thereafter, subpopulations of these
proteins need to be sorted from each other and routed for export
or targeted to other intracellular membranes or compartments.
It is hypothesized here that the information for these processes,
termed "protein topogenesis," is encoded in discrete "topo-
genic" sequences that constitute a permanent or transient part
of the polypeptide chain. The repertoire of distinct topogenic
sequences is predicted to be relatively small because many
different proteins would be topologically equivalent-i.e., tar-
geted to the same intracellular address. The information content
of topogenic sequences would be decoded and processed by
distinct effectors. Four types of topogenic sequences could be
distinguished: signal sequences, stop-transfer sequences, sorting
sequences, and insertion sequences. Signal sequences initiate
translocation of proteins across specific membranes. They
would be decoded and processed by protein translocators that,by virtue of their signal sequence-specific domain and their
unique location in distinct cellular membranes, effect unidi-
rectional translocation of proteins across specific cellular
membranes. Stop-transfer sequences interrupt the translocation
process that was previously initiated by a signal sequence and,
by excluding a distinct segment of the polypeptide chain from
translocation, yield asymmetric integration of proteins into
translocation-competent membranes. Sorting sequences would
act as determinants for posttranslocational traffic of subpopu-
lations of proteins, originating in translocation-competent donor
membranes (and compartments) and going to translocation-
incompetent receiver membranes (and compartments). Finally,
insertion sequences initiate unilateral integration of proteins
into the lipid bilayer without the mediation of a distinct protein
effector. Examples are given for topogenic sequences, either
alone or in combination, to provide the information for the lo-
cation of proteins in any of the intracellular compartments or
for the asymmetric orientation of proteins and their location
in any of the cellular membranes. Proposals are made con-
cerning the evolution of topogenic sequences and the relation-
ship of protein topogenesis to the precellular evolution of
membranes and compartments.
"Intracellular protein topogenesis" is used here as a categorical
term for those intracellular processes that occur concomitantly
with or shortly after synthesis of proteins on ribosomes and that
result in the unidirectional translocation of the proteins across
or asymmetric integration of them into translocation-compe-
tent membranes as well as their subsequent posttranslocational
pathway to other (translocation-incompetent) cellular mem-
branes and compartments. Recent in vitro studies on the early
events (translocation and integration) in the topogenesis of a
number of specific proteins of distinct cellular topology (re-
viewed in ref. 1) have provided important information. An
attempt is made in this paper to integrate this information on
the early events in topogenesis into a conceptual framework,
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to extrapolate from there to later events (posttranslocational
pathways), and thus to formulate a general hypothesis on in-
tracellular protein topogenesis. This hypothesis predicts that
the determinants for intracellular protein topogenesis reside
in discrete segments of each polypeptide chain. These segments,
termed "topogenic sequences," are permanent or transient
features of the protein and are characterized by their redun-
dancy, being shared by the many structurally otherwise dif-
ferent proteins whose common denominator is an identical
topogenesis. Furthermore, the phylogeny of biological mem-
branes, of cells, and of cellular compartments will be considered
with respect to protein topogenesis.
Translocation of proteins across membranes
Translocation is understood here as transport of an entire
polypeptide chain across one (or two) membrane(s), proceeding
unidirectionally from the protein biosynthetic compartment.
Not considered in this category are "ectopically" synthesized
proteins (e.g., toxins such as the colicins or diphtheria toxin)
although their entry into cells may also proceed via translocation
across the plasma membrane.
Two essential tenets have to be considered in any hypothesis

on protein translocation. First, the permeability barrier of the
membrane is reversibly and selectivity modified for the passage
of each translocated polypeptide chain while being maintained
for other solutes. Second, the species of protein to be translo-
cated as well as the type of translocation-competent mem-
brane(s) engaged in its translocation is highly specific. The
detailed proposals (1) that have been made so far to satisfy these
tenets can be stated in an abbreviated version: all polypeptide
chains to be translocated contain the information for their
translocation in a discrete portion of the newly synthesized
chain, termed the "signal" sequence; the signal sequence is
addressed to specific integral membrane proteins that effect
translocation of the polypeptide chain.
Two modes of translocation have been distinguished. In one

mode (Fig. 1 Top), first described for secretory proteins (2, 3),
translocation is cotranslational-i.e., strictly coupled to trans-
lation. In the other mode of translocation, first described for a
cytosol-synthesized chloroplast stroma protein (4-6) and then
for other cytosol-synthesized proteins that are imported into
peroxisomes (7) or the mitochondrial matrix (8), translocation
is posttranslational-i.e., it is uncoupled from translation.
Posttranslational translocation can proceed across either one
membrane or two membranes (Fig. 1 Middle and Bottom).
Common to the proposed models for the two modes of

translocation (Fig. 1) is the idea that a bivalent ligand would
be able to recruit and to "crosslink" corresponding receptor
domains of translocator subunits into a functional translocator.
In cotranslational translocation (Fig. 1 Top) this bivalent ligand
would be represented by the signal sequence and a site on the
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Protein insertion in lipid membranes and mechanisms of specific addressing

• A « genetic membrane » propagates its own 
information content: Membrane inheritance.

Membrane inheritance

Proc. Natl. Acad. Sci. USA 77 (1980)

Monotopic Bitopic Polytopic

EnI I AN
FIG. 2. Classification of integral membrane proteins (IMPs) as

monotopic, bitopic, and polytopic. The hydrophobic boundary of the
lipid bilayer is indicated by two parallel lines. Solid circles on poly-
peptide chains indicate major hydrophilic domains. The hydrophilic
domain of an individual monotopic IMP is exposed only on one side
of the lipid bilayer. A hydrophobic domain is indicated to anchor the
polypeptide chain to the hydrophobic core of the lipid bilayer. A
monotopic IMP may contain several hydrophilic and hydrophobic
segments alternating with each other (not indicated here). However,
all hydrophilic domains are unilaterally exposed. The polypeptide
chain of bitopic IMPs spans the lipid bilayer once and contains a
hydrophilic domain on each side of the membrane. In variants of bi-
topic IMPs (not indicated), the bilateral hydrophilic domains could
be further subsegmented by interspersed hydrophobic domains that
are capable of monotopic integration. The polypeptide chain of
polytopic IMPs spans the membrane more than once and contains
multiple hydrophilic domains on both sides of the membrane. The
existence of polytopic IMPs remains to be demonstrated. Two
structurally monotopic IMPs located on opposite sides of the mem-
brane could interact via their hydrophobic anchorage domains and
form a functionally bilateral ensemble.

nature, containing two or multiple hydrophilic domains, re-
spectively, exposed on opposite sides of the membrane.

It is proposed that all of these orientations could be accom-
plished by invoking only two additional types of topogenic se-
quences, termed "stop-transfer sequences" and "insertion
sequences.
The stop-transfer sequence was proposed to contain the

information to interrupt the chain translocation that was ini-
tiated by a signal sequence-e.g., by effecting premature dis-
assembly of the translocator into subunits (12-14). Because the
order of translocation of the polypeptide chain could be ex-
pected to proceed asymmetrically in both cotranslational and
posttranslational translocation, stop-transfer sequences would
be effective means for asymmetric integration of IMPs by both
modes of translocation. There could be as many translocator-
specific stop-transfer sequences as there are translocator-specific
signal sequences. On the other hand, there could be only one
stop-transfer sequence addressed to one component common
to all translocators.
An insertion sequence contains the information to effect

monotopic integration of the polypeptide chain into the lipid
bilayer without the mediation of a protein translocator. The
choice of membrane for insertion may depend on the affinity
of a monotopic IMP for another membrane protein.

Examples for programs of various topogenic sequences that
could result in monotopic, bitopic, and polytopic orientation
of the polypeptide chain are given in Fig. 3. It is clear from
these examples that the integration of most proteins into the
membrane requires a signal sequence and a translocator, except
for one subgroup of monotopic IMPs (see Fig. 3, upper left
example). Thus, most IMPs can be integrated directly only into
translocation-competent membranes. Because the translocators
themselves are likely to consist of IMPs (see Fig. 1) that require
translocation for their integration into the membrane, it follows
that Virchow's paradigm on the ontogeny of cells could be ex-
tended to membranes and paraphrased to omnis membrana
e membrana.
Phylogeny of membranes, protein translocation, and
compartments
How then could biological membranes with their characteristic
asymmetry of proteins and lipids have evolved if their assembly
was dependent on the developement of a mechanism for pro-
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FIG. 3. Program of topogenic sequences for the asymmetric in-
tegration into membranes of some representative examples of
monotopic, bitopic, and polytopic IMPs. Hydrophobic boundary of
lipid bilayer is indicated by two parallel lines, with upper line facing
the protein biosynthetic compartment. Solid circles represent major
hydrophilic domains which, when indicated, contain amino (N) or
carboxy (C) terminus of the polypeptide chain. Topogenic sequences
are: insertion sequence (In), signal sequence (Si), and stop-transfer
sequence (St). SiN and SiJ indicate amino-terminal and internal signal
sequences, respectively. Examples given here (except for monotopic
IMP at upper left) are for cotranslational integration into RER.
Similar programs are conceivable also for cotranslational integration
into PPM, IMM, and TKM as well as for posttranslational integration
into PXM, OMM, OCM, IMM [using Si(MEN)], and ICM/TKM
[using Si(CEN)J. An attempt has been made to list topogenic se-
quences in order of their location along the polypeptide chain starting
from the amino terminus. The problems encountered in predicting
the order relate to uncertainties as to the order of chain translocation.
In particular, in the case of an internal signal sequence (Sil) there are
several possibilities depending on the order of translocation (10). The
orientation of a polytopic IMP such as indicated at the lower right is
entirely hypothetical and is illustrated here only to indicate how such
a polypeptide chain could be integrated into the membrane by a
program of multiple topogenic sequences.

tein translocation across the lipid bilayer? In an attempt to re-
trace the "phylogeny" of membranes one could distinguish
between precellular and cellular stages of evolution. Starting
with lipid vesicles (Fig. 4), the first step in the precellular evo-
lution of biological membranes may have been monotopic in-
tegration of proteins into the outer leaflet of lipid vesicles via
insertion sequences. Such vesicles could have functioned as
capturing devices to collect, on their outer surface, components
involved in replication, transcription, and translation as well
as metabolic enzymes present in the surrounding medium (Fig.
4A). In this way, much of the precellular evolution and as-
sembly of macromolecular complexes (such as the ribosome)
may have proceeded on the surface of these vesicles. By vesicle
fusion, larger vesicles containing a synergistic assortment of
functions could have evolved, resulting essentially in the for-
mation of "inside-out cells" (Fig. 4 A and B).

Concurrent with the development of such inside-out cells
could have been the development of mechanisms for the
translocation of proteins, thus providing the opportunity to
segregate proteins, to colonize (with monotopic IMPs) the in-
terior leaflet of the vesicle's lipid bilayer, and to integrate bi-
topic IMPs. Toward this end, the ribosome-membrane junction
could have been remodeled and the insertion sequence could
have evolved into a signal sequence so as to achieve first a co-
translational mode of translocation. The development of the
stop-transfer sequence (perhaps as a variant of the signal se-
quence) to integrate bitopic IMPs may have concluded the
precellular evolution of the cotranslational mechanism for the
assembly of membranes. The posttranslational mode of trans-
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• Since IMPs need a target IMP to recognise 
where to be inserted, specific membranes 
cannot self-organise and must arise from a pre-
existing membranes.

Co-translational mechanism

Post-translational mechanism



13
Thomas LECUIT   2024-2025

Organelle inheritance

C ell
396

C entrurus exilicauda (Wilson, 1931). Individual mito-
chondria fuse to form a ring that takes up a tangential
position beside the spindle. It is drawn out by the elon-
gating spindle to an ellipsoid form and breaks to form
two half rings. Each is cut transversely during cleavage,
yielding two equal fragments in each daughter cell.

A more recently discovered example of ordered parti-
tioning, and one that does not appear to rely on the
mitotic spindle, is the inheritance of mitochondria in the
budding yeast Saccharomyces cerevisiae. The mito-
chondrion of this yeast forms a single filamentous net-
work, which lies just under the plasma membrane (Figure
1B). Almost as soon as a bud appears on the mother
cell, the tip of this mitochondrial network enters the bud.
This is a very dynamic process, with the mitochondrion
moving in and out during bud growth, a process that is
only stopped by the formation of the septum (Stevens,
1981).

These two strategies are not mutually exclusive, and
both can operate together, particularly when the copy
number of the organelle is low. In two species of scor-
pion (O pisthacanthus elatus and Hadrurus hirsutus), Wil-
son found 24 mitochondria in the primary spermato-
cytes. After two meiotic divisions, almost every cell had
six (plus or minus one) mitochondria (Wilson, 1916,
1931). This is much more accurate than would be pre-
dicted for a stochastic mechanism (Birky, 1983b) but
not as good as an ordered one.

Morphological Studies
The introduction of the electron microscope confirmed
the results obtained for mitochondria by cytochemistry
and identified the strategies used by other intracellular
organelles.

The ER (which includes the nuclear envelope) is a
single-copy organelle that uses a stochastic strategy inFigure 1. Organelle Inheritance Strategies
both plant and animal cells (Hepler and Wolniak, 1984;(A) Stochastic inheritance in mammalian cells is seen for the ER and
Porter and Machado, 1960; Zeligs and Wollman, 1979).attached nuclear envelope, the Golgi apparatus, and the mitochon-
C ondensation of the chromatin during prophase is fol-dria. The accuracy of this mode of inheritance rests on large num-

bers of dispersed organelles and a cytokinetic mechanism for divid- lowed by breakdown of the nuclear lamina and fragmen-
ing the mother cell into two equally sized daughters. The number tation of the nuclear envelope (G erace and Burke, 1988).
and distribution of the organelles during cell division either reflects The nuclear pores are lost, and the resulting holes grow
their interphase state (mitochondria) or the cell cycle–regulated con- as fragmentation continues in what appears to be aversion of single-copy organelles (ER and Golgi) into multiple frag-

random scission process. The rest of the ER fragmentsments. Ordered inheritance of organelles can also occur in the same
to a variable extent, mostly yielding a heterogeneouscell, the best example being the plasma membrane.

(B) Ordered inheritance in S. cerevisiae is both spatially and cell population of fragments, but sometimes it fragments
cycle regulated. It has been observed for the vacuole, mitochon- very little, particularly in cultured cells (Koch et al., 1987).
drion, and ER, especially the nuclear envelope, and does not involve This may reflect the fact that the ER is present through-
membrane fragmentation. The nucleus and vacuole are labeled N out the cell cytoplasm, and little if any diffusion is neededand V; the peripheral filamentous structure is the mitochondrion.

to ensure accurate partitioning. Reassembly occurs dur-
ing telophase, with each set of daughter chromatids
binding fragments that fuse to reform the nuclear enve-

The second type of strategy used by organelles is an lope. The nuclear pore complexes that disappeared dur-
ordered strategy (Figure 1B). This covers a number of ing mitosis are reassembled during telophase and in-
disparate mechanisms, some of which use the mitotic serted into the reforming envelope. There are about 4000
spindle as the means of partitioning. Cytokinesis in ani- such complexes in HeLa cells at G2, a number that
mal cells is mediated by the contractile ring, which as- would ensure distribution to the daughter nuclear enve-
sembles just under the plasma membrane at a position lopes to an accuracy within a few percent (Maul, 1977).
equidistant from the mitotic spindle poles (Rappaport, The nuclear envelope does not break down in fungi
1986; Strome, 1993). Any organelle that runs from pole such as budding yeast (S. cerevisiae) and fission yeast
to pole, straddling the equator, would therefore be parti- (Schizosaccharomyces pombe) (Byers, 1981; Robinow
tioned accurately. Perhaps the most extreme example and Hyams, 1989). Instead, the growth of the intra-

nuclear mitotic spindle converts the spherical nucleusstudied by Wilson was spermatogenesis in the scorpion,
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• Mitochondria 
• Golgi apparatus 
• Endosomes 
• Nuclear envelope

• Endoplasmic reticulum 
• Mitochondria 
• Nuclear envelope

• Disassembly into vesicles and tubules and reassembly after mitosis 
• Random partitioning vs Ordered partitioning

G. Warren & W. Wickner. Cell, 84, 395–400 (1996)

• How are organelles transmitted in daughter cells during mitosis?
Golgi apparatus in interphase

Morphology

The Golgi apparatus in mammalian interphase cells is
composed of flattened membrane-bound structures approxi-
mately 1 mm long, also termed Golgi cisternae. Between two
and five cisternae are aligned in a parallel manner to form a
Golgi stack (Figure 1A). GRASP65 and 55 were identified as
the factors involved in Golgi stacking (Barr et al . 1997,
Shorter et al . 1999). The Golgi stacks are polarized in a cis /
trans fashion. In mammalian cells, the cisternae of same
polarity belonging to two adjacent stacks are connected by
thin tubules to form a juxtanuclear compact network called
the Golgi ribbon (Rambourg and Clermont 1997). For a long
time, it was thought that the cis cisternae was the closest to
the ER and the trans cisternae was the most distal
subcompartment. However, three-dimensional electron to-

mography of cryofixed freeze-substituted cells reveals that
the ER can be sandwiched between the trans cisternae and
traverse the Golgi ribbon from one side to the other via
cisternal openings (Ladinsky et al . 1999, Marsh et al . 2001).
In mammalian cells, the partitioning of this single-copy

organelle during mitosis involves a deep structural remodel-
ling compatible with its division. Before entering the descrip-
tion of this remodelling, we introduce some of the molecular
players in this process who were originally identified from
studies on interphase cells.

Golgi apparatus and the secretory pathway: key players

Secreted proteins destined for the extracellular medium or for
the membrane compartments of the endocytic and exocytic
pathways are synthesized in the ER. These proteins segre-
gate in COPII-coated vesicles budding from specialized sites

Figure 1. Ultrastructural appearance of the Golgi apparatus during interphase and mitosis in mammalian cells. (A) Typical interphase Golgi
ribbon consists of a collection of Golgi stacks (brackets), which are connected by tubular reticular network. (B) Numerous vesicles and small
tubules constitute the mitotic Golgi clusters (black lines). Dark areas around structures are lysosomes, which also accumulate to the same
regions as MGCs. (C) MGC at higher magnification.
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Dispersed Golgi vesicles/tubules 

Golgi stacks

C. Rabouille & Jokitalo. Mol. Membrane Biol., 
20, 117/127 (2003)
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like). To appreciate the tangled arrangement of organellar membranes 
even more deeply, Figure 3 provides a reconstructed image using x-ray 
microscopy of the ER and other ubiquitous membrane systems in the cell. 
In this cell type and growth conditions the reconstruction reveals that the 
mitochondria and lysosomes are more dominant in terms of volume than 
the ER. The cytoplasm itself occupies more than half of the volume even if 
it is deemed transparent is these reconstructions that take a wide slice 
(depth of focus) and project it into a dense 2D image. Structural images 
like these serve as a jumping off point for tackling the utterly mysterious 
microscopic underpinnings for how the many complex membrane 
structures of the ER and other organelles are set up and change during the 
course of the cell cycle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: X-ray microscopy images 
of cellular ultrastructure 
highlighting the endoplasmic 
reticulum. This image is a 
volumetric rendering of images of 
a mouse adenocarcinoma cell. 
The numbers represent percent of 
the volume occupied by the 
different compartments. (Adapted 
from G. Schneider et al., Nat. 
Methods, 7:985, 2010.)  

 

Figure 2: Structural dynamics of the endoplasmic reticulum during the cell cycle. Confocal images 
of HeLa cells. The chromosomes are labeled in red using a fusion of a fluorescent protein with 
histone H2B. The ER is labeled in green by virtue of a fusion to a molecular member of the ER 

-GFP). The sequence of images shows the changes in ER 
morphology as a function of time during the cell cycle. (Adapted from L. Lu et al., Molecular Biology 
of the Cell 20:3471, 2009).  
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How big are mitochondria?  
 
 
 
 
Mitochondria are famed as the energy factories of eukaryotic cells, the 
seat of an array of membrane-bound molecular machines synthesizing the 
ATP that powers many cellular processes. It is now thought that 
mitochondria in eukaryotic cells came from some ancestral cell taking up 
a prokaryote through a process such as endocytosis or phagocytosis and 
rather than destroying it, opting for peaceful coexistence in which these 
former bacteria eventually came to provide the energy currency of the 
cell. One of the remnants of this former life is the presence of a small 
mitochondrial genome that bears more sequence resemblance to its 
prokaryotic precursors than to its eukaryotic host. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1: Shapes and sizes of mitochondria. (A) Electron microscopy image of a rat liver cell highlighting many of 

the important organelles and illustrating the size and shape of mitochondria. (B) Cryo electron microscopy 

reconstruction of the structure of a lamellar mitochondrion. (C) Reticular structure of mitochondria in a budding 

yeast cell. Bud scars are labeled separatedly in blue. (D) Reticular mitochondrial network in a PtK2 kangaroo rat 

cell. The mitochondria are visible in green and were labeled with an antibody against the proteins responsible for 

transport of proteins across the mitochondrial membranes. The tubulin of the microtubules are labeled in red and 

the nucleus is shown in blue. (A adapted from D. W. Fawcett, The Cell, Its Organelles and Inclusions: An Atlas of 

Fine Structure, W. B. Saunders, 1966, B courtesy of Terry Frey, C adapted from A. Egner et al., Proc. Nat. Acad. 

Sci., 99:3379 (2002); D adapted from R. Schmidt et al., NanoLetters, 9:2508, 2009.) 

 

Cell Biology by the numbers.  Ron Milo, Rob Phillips, 
Garland Science 2012
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Structural and cellular heredity

• Physical and structural continuity between mother cell and daughter cells. 
• Since the dawn of the first cells such an architectural continuity has pervaded.  
• Structural Heredity 
• Cellular heredity independent of genetic heredity 

« Two universal constituents of cells never form de novo: chromosomes and 
membranes. ... Just as DNA replication requires information from a 
preexisting DNA template, membrane growth requires information from 
preexisting membranes-their polarity and topological orientation relative 
to other membranes.... Genetic membranes are as much part of an organism's 
germ line as DNA genomes; they could not be replaced if accidentally lost, 
even if all the genes remained. » 

T. Cavalier-Smith. Trends in Plant Science. 5: 174-182 (2000)

Franklin M. Harold

Also author of: 
The vital force
The way of the cell
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Figures: 

 

Fig. 1. Euplotes exhibits highly polarized, complex cellular architecture and walks 

across surfaces using microtubule-based organelles called cirri, some of which are 

physically linked. (A) A single Euplotes eurystomus cell in profile displays its ventral cirri, 5 

which are used for walking locomotion across surfaces (arrowhead indicates a single cirrus 

stretching out from the cell). Scale bar is 10 µm. (B) A drawing of a Euplotes cell, viewed from 

the ventral surface, highlighting the complex, asymmetric structure of the cell. Notable features 

include the cirri (ci) and the membranellar band (m), wrapping from the top of the cell to the 

center, which is used to generate a feeding current to draw in prey items. Drawing adapted and 10 

obtained from Wikimedia Commons, from original source (101). (C) A drawing of a Euplotes 

cell, highlighting the fiber system associated with the cirri, historically referred to as the 

neuromotor apparatus. Drawing adapted from (102).  
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BT. Larson, et al
Current Biology 32 (17), 
3745-3757.e7

J. Frankel. Pattern formation, Ciliate studies and Models. 
1989. Oxford Univ. Press. 

• The ciliate Euplotes minima contains 8 (36% of cells) 
or 9 (64%) rows of cilia on the dorsal surface. 

• These rows of cilia propagate during cell division, 
following duplication of basal bodies. 

• The number of cilia in clones from 8-row founder 
cells is statistically biased with a large majority of 
cells with 8 rows, and symmetrically of founder cells 
with 9 rows of cells.  

Cortical inheritance in ciliates

Structural inheritance

• The cells are all genetically identical (clonal related). 
• This is a manifestation of non genetic heredity
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Structural inheritance — cytotaxis

Janine Beisson 
(1931-2020)

Tracy Sonneborn 
(1905-1981) 

developed Paramecium 
as a model organism

VOL. 53, 1965 GENETICS: BEISSON AND SONNEBORN 275

Y1,Y2,. . . be a sequence of independent two-valued random variables, Yn+i = -s
or f3 + ns with probabilities (1 - W) and W, where s is a small positive number
and W is then determined by the condition -E(Y.) = aV(Yn). Verify that
the probability that for some n, - 3 + Y, + . . . + Yn > 0 converges to 1/(1 +
ad) as s -. 0, and let X,, = Yn - E(Yn). This completes the proof.
The theorem can be extended to say that for each y > 0, if rT is the least n if

any for which (Xi + . . . + Xn) . -yT +GI + . . . + An) + .(V.+ * * * +Vn).
then the probability that there is some n < rz for which (1) holds is less than
(,y/(( + 3))(1/(1 + ac)); and this bound is sharp.
The material of this note, including proofs of Lemmas 1 and 2, will appear as

part of our forthcoming book, How to Gamble If You Must (New York: McGraw-
Hill), Theorems 2.12.1 and 9.4.1, and an illustrative application of the theorem
will appear in the forthcoming article, "A sharper form of the Borel-Cantelli lemma
and the strong law" by L. E. Dubins and D. A. Freedman.

* Partially supported by NSF grant GP-2593 (to L. E. Dubins).
Doob, J. L., Stochastic Processes (New York: John Wiley and Sons, Inc., 1953).

CYTOPLASMIC INHERITANCE OF THE ORGANIZATION OF THE
CELL CORTEX IN PARAMECIUM A URELIA*

BY JANINE BEISSONt AND T. M. SONNEBORN
DEPARTMENT OF ZOOLOGY, INDIANA UNIVERSITY

Communicated December 14, 1964

The cortex of Paramecium aurelia exhibits a high degree of structural differentia-
tion (Fig. 1). At each level of organization observable within the limits of resolu-
tion of the optical microscope, the cortical pattern is remarkably constant and re-
produces faithfully through a regular cycle of changes during growth and fissions.
However, this highly stable organization can be experimentally modified. Sonne-
born' obtained several variants of the normal pattern by fusion of mates after con-
jugation, by partial loss of supernumerary structures, and by "cortical picking," an
accident of separation after conjugation in which one of the mates acquires a piece
of its partner. Sonneborn' showed, by all available methods of genetic analysis,
that these abnormal patterns behaved like "cortical mutations." Each variation
proved to be hereditary although the variants were genotypically identical to wild
type, as though the existing pattern of cortical organization itself determined the
pattern that arose during subsequent reproduction. This ordering of new by old
cell structures, which has been called "macrocrystallinity"2 or "cytotaxis,"3 might
be an important, although still little recognized, mechanism in cell heredity. We
therefore undertook further experiments and extended the analysis to more ele-
mentary levels of structural organization.
The analysis exploited various grafts of a piece of one cell on a whole cell, using

stock 51 (syngen 4) of P. aurelia. All of these arose from conjugating pairs which
remained united by a cytoplasmic bridge instead of separating immediately after
conjugation. Some pairs eventually separated spontaneously in such a way that a
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J. Beisson and T.M. Sonneborn. PNAS, 53: 275-282 (1965)

« Observations on the role of existing structural 
patterns in the determination of new ones in the cortex 
of Paramecium aurelia should focus attention on the 
informational potential of existing structures and 
stimulate explorations, at every level, of the 
developmental and genetic roles of cytoplasmic 
organization. »

• Paramecium aurelia have multiple cilia at their surface. 
• Perturbations in the orientation of cilia arise from aberrant separation 

of conjugating cells with reversed orientations. 
• Perturbations in the orientation of cilia are transmitted clonally over 

100s of generation. 
• The orientation of cilia depends on the organisation of the 

environment that imparts polarisation. 
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gitudinally to yield two nucleated moieties, the normally ar-
ranged moiety produced a clone of normal singlet cells,
whereas the reversed moiety was unable to propagate itself
despite repeated attempts to do so. This failure was caused by
an inability to form food vacuoles, because the cilia of the
rotationally permuted oral structures beat in the wrong direc-
tion, away from the mouth (31, 61, 133, 152). Reverse-singlet
cells in the less complex hymenostome ciliates Glaucoma
scintillans (143) and Tetrahymena thermophila (112, 114) could
partially overcome this difficulty and produced slow-growing
clones that inherited a reversed configuration of their major
cortical landmarks.

While no investigator denied that genes could influence the
structural organization of ciliates, the dominant paradigm be-
fore about 1970 had been the “pattern and substance” view of
Vance Tartar (147, 148), namely, that the nucleus supplies the
“building blocks” for structural patterns, but “where and how
the building blocks are put together in formed organelles is
probably the work of the ectoplasm and its pre-formed struc-
ture” (148). Sonneborn’s conclusion a decade later was more
even-handed: “There is no evident escape from the conclusion
that essential aspects of development in Paramecium are en-
coded partly by cortical geography, not solely by DNA” (138).

Genes and structural patterns in ciliates. In the middle of
this period, Sonneborn’s long-time associate, Geoffrey Beale,
pointed out that something important was largely missing from
the study of the inheritance of ciliate structural patterns. So
Beale proposed a research program: “In order to find and
study gene-controlled surface variants, the same procedures as
are used conventionally in genetics should be tried. A search
among wild-races and varieties could be made to see if there
are sufficiently definite and permanent variants, or changes
induced by mutagenic agents could be studied” (9).

The first part of Beale’s research program was impeded by
the circumstance that ciliates tend to evolve reproductive iso-

lating mechanisms that prevent genetic exchange (108, 135)
and interspecific incompatibilities between nucleus and cyto-
plasm (147) more rapidly than they evolve morphological dif-
ferences. This part of Beale’s program nonetheless achieved
some success with two subspecies of the marine ciliate Euplotes
minuta, where a difference in the maximum number of ciliary
rows was shown to be under long-term genic control (66).
Other genically controlled structural variants have been dis-
covered in aberrant clones isolated from nature (28, 72, 73, 74)
or derived from inbreeding (34, 89, 122). Despite these suc-
cesses, it became clear that the breeding of natural variants
could not provide a sufficient foundation for the genetic anal-
ysis of structural pattern in ciliates.

The second part of Beale’s program, the study of “changes
induced by mutagenic agents,” was pursued intensively with
the two best-understood genetic models among ciliates, Para-
mecium tetraurelia and Tetrahymena thermophila. The results of
this research program first appeared in the 1970s (27, 139, 157)
and were comprehensively reviewed in 1990 by Jerka-Dziadosz
and Beisson (75). In the present review, I will focus on the
large number of mutations affecting structural organization in
the cell cortex of Tetrahymena. This review has three main
objectives: first, to provide an inventory of genes known to
affect structural organization in the ciliate cortex and of aspects
of this organization influenced by gene products; second, to
employ the altered phenotypes generated by genic mutations
as analytical tools to improve our understanding of ciliate
cortical organization; and third, to relate the genically con-
trolled variants to the three forms of structural inheritance
outlined above.

I should state at the outset that the analysis of mutations
affecting structural organization in ciliates is still mostly in the
premolecular era. In this respect Paramecium is somewhat
ahead of Tetrahymena, owing to the discovery for the former
organism of a practical means of cloning by complementation

FIG. 1. Examples of forms of nongenic structural inheritance. (A) Inversion of a ciliary row. Shown are three adjacent ciliary rows on the
surface of Paramecium tetraurelia, with basal bodies (BB), coated pits (CP), and striated rootlets (SR) indicated. N indicates normally oriented
rows; I indicates an inverted row. (B) Siamese-twin doublet of Paramecium tetraurelia, indicating the locations of the two oral apparatuses (OA1
and OA2), the two cytoprocts (Cyp1 and Cyp2), and the two sets of contractile vacuole pores (CVP1 and CVP2). Dashed lines indicate structures
behind the plane of view. (C) Ventral surface of a mirror image doublet of a spirotrich (formerly hypotrich) ciliate such as Oxytricha or Stylonychia,
with the normal and reversed oral apparatuses (nOA and rOA, respectively) labeled. The vertical dashed line indicates the approximate plane of
the mirror image symmetry in the arrangement of structures. Panels A, B, and C were modified from Fig. 4.3a, 4.8b, and 8.3, respectively, from
reference 38 with permission of the publisher.
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of normal and RP rows are followed into different fields, they fit the path char-
acteristic of the region in which they come to lie. These paths are therefore some-
how imposed on the rows by their location or their "cortical environment." This
will now be demonstrated by a second type of observation.

In a pair of exconjugants united by a cytoplasmic bridge, one exconjugant was
cut (Fig. 5A, B) so as to remove roughly the anterior 2/3 of the cell including the
whole ingestatory apparatus (vestibule, mouth, and gullet). What remains of the
posterior left field (Fig. 5B, 12) of the amputated cell (represented in black) is fused
to the posterior right field (ri) of the host. Conversely, 1800 away (on the side not
visible in the figure), what remains of the posterior right field of the amputated cell
is fused to the host's posterior left field. The host's vestibule lies anterior to the
graft and is surrounded on both sides by only host circumoral material. Figure
5C, D, E shows the development of the graft during the first three fissions. In the
first two successive opisthes (ol, 2), the cortical growth accompanying fission en-
larged the graft forward to the vestibular region. Then by the third fission (Fig.
5E) the "daughter" vestibule, which goes to the opisthe, came to lie at the juncture
of the right field (ri) of the host with the left field (12) of the graft. At the other
juncture (1800 away) between host and graft cortex, the whole ingestatory appara-
tus being absent, no circumoral or vestibular fields developed; but at both junctures
the other features (anterior and posterior sutures and cytopyge, see Fig. iB) of the

FIG. 1.-Normal cortical geography of Paramecium aurelia. (A) Dorsal view, and (B) ventral
view, of a silver nitrate impregnated cell. Magnification: X 416. A cell's right and left sides
and anterior and posterior ends are defined in relation to the major landmarks of the ventral
aspect. "To the right" means clockwise around the body from the anterior (as) and posterior
(ps) sutures in (B) when facing the anterior end (top of fig.); the right and left sides [r and t in
(A) and (B)] are to the animal's right and left of the sutures, respectively. (C) Diagrammatic
enlargement of the unit of cortical structure, including one or two kinetosomes (k) or ciliary basal
bodies, slightly to the right of the unit midline, one parasomal sac (psc) to the right of the kineto-
some and anterior to it (or to the posterior kinetosome in units possessing two), and one kineto-
desmal fiber (kf) emerging to the right and extending anteriorly (a) from the kinetosome (or from
the posterior one when two are present). The 1 or 2 kinetosomes and parasomal sac of one unit,
lying close together, appear as a single granule (silver deposit) in photographs (A) and (B), but
they are partially resolvable (see Fig. 2). Kinetodesmal fibers show only in digitonin preparations
(see FIG. 3).

a, anterior. as, anterior suture. c, cytopyge or cell anus. cvp, pores of the contractile vacuoles. k,
kinetosome. kf, kinetodesmal fibre. 1, left. p, posterior. ps, posterior suture. psc, parasomal sac. r,
right. v, vestibule leading inward to mouth and gullet.

FIG. 2.-Part of dorsal surface of a silver impregnated typical cell of the twisty clone after about
300 cell generations. Magnification: X 1800. In the four rows with reversed polarities (rpr),
the compound granules "point" to the observer's right, while in the normal rows (nr) they point
to the observer's left (i.e., animal's right).

FIG. 3.-Digitonin preparation of a cell from a clone possessing a single row with reversed
polarities (rpr). The kinetodesmal fibers in this row, unlike those in the normal rows (nr), emerge
to the animal's left (1) and extend posteriorly (toward bottom of figure). Magnification: X
1800.

FIG. 4.-Origin of cells possessing some rows of cortical units with reversed polarities. (A)
Pair of exconjugants united in heteropolar position; (B), (C), and (D), first, second, and third
fissions of the heteronolar doublet cell. prl and prl', pr2 and pr2', pr3 and pr3', are the three pairs of
proters (anterior fission products) given off from the two anterior ends (a) of the heteropolar
doublet at its first three fissions. Small ovals are the vestibules leading inward to the mouth and
gullet. In the diagrams [(A), (B), and (D)], one row of cortical units on either side of the juncture
between the two fused cells is represented by a row of triangles pointing in opposite directions.
This shows the opposite polarity of the units, the points of the triangles representing the position
of the parasomal sacs (see Figs. 1C and 2). The photograph (C) shows that all rows beyond the
juncture are oriented like the row nearest the juncture. Note that at the third fission (D), the
proters (pr3 and pr3') receive a mixed cortex including oppositely oriented rows on both sides of the
juncture line.

FIG. 5.-Origin of clone of incomplete doublets (lacking one ingestatory apparatus) by excision
of part of one conjugant of a homopolar fused pair. For description, see text.
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« Twisty » clone after 300 generations
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The morphogenetic autonomy of basal bodies and cortical units, 
the building blocks of the cortex, then also accounts for the cortical 
inheritance of the doublet condition.

An obvious question is: might these hereditary variations reflect 
some specificity of Paramecium, owing to its highly constrained mode 
of division, with strict conservation of all existing cortical structures 
and formation of new organelles, oral apparatus and contractile 
vacuole pores, close to preexisting cortical structures? Among the 
wide world of ciliates, species display different morphogenetic strate-
gies and differ in regulative capacities. Thus “Paramecium is a ciliate 
counterpart to a mosaic embryo, whereas Tetrahymena is more like 
a regulative embryo.”9

Nevertheless, 180° inverted rows were produced in Tetrahymena 
by the same type of micro-surgical method as in Paramecium 
and their hereditary maintenance demonstrated.10 Both in Tetra- 
hymena and in a related species, Glaucoma, further variant cortical 
configurations-mirror-image doublets and singlets displaying  
a reversal of cellular handedness relative to the antero-posterior cell 
axis-were also shown to be clonally inherited.11,12 Spirotrich ciliates 
like Oxytricha are still more highly regulative. They dedifferentiate 
and redifferentiate their ciliature at each division and can encyst,  
then loosing any ultrastructurally identifiable remnant of cilia-
ture-associated structures.13 However, upon excystment, they will 
redevelop their exact pre-cyst ciliature. So did doublets, whether 
homopolar or heteropolar, or cells possessing supernumerary dorsal 
structures: they all recapitulated their pre-cyst organization upon 
excystment.14 Although in these case, genetic analysis was limited 
to homopolar doublets, the mode of origin and reversion of these  
variants indicated a nongenetic determinism.14

Beyond evidence for a structural memory what do these experi-
ments demonstrate? Firstly, no one-to-one correspondence links 
genotype and cell architecture since the genotype of a cilate can 

stably accommodate a range of variations departing from the wild 
type. Secondly, and this was the more provocative aspect, the guiding 
role of the existing organization on the assembly of new structures 
implies transmission of a new type of information, non-DNA-based. 
The term of “protein-based inheritance” was not then used, but  
it was pointed out that the presence of nucleic acids in basal bodies 
or any component of the cortex could not account for the observed 
phenomena, which do not bear on the properties of basal bodies 
or associated structures, but on variations in the spatial relation-
ships among these elementary structures which themselves appear 
molecularly unaltered.7 Later on, the persisting belief in of basal 
body-associated DNA was eventually ruled out.15

Structural Inheritance and Basal-Body Biogenesis

The concept of structural inheritance derives of observations 
made on hereditary variations in the organization of the cortex 
of ciliates. Ciliate cortex is characterized by a defined, species- 
specific, spatial arrangement of basal bodies that, in turn, organize 
the cytoskeleton and control the whole cell architecture. During  
division, a precise spatio-temporal control of basal body duplication 
is required to restitute the parental organization in the two daughter 
cells.3 Therefore, at least part of the determinism of cortical inheri-
tance depends on the mechanism of basal body duplication and 
is likely to involve mechanisms of general biological significance. 
It happens that the centriolar structure, whether centriole or basal 
body, is the only cellular entity besides chromosomes that duplicates, 
and typically does so once per cell cycle. The stereotyped geometry 
of this duplication, with the new structure developing close to and 
at right angles to the mother suggests a templating mechanism  
(Fig. 3A and B). The underlying molecular processes are not yet fully 
dissected (Fig. 3C), but in most cases, no such structure develops 

Preformed cell structure and cell heredity

Figure 5. Organization of Paramecium doublet cells. The upper drawings 
outline a singlet and a homopolar doublet. In the singlet, the oral apparatus 
(oa) faces the observer and contractile vacuole pores (cvp) are on the hidden 
face. In the doublet, the second oral apparatus (oa2) is on the hidden side, 
while the corresponding contractile vacuole pores (cvp2) face the observer. 
The lower drawings represent the corresponding equatorial cross-sections, 
allowing a better visualization of the tandem organization of the doublet.  
R, L, V, D mark right, left, ventral, and dorsal sides of the singlet, respec-
tively; R1/R2, V1/V2, etc. localize the different fields of the fused cells  
in the doublet.

Figure 6. Visualization of an inverted ciliary row. As in Figure 1, double 
staining of basal bodies and ciliary rootlets indicates the polarity of basal 
bodies and cortical units. On the left panel, the arrow points to a discontinu-
ity in the cortical pattern. On the right panel, the enlargement around this 
discontinuity shows the direction of the ciliary rootlets, which run downward 
and to the right of the observer in the case of the inverted row, while they 
run upward and to the left of the observer for normally oriented rows. Bar: 
10 mm. Image appears courtesy of F. Ruiz.
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asymmetry and antero-posterior polarity of the cell are expressed at 
the cortical unit level by the direction of the cytoskeletal appendages 
nucleated around each basal body such as the conspicuous ciliary 
rootlet (Fig. 1).

During division (Fig. 2), the organelles are duplicated and a 
wave of basal body duplication pervades the cell. Like centrioles 
in centrosomes, basal bodies duplicate by a conservative process 
with each neo-formed organelle arising close and at right angles to 
the mother. The process obeys a strict polarity: the new basal body 
inserts in the cortex just anterior to its “mother,” along the axis of 
the longitudinal row (Fig. 3A and B).4 Cytoskeletal appendages will 
then be nucleated at precise sites of the “peribasal body material” 
within the limits of the cortical unit (Fig. 4). Although orchestrated 
at the whole cell level and triggered by the same mitotic signals, basal 
body duplication and the correlative duplication of cortical units are 
managed locally, at the cortical unit level (Fig. 4).

The pioneer experimental study started with doublet cells. 
“Doublets” had long been observed to appear occasionally in cultures 
of different ciliate species, and their stability was noted. Paramecium 
doublets comprise two complete sets of organelles and basal body 
fields, arranged in tandem (Fig. 5). This doublet organization is 
perpetuated through vegetative division and Sonneborn explored the 
genetic determination of this stability.

One advantage of Paramecium for genetic studies lies in the 
fact that each pair of conjugants simultaneously achieves the two  

reciprocal crosses, as conjugation involves only nuclear exchange: 
each conjugant retains its cellular integrity and a stationary, “female,” 
gametic nucleus which fuses with a migratory, “male,” gametic nucleus 
provided by the partner. Each pair of conjugants thus yields two F1 
clones of identical heterozygous nuclear genotype but each retains 
its cytoplasmic characters. Occasional cytoplasmic bridges allow 
cytoplasmic exchanges, which can be monitored by cytoplasmically 
controlled characters such as the presence or absence of “k particles,”  
a bacterial endosymbiont, or the alternative expression of mating 
types.5 Doublets arise precisely when such bridges between conju-
gating cells fail to break, leading to complete fusion of the two 
conjugants.

Doublets could be crossed with normal partners carrying genetic 
nuclear and cytoplasmic markers. The doublet phenotype was 
maternally inherited and maintained in F2 and subsequent sexual 
generations in the maternal line of descent, regardless of the 
segregation of the genetic markers, and even after intermixing of 
endoplasm and cytoplasmic organelles, thus ruling out both nuclear 
and cytoplasmic determinants. Still, it could be argued that the 
singlet/doublet alternative might reflect alternative differentiated 
states of the macronucleus (a process known to control expression 
of Paramecium surface antigens and mating type) or that doublets 
might have a double gene complement. Both counter-arguments 
could be ruled out by sophisticated manipulations amounting to 
reciprocal transplantations of nuclei.1

Preformed cell structure and cell heredity

Figure 1. Cortical organization of Paramecium. The figure shows the ventral 
(left) and dorsal (right) sides of a cell immunolabeled by an anti-tubulin 
antibody which reveals basal bodies as discrete dots (bb) and an antibody 
directed against the ciliary rootlets (cr) which form a thin bundle emanat-
ing from each basal body, as shown in the enlargement. A-P marks the 
antero-posterior cell axis. The ventral side is marked by a line of contrast in 
the global arrangement of basal body rows, the oral meridian, which defines 
the right (R) and the left (L) of the cell. The oral apparatus (oa)-a ciliated fun-
nel at the bottom of which phagocytosis takes place-and the cytoproct (cy) 
open on the ventral side, while the pores of the contractile vacuole systems 
(cvp) localize on the dorsal surface. Bar: 10 mm. Images appear courtesy 
of F. Ruiz.

Figure 2. Morphogenetic processes during division. The figure shows inter-
phase and dividing living cells expressing GFP-PtCen2a, a centrin specific  
to basal bodies.29 Smaller dots correspond to a single basal body per 
cortical unit, larger ones to two basal bodies per unit. In the dividing cell, 
where basal body duplication proceeds, the division furrow (df) delimits 
the two presumptive daughter cells. The old oral apparatus is conserved in 
the anterior daughter cell, while a new one has developed in the posterior 
one. The two insets pinpoint three units with 2 bbs in the interphase cell and 
their progeny in the dividing cell. Images are shown with reverse contrast.  
Bar: 10 mm. Images appear courtesy of F. Ruiz.
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This review will first recall the phenomena of “cortical inheri-
tance” observed and genetically demonstrated in Paramecium 40 
years ago, and later in other ciliates (Tetrahymena, Oxytricha, 
Paraurostyla), and will analyze the deduced concept of “cytotaxis” 
or “structural memory.” The significance of these phenomena, all 
related (but not strictly restricted) to the properties of ciliary basal 
bodies and their mode of duplication, will be interpreted in the 
light of present knowledge on the mechanism and control of basal 
body/centriole duplication. Then other phenomena described in 
a variety of organisms will be analyzed or mentioned which show 
the relevance of the concept of cytotaxis to other cellular processes, 
mainly (1) cytoskeleton assembly and organization with exam-
ples on ciliates, trypanosome, mammalian cells and plants, and  
(2) transmission of polarities with examples on yeast, trypanosome 
and metazoa. Finally, I will discuss some aspects of this particular 
type of non-DNA inheritance: (1) why so few documented 
examples if structural memory is a basic parameter in cell heredity,  
and (2) how are these phenomena (which all rely on protein/
protein interactions, and imply a formatting role of preexisting 
proteinic complexes on neo-formed proteins and their assembly) 
related to prions?

Introduction

Our understanding of biological processes is constrained within  
a circular relationship resembling the “hen-egg dilemma” which 
might be called the “DNA-cell dilemma”: if all the information 
necessary to make a cell (or a tyrannosaurus, as the fiction goes)  
is stored in DNA sequences, why does a cell only arise from a 
preexisting cell? The uninterrupted cell continuity since LUCA 
suggests that cell heredity might require more than DNA. Aside from 
membranes, which, like DNA, cannot form de novo, what does a cell 
transmit to its daughters that allow them to recapitulate the exact 
morphology of their mother, despite the profound remodeling that 
accompanies division?

Such a question may come to the mind of any biologist 
watching his/her favorite cell dividing; however, some cell types are  

undoubtedly more suggestive of the existence of a cellular memory 
than others, and it may not be fortuitous that a ciliate, Paramecium,  
was the first organism to inspire a genetic approach of the problem.1 
Ciliates are unicellular organisms characterized by the elaborate 
asymmetrical organization of their surface (cortex), with the equiva-
lent of multiple different organs, arranged in a specific body plan, 
so that each division involves complex morphogenetic movements 
akin to developmental processes. The high fidelity of reproduction 
of every minute detail of this complex pattern raised two types of 
questions: Is cell organization genetically determined in all details? 
Can morphogenetic processes rely only on the specificity of proteins 
and self-assembly mechanisms or do they also involve the persis-
tence of structural or biochemical landmarks to channel or template 
assembly?

In the early sixties, T.M. Sonneborn, the American biologist who 
developed Paramecium as a model genetic system, addressed these 
questions; he studied different spontaneous or experimental varia-
tions in Paramecium cortical organization and demonstrated their 
hereditary maintenance by cellular continuity, without any change in 
the DNA-encoded information. This cortical inheritance led to the 
concept of “cytotaxis,” or “structural inheritance” at about the same 
time as the non-DNA-based nature of the scrapie agent first began 
to be suspected.2

The experimental bases of this concept will be reviewed, and its 
general significance and biological importance as a manifestation  
of non-DNA-based inheritance will be discussed.

Paramecium: A Model for a New Concept
Figure 1 depicts the organization of the cortex of P. tetraurelia 

featuring over 4,000 ciliary basal bodies. A ciliate can best be thought 
of as a metazoan embryo which missed cellularization, but has never-
theless partitioned its surface into repeated units, the cortical units, 
each with one or two basal bodies flanked by cytoskeletal append-
ages; the whole forms a mosaic of territories endowed with distinct 
morphogenetic capacities.3 In addition, diverse organelles fulfill 
specialized functions, e.g., a ciliated oral apparatus (oa) for phago-
cytosis, a contractile cytoproct (cy) for excretion of food vacuole 
residues, a complex vesicular and microtubular system for osmoregu-
lation opening at contractile vacuole pores (cvp). Most importantly, 
the cell displays striking asymmetries. Cortical units align in rows 
parallel to the antero-posterior axis of the cell; on the ventral surface, 
the oral apparatus and cytoproct localize along an oral meridian, 
which defines the axis of right-left asymmetry, while the dorsal side 
is marked by the contractile vacuole pores. The global right-left 

[Prion 2:1, 1-8; January/February/March 2008]; ©2008 Landes Bioscience
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asymmetry and antero-posterior polarity of the cell are expressed at 
the cortical unit level by the direction of the cytoskeletal appendages 
nucleated around each basal body such as the conspicuous ciliary 
rootlet (Fig. 1).

During division (Fig. 2), the organelles are duplicated and a 
wave of basal body duplication pervades the cell. Like centrioles 
in centrosomes, basal bodies duplicate by a conservative process 
with each neo-formed organelle arising close and at right angles to 
the mother. The process obeys a strict polarity: the new basal body 
inserts in the cortex just anterior to its “mother,” along the axis of 
the longitudinal row (Fig. 3A and B).4 Cytoskeletal appendages will 
then be nucleated at precise sites of the “peribasal body material” 
within the limits of the cortical unit (Fig. 4). Although orchestrated 
at the whole cell level and triggered by the same mitotic signals, basal 
body duplication and the correlative duplication of cortical units are 
managed locally, at the cortical unit level (Fig. 4).

The pioneer experimental study started with doublet cells. 
“Doublets” had long been observed to appear occasionally in cultures 
of different ciliate species, and their stability was noted. Paramecium 
doublets comprise two complete sets of organelles and basal body 
fields, arranged in tandem (Fig. 5). This doublet organization is 
perpetuated through vegetative division and Sonneborn explored the 
genetic determination of this stability.

One advantage of Paramecium for genetic studies lies in the 
fact that each pair of conjugants simultaneously achieves the two  

reciprocal crosses, as conjugation involves only nuclear exchange: 
each conjugant retains its cellular integrity and a stationary, “female,” 
gametic nucleus which fuses with a migratory, “male,” gametic nucleus 
provided by the partner. Each pair of conjugants thus yields two F1 
clones of identical heterozygous nuclear genotype but each retains 
its cytoplasmic characters. Occasional cytoplasmic bridges allow 
cytoplasmic exchanges, which can be monitored by cytoplasmically 
controlled characters such as the presence or absence of “k particles,”  
a bacterial endosymbiont, or the alternative expression of mating 
types.5 Doublets arise precisely when such bridges between conju-
gating cells fail to break, leading to complete fusion of the two 
conjugants.

Doublets could be crossed with normal partners carrying genetic 
nuclear and cytoplasmic markers. The doublet phenotype was 
maternally inherited and maintained in F2 and subsequent sexual 
generations in the maternal line of descent, regardless of the 
segregation of the genetic markers, and even after intermixing of 
endoplasm and cytoplasmic organelles, thus ruling out both nuclear 
and cytoplasmic determinants. Still, it could be argued that the 
singlet/doublet alternative might reflect alternative differentiated 
states of the macronucleus (a process known to control expression 
of Paramecium surface antigens and mating type) or that doublets 
might have a double gene complement. Both counter-arguments 
could be ruled out by sophisticated manipulations amounting to 
reciprocal transplantations of nuclei.1

Preformed cell structure and cell heredity

Figure 1. Cortical organization of Paramecium. The figure shows the ventral 
(left) and dorsal (right) sides of a cell immunolabeled by an anti-tubulin 
antibody which reveals basal bodies as discrete dots (bb) and an antibody 
directed against the ciliary rootlets (cr) which form a thin bundle emanat-
ing from each basal body, as shown in the enlargement. A-P marks the 
antero-posterior cell axis. The ventral side is marked by a line of contrast in 
the global arrangement of basal body rows, the oral meridian, which defines 
the right (R) and the left (L) of the cell. The oral apparatus (oa)-a ciliated fun-
nel at the bottom of which phagocytosis takes place-and the cytoproct (cy) 
open on the ventral side, while the pores of the contractile vacuole systems 
(cvp) localize on the dorsal surface. Bar: 10 mm. Images appear courtesy 
of F. Ruiz.

Figure 2. Morphogenetic processes during division. The figure shows inter-
phase and dividing living cells expressing GFP-PtCen2a, a centrin specific  
to basal bodies.29 Smaller dots correspond to a single basal body per 
cortical unit, larger ones to two basal bodies per unit. In the dividing cell, 
where basal body duplication proceeds, the division furrow (df) delimits 
the two presumptive daughter cells. The old oral apparatus is conserved in 
the anterior daughter cell, while a new one has developed in the posterior 
one. The two insets pinpoint three units with 2 bbs in the interphase cell and 
their progeny in the dividing cell. Images are shown with reverse contrast.  
Bar: 10 mm. Images appear courtesy of F. Ruiz.
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If the hereditary determinant for the doublet condition was 
neither in the nuclear genes nor in endoplasmic “information,” its 
basis ought to reside in the cortex itself, which would thus ensure 
its own perpetuation. This “cortical inheritance” suggested the more 
general concept of “cytotaxis” or “structural inheritance,” namely the 
directive role of preexisting structures and organization on assembly 
and organization of new structures.6,7

Structural Inheritance in Ciliates:  
Theme and Variations

The study of more discrete cortical mutants 
provided some insight into the mechanisms under-
lying cortical inheritance. Variant cells were spotted 
by their abnormal “twisty” swimming, a clonally  
inherited property which turned out to reflect 
the presence of a complete ciliary row with 180° 
reversed polarity as judged by the orientation of the 
ciliary rootlets along this row (Fig. 6). In order to 
understand the origin and stability of this discrete 
phenotypic change, similar changes were experimen-
tally generated by grafting a small piece of cortex in 
reverse polarity. Cytological analysis of a number of 
such “grafted cells” showed: (1) soon after surgery, 
the presence, as expected, of a few intercalated short 
segments of ciliary rows with reversed polarity; (2) the 
progressive elongation of these intercalated segments 
in the course of the next two-three divisions; (3) the 
establishment of complete intercalated ciliary rows 
of reverse polarity in sub-clones of the parent cell 

derived from the posterior product of the first division following the 
graft. All these lines manifested the “twisty” swimming behavior, all 
the more pronounced, as the number of inverted rows was greater.7 
Cell lines with 2–3 to up to 12 inverted rows (among the ca. 70 
normal longitudinal rows) were obtained. These cell lines retained 
their inverted rows for hundreds of cell divisions, with occasional 
loss of inverted rows. As in the case of doublets, genetic analysis ruled 
out any genetic change. The \the autonomous polarity of duplica-
tion of basal bodies and cortical units. They carry and transmit  
information not only for assembly of organelles, but also for their 
polarity which thus appears not to be directly genetically determined. 

Preformed cell structure and cell heredity

Figure 3 (see previous page). Basal body duplication. (A) Polarity of basal body duplication in Paramecium. Each new basal body (new bb), develops at 
right angles and anterior to its mother (old bb), then tilts up to become inserted in the cortex, along the same basal body row as the mother organelle.4 
Fibrous links connect mother and daughter basal bodies. (B) Basal body duplication in situ. This electron microscopic view of basal body duplication shows 
two old bbs in cross-section and two new bbs (thick arrows), still in orthogonal position, anterior to the old bbs and aligned along the row. The A-P and R-L 
polarities of the rows are indicated: these polarities are indicated by the position and orientation of two basal body appendages, the ciliary rootlets (thin 
arrows) and a microtubule ribbon (arrowheads). Bar: 100 nm. Image: courtesy of N. Garreau de Loubresse. (C) The assembly line. The scheme takes into 
account recent data on the molecular dissection of basal body/centriole assembly in C. elegans, Drosophila and human cells and depicts the likely general 
stepwise scaffolding process leading to assembly of a centriole/basal body. The earliest detectable seed is a “central tube”, forming the axis of the cartwheel 
corresponding to the onset of the ninefold symmetry. Then at the apex of the 9 radii, the sequential assembly and elongation of microtubule will result in the 
final cylinder of microtubule triplets. The same sequence is likely to take place in both templated and de novo pathway.20-23,25,26 A central tube appears as 
the first identified seed of the organelle; the 9-branched star symbolizes the required prepattern for the characteristic ninefold symmetry of the microtubule 
cylinder which elongates along with the sequential addition of tubules A–C.

Figure 4. Duplication of the cortical pattern. (A) The elementary cortical unit. The scheme 
shows a basal body and its main cytoskeletal appendages whose extension defines the corti-
cal unit. The striated ciliary rootlet (cr) runs anterior and to the right of the basal body and of 
the cell; the transverse microtubule ribbon (tmr) and the post-ciliary microtubule ribbon (p-cmr) 
run to the left and the posterior sides of the basal body respectively. (B) Duplication of the corti-
cal units. Two adjacent units along two parallel rows are represented. Solid lines correspond 
to old bb and appendages, dotted lines to new organelles. Elongation of the longitudinal rows 
proceeds through elongation of the preexisting units and intercalation of new bbs.
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out any genetic change. The \the autonomous polarity of duplica-
tion of basal bodies and cortical units. They carry and transmit  
information not only for assembly of organelles, but also for their 
polarity which thus appears not to be directly genetically determined. 
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Figure 3 (see previous page). Basal body duplication. (A) Polarity of basal body duplication in Paramecium. Each new basal body (new bb), develops at 
right angles and anterior to its mother (old bb), then tilts up to become inserted in the cortex, along the same basal body row as the mother organelle.4 
Fibrous links connect mother and daughter basal bodies. (B) Basal body duplication in situ. This electron microscopic view of basal body duplication shows 
two old bbs in cross-section and two new bbs (thick arrows), still in orthogonal position, anterior to the old bbs and aligned along the row. The A-P and R-L 
polarities of the rows are indicated: these polarities are indicated by the position and orientation of two basal body appendages, the ciliary rootlets (thin 
arrows) and a microtubule ribbon (arrowheads). Bar: 100 nm. Image: courtesy of N. Garreau de Loubresse. (C) The assembly line. The scheme takes into 
account recent data on the molecular dissection of basal body/centriole assembly in C. elegans, Drosophila and human cells and depicts the likely general 
stepwise scaffolding process leading to assembly of a centriole/basal body. The earliest detectable seed is a “central tube”, forming the axis of the cartwheel 
corresponding to the onset of the ninefold symmetry. Then at the apex of the 9 radii, the sequential assembly and elongation of microtubule will result in the 
final cylinder of microtubule triplets. The same sequence is likely to take place in both templated and de novo pathway.20-23,25,26 A central tube appears as 
the first identified seed of the organelle; the 9-branched star symbolizes the required prepattern for the characteristic ninefold symmetry of the microtubule 
cylinder which elongates along with the sequential addition of tubules A–C.

Figure 4. Duplication of the cortical pattern. (A) The elementary cortical unit. The scheme 
shows a basal body and its main cytoskeletal appendages whose extension defines the corti-
cal unit. The striated ciliary rootlet (cr) runs anterior and to the right of the basal body and of 
the cell; the transverse microtubule ribbon (tmr) and the post-ciliary microtubule ribbon (p-cmr) 
run to the left and the posterior sides of the basal body respectively. (B) Duplication of the corti-
cal units. Two adjacent units along two parallel rows are represented. Solid lines correspond 
to old bb and appendages, dotted lines to new organelles. Elongation of the longitudinal rows 
proceeds through elongation of the preexisting units and intercalation of new bbs.
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Structural inheritance — cytotaxis

• Duplication of the basal body and of cortical patterns.  
• Preformed structures are used as templates and are essential 

in the formation of new ones. 

J. Beisson. Prion. 2(1):1-8. (2008)  doi: 10.4161/pri.2.1.5063. 
bb: basal body 
cr: cililary rootlet
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unexcavated ruins remain in the park.
This is fortunate, for they constitute a
unique archeological reserve. Even
though a great many sites of Mesa
Verde culture exist outside the park, not
many of them have escaped complete or
partial destruction from agricultural or
range expansion or from the activities
of pothunters. However, the ruins in the
park have been protected for over 60
years and will continue to be hereafter.
In the future, sites will be excavated
that promise to contribute to a particu-
lar scientific or interpretive problem or
when new techniques of excavation or
analysis are devised that will allow a
fuller recovery of useful data from the
investigations.

There still are problems to be solved
about the peoples of Mesa Verde and
their culture. Their relationships to

other prehistoric developments else-
where in the Southwest, and even in
Mesoamerica, need to be considered;
better knowledge of their adjustment to
and control of their environment will be
investigated; and, archeologists hope, a
fuller understanding of the social, eco-
nomic, and religious aspects of their
lives will be obtained. As new finds are
made by archeologists and their co-
workers they will be reported to fellow
scientists and incorporated into the in-
terpretive programs and exhibits at
Mesa Verde by the National Park Serv-
ice for the benefit of park visitors.
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An essential advance in our under-
standing of cellular differentiation came
with the recognition that the activities
of genes are capable of systematic and
programmed regulation. The earlier
view was that genic activities, like genic
structures, are largely and necessarily
immune from extranuclear interference.
The experimental basis for this inter-
pretation was tenuous, but its influence
was pervasive. Cellular differentiation
was conceived in terms of interaction of
"gene products," occurring in the cyto-
plasm and conditioned by a variety of
intra- and extracellular environmental
circumstances. Because the gene prod-

The author is a professor of zoology at the
University of Illinois, Urbana. This article is
adapted from a lecture presented in Denver, Col-
orado. at a symposium on cytodifferentiation
(13-15 November 1967) sponsored by the Ameri-
can Society of Cell Biology.
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ucts themselves were many and ill de-
fined, because many of the significant
environmental variables could only be
guessed, and because the essential vari-
ability in the kinds and numbers of gene
products was not grasped, interpreta-
tions of developmental events tended to
be formalistic, untestable, and essential-
ly sterile.

Perhaps the transition era began in
the 1940's with a recognition that the
usual gene product is a protein, coupled
with an appreciation that the protein
compositions (and particularly the en-
zymic capabilities) of cells change in
the course of development. But the real-
ity of functional nuclear modification
was established more directly through
studies in the 1950's on nuclear trans-
plantation in amphibia, through cytolog-
ical and cytochemical observations on

polytene chromosomes in insects, and
most convincingly by an explication of
genetic regulatory elements in bacteria.
Not only is the fact of nuclear regula-
tion established beyond any reasonable
doubt and in a variety of biological sys-
tems, but basic mechanisms responsible
for the regulation of genic functions
have been identified, and experimental
procedures for discriminating among
them have been developed. We now
speak confidently of transcriptional
control and translational control, de-
pending upon whether regulation occurs
at the level of synthesis of messenger
RNA or during the fabrication of
polypeptide chains. We do not yet un-
derstand sufficiently well the mecha-
nisms whereby the qualities and quanti-
ties of gene products are controlled, but
the fact of such control is compellingly
established and has become the corner-
stone of any synthetic edifice in devel-
opmental biology.
The question I discuss here, however,

is not the validity of nuclear modifica-
tion as a factor in cellular differentia-
tion, but its sufficiency. Genic regulation
is a beautiful truth, but it is not all we
know or all we need to know. The
attempt to interpret the interactions of
gene products was sterile a quarter cen-
tury ago, and the time may not yet be
ripe for a fruitful analysis. But the prob-
lem itself is not obsolete. Eventually
cell biologists must rationalize the inter-
actions of gene products which lead to'
the integrated structural and functional
state.

SCIENCE, VOL. 160

Cortical Patterns in
Cellular Morphogenesis

Differences in cortical patterns in ciliates may be
hereditary, but independent of genic differences.

David L. Nanney
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Fig. 1. Semidiagrammatic presentation of
silver-staining structures in Tetrahymena:
(a) ventral view, (b) right lateral view, (c)
apical view of singlet, and (d) apical view
of doublet cell. AZM, adoral zone of
membranelles; OA, oral anlagen; CYP,
cytoproct; CVP, contractile vacuole pore;
POM, postoral meridians; K1, kinety 1; Kn,
kinety n. [D. L. Nanney (4)]

unit of cortical structure, and this unit
is fundamentally asymmetric, with a
clearly defined anterior-posterior and
left-right organization. The ciliary units
are themselves organized into still
larger patterns which also manifest this
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asymmetry. The most general of the
larger patterns is the ciliary row or
kinety-the usually longitudinal array
of cilia, vesicles, and kinetodesmata.
The kineties have common periodicities
and packing patterns; adjacent ciliary
rows are commonly aligned to form
characteristic two-dimensional sheets of
organized cortex within which, again,
the anterior-posterior and left-right
patterns are readily evident.
The organizational details thus far

considered account for much of the
pattern of cortical ciliation; considered
alone, they would provide a cylinder
with a distinctive anterior-posterior
axis and a left-right bias. But most cili-
ates are not simple cylinders; they have
closed ends and they have a distinctive
dorsoventral differentiation, reflected in
the distribution of modified clusters of
cortical elements and in the localization
of specialized organelles. The oral ap-
paratus, for example, is not usually
terminal, but is subterminal or even
shifted posteriorly into the caudal half
of the cell. Its membranelles consist of
elements similar to those composing the
somatic ciliature, but their packing ar-
rangements are different, and the cilia
themselves may be associated into
superorganelles. In many ciliates the
somatic ciliature itself is modified into
complexes with specialized functions,
located at precise positions on the sur-
face. Other cellular organelles, not so
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Fig. 2. Patterns of variation for contractile-vacuole-pore (CVP) positions and numbers
of meridians with contractile vacuole pores in syngen 1 of Tetrahymena pyriformis.
[D. L. Nanney (4-9)]

readily identified with ciliary units, are
also observed. Chief among these are
the pores of the contractile vacuoles
and the openings of the egestatory ap-
paratus (designated the cell anus, the
cytoproct, or the cytopyge by different
schools of protozoan proctology).

This brief survey of the ciliate cortex
is intended to emphasize the hierarchy
of organizational complexity which must
be encompassed in a consideration of
gross cortical patterns. We are far re-
moved from the genes. We have passed
through several levels of organization
and must consider structures which in-
corporate the products of many genes,
acted upon by forces which cannot be
individually assessed, but which are in-
tegrated to yield consistent patterns.

Cortical Patterns in Tetrahymena

Tetrahymena is a familiar enough
laboratory inhabitant. The silver-staining
procedure developed by Chatton and
Lwoff (2) makes visualization of its
cortical features simple and reliable.
One might imagine that one would en-
counter little difficulty in describing its
pattern of organization. Indeed, this
description at a qualitative level is
quickly accomplished (Fig. 1). The oral
apparatus, with the four membranelles
which give the genus its name, is located
subterminally. The ciliary rows extend
from the posterior to the anterior end,
except where they are interrupted by
the mouth, and form a junction at the
anterior apex. By convention the row
terminating upon the right side of the
cell's mouth (the observer's left) is
designated row number 1, and the re-
maining rows are numbered consecu-
tively to the cell's right. This first row
is the normal site of appearance of the
new oral primordium at the time of cell
division, and for this reason it is some-
times designated the stomatogenic
kinety. Near its base is located the
opening of the cytoproct. The only
other distinctive surface features are the
contractile vacuole pores, which open
to the outside near the posterior end of
the cell, about halfway around the side
of the cell. This qualitative description
is accurate, so far as it goes, for nearly
any cell within a culture, for any strain
of Tetrahymena pyriformis, for any
species of Tetrahymena, and for any of
several presumably related genera (3).

Obviously, if one is interested in spe-
cific patterns, one must describe these
in sufficient detail so that distinctions
can be made. This is a little more diffi-

CVP Positions

CVP Meridians
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following an order similar to that employed in the sole earlier
review exclusively devoted to this topic (75): category 1, mu-
tations affecting the organization of basal bodies in the ciliary
rows; category 2, mutations affecting the organization of the
OA; category 3, mutations affecting subdivision along the
anteroposterior polar axis; category 4, mutations affecting or-
ganization along the circumferential axis. Categories 3 and 4
correspond to the “body-plan” mutations of Jerka-Dziadosz
and Beisson (75). Of course, some mutations fit into two or
even three categories; these will be described within a single
category and briefly mentioned in other categories where they
also fit.

Mutations affecting the organization of basal bodies in the
ciliary rows. As mentioned above, cells of T. thermophila typ-
ically have 18 to 21 longitudinal ciliary rows, and this number
is preserved during vegetative growth and through conjugation
(103, 104). Both the number of ciliary rows and their conser-
vation during vegetative growth were affected, in a non-tem-
perature-sensitive manner, in cells homozygous for the lkn1-1
mutation. The number of ciliary rows in the mutant homozy-
gotes ranged from 11 to 17 (mode, 13 to 14), whereas the cell
size and the estimated total number of basal bodies remained
approximately normal, so that ciliary rows were more widely
spaced in cells of homozygous lkn1-1 clones than in their wild-
type sister clones but basal bodies were more numerous, and
hence more crowded, within each row (Fig. 4). This is in
striking agreement with Nanney’s observations of constancy in
the overall number of basal bodies in cells with differing num-
bers of ciliary rows (106).

Incomplete ciliary rows, which are rare in wild-type cells,
were common in lkn1-1 homozygotes (Fig. 4B). In agreement
with this, the fidelity of propagation of the preexisting number
of ciliary rows in subclones (103, 104) was low in lkn1-1 ho-
mozygous clones and subclones (J. Frankel, unpublished ob-
servations). The lkn1-1 mutation thus severely modifies the

normally strict cytotactic control of the propagation of ciliary
rows.

A second allele, lkn1-2, expressed this phenotype to a some-
what milder degree than lkn1-1 and was not studied in detail.
In addition, the conical (con1-1, originally co) mutant clones
commonly expressed a somewhat lower mean and higher vari-
ance in the ciliary row number than parallel wild-type clones
(27).

Are there mutations that increase the number of ciliary
rows? The majority of the mutants to be described below had
a normal range of ciliary row numbers, from 18 to 21. How-
ever, there were occasional exceptions, such as the original
janA-1 mutant clone, which maintained a stable number of 21
to 25 ciliary rows (76) and the big1-1 mutant, which, unsurpris-
ingly, was not only larger than normal but also had more ciliary
rows (57; Frankel, unpublished). This makes it probable that in
Tetrahymena, as in Euplotes (66), the “stability center” (36,
103) of ciliary row numbers is itself under genic control. The
same is likely to be true for Paramecium, in which both kin241
and crochu mutant cells are larger than wild-type cells and have
increased numbers of ciliary rows (77, 80).

The twisty (twi1-1) mutation brings about a pronounced he-
lical twist of the ciliary rows over the surface of the cell. This

FIG. 5. Silver preparations showing dividing twi1-1 (twisty) (A) and
disA-1 (disorganized) (B) mutant cells, both maintained at 39°C. Im-
ages are focused on the ciliary rows (left) and on the OA and OP
(right).

FIG. 4. Silver preparations of wild-type (w.t.) (A) and lkn1-1 (low
kinety number) mutant (B) cells, both maintained at 29°C, with the
OAs and OPs of both cells in the final stage of development. FZ
indicates the fission zone. The arrow in panel B marks an incomplete
ciliary row. This figure and all subsequent figures are printed so that
the viewer’s left corresponds to the cell’s right. The scale bar in this and
all subsequent figures of light microscopic images indicates 10 !M.
This and subsequent photographic images were uniformly processed in
Adobe Photoshop to improve contrast and visibility.
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Tetrahymena thermophila

Sonneborn (17). While such analyses do
not categorically answer the question of
corticogenic differences between corti-
cotypes, they indicate no corticogenic
differences in gross morphogenetic ca-
pacities.

Discussion

These studies indicate that the struc-
tural organization of a cell possesses
considerable homeostatic capacity; dif-
ferent patterns of organellar association
tend to be perpetuated for extremely
long periods in the apparent absence of
structural differences in nuclear genes,
functional differences in nuclear genes,
or differences in the kinds or activities
of possible cytoplasmic genes. This con-
clusion does not stand solely on the
studies described. Indeed, it was enun-
ciated and abundantly documented first
in Sonneborn's (17, 18) studies on ex-
perimentally reconstructed paramecia,
to which this presentation must be con-
sidered an appendix. The Tetrahymena
studies constitute an extension, in that
they are concerned with another orga-
nism, and in that they treat naturally
occurring cortical variants, but the cen-
tral conclusions are unmodified. Pre-
formed structures play an essential role
in determining the organization of new
structures.
The validity of the conclusion is not

restricted to ciliates. One of the earliest
studies pointing to the same conclusion
is that of Jennings (19) on the sarco-
dinid protozoan Difflugia corona. This
organism constructs a shell by cement-
ing sand grains together with a cellular
secretion (Fig. 5). The ventral surface
of the shell possesses an opening, the
"'mouth," through which the cell com-
municates with the outside world. The
edges of the openings are surrounded
by a symmetrical array of "teeth." Jen-
nings observed that the numbers of
teeth varied among individuals, and he
explored the question of their heredity
by the only means available; he isolated
individuals, allowed clones to develop,
and inquired into clonal uniformity.
Tooth number remained constant within
a clone; differences in tooth number
were hereditary. He was not able to
conduct a breeding analysis, but he
noted that, when the cell body divided,
one of the daughter cells was extruded
naked through the mouth and, while still
in contact with its sister, began to con-
struct its own sand castle, beginning in
the region of contact. The new mouth
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structures were therefore constructed in
direct contact with structures of the old
mouth. This observation suggested to
him that the old mouth might serve as a
template to guide the organization of
the new one-that new teeth were ini-
tiated in the interstices between the old
teeth. This curious speculation might
have remained just that had Jennings
not tried his hand at oral surgery. He
broke out denticles with a glass needle
and examined the consequences of mu-
tilating the parental template. Modified
parents produced modified progeny, and
new lineages were established with new
tooth numbers. A few generations were
required for symmetry to be achieved,
but once that had been accomplished
the tooth number stabilized and a new
hereditary state was achieved. After
considering these studies, one of my
colleagues concluded ruefully that ge-
netic specificity may be based on two
different structural foundations-nu-
cleic acid and sand. In view of the no-
torious instability of structures built
upon the sand, this conclusion is pecu-
liarly disturbing.
A more appropriate conclusion would

ignore the differences in the materials
involved and would focus on mecha-
nisms. What is demonstrated is that
biological specificity may be maintained
and transmitted by mechanisms other
than those which employ information
encoded in linear molecular sequences.
Perhaps we are unduly biased in favor
of linear information sources, not only
because of the successes of molecular
biology but also because of our histor-
ical dependence on the written word.
Now that we are encountering a cultural
revolution in which the medium is be-
coming the message, our academic prog-
eny may be more susceptible to a
broader view of informational structure.
Certainly biological information can be
stored and transmitted by supramolec-
ular mechanisms.

I suspect that most biologists who
have examined the evidence will be
willing to accept the reality of informa-
tion storage and transmission by more
complex structural assemblies. The
more difficult question is the larger sig-
nificance of such mechanisms. One can
imagine the adaptive value of a series
of metastable structural states, which
are permitted by incomplete specifica-
tions in the nucleic blueprints or which
are perhaps even specified as optional
alternatives. Even this limited role,
which is perhaps as much as a conserv-
ative evaluation would claim, may be

of profound significance in an under-
standing of cellular differentiation.
Once one concedes this possibility,

however, he must consider whether such
mechanisms are involved in even more
important processes. When the gene
theory was in its infancy, some individ-
uals who could not deny the evidence
for genic control of organismic char-
acteristics were willing to consider the
idea that genes control the relatively
unimportant details of biological speci-
ficity, but asserted that the more funda-
mental issues of heredity were un-
touched. We have reached the antithesis
of this position now, and only reluc-
tantly concede that heredity involves
anything beyond the genes. Perhaps we
are ready to begin moving toward a
synthesis, which places a balanced em-
phasis on the various kinds of mecha-
nisms. At least a recognition of the
existence of other mechanisms is the
first step toward understanding and
evaluating them.

I have surveyed the studies bearing
on the determination of cortical patterns
in Tetrahymena. A variety of pattern
permutations can be established on a
common genic basis, and these permuta-
tions have sufficient stability to be
designated hereditary variants. The
mechanisms of hereditary maintenance
apparently do not involve genic differ-
ences-either nuclear or cytoplasmic,
either structural or functional-but in-
volve rather, a multidimensional infor-
mation storage and transmission system
whereby the pattern, in a sense, main-
tains itself.
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Structure and Geometry as information

Implications: 
• Such cellular structures and overall organisation and geometry are not reducible to 

their molecular chemical constituents.  
• They form entities of their own that characterise cells, fertilised eggs etc. 

• Cellular structures and cell geometry guide and constrain mechanochemical 
reactions and processes in cells and thereby orient their future evolution.  

• As such, structures and geometry constitute a module of information per se that 
interacts with chemical and mechanical information in cells and during development

When the production of molecular species is coupled 
to their diffusion, striking spatial–temporal molecular 
patterns can emerge. Reaction–diffusion systems such 
as Turing instabilities21 produce patterns with length 
scales that depend on the details of activator–inhibitor 
interactions22 (BOX 2). Excitable systems manifest charac-
teristic temporal dynamics, in which, for instance, trigger 
wave velocities depend on diffusion and positive feedback 
timescales23. Concentration gradients of molecules where 
the local concentration depends on the production–
degradation rates and on the diffusion/transport  

constants24, define time and length scales of morphogenetic  
fields. The emergent biochemical patterns are read 
and interpreted by cells via cell signalling and direct a 
sequence of downstream cellular decisions. For instance, 
the concentration-dependent activity of morphogens 
transforms a homogeneous field of cells into discrete 
regions of defined length, each with its own morpho-
genetic and differentiation programmes driven by the 
induction of specific changes in gene expression25,26. 
As another example, Turing instabilities control pal-
ate ridges27 and digit number in growing limbs28 in the 
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Fig. 1 | Programme versus self-organization in the flow of morphogenetic 
information. a | Length and timescales of morphogenetic information can 
be defined by biochemical (in red on the left) or mechanical (in blue on the 
right) interactions occurring within the given geometry of the tissue (in grey). 
On the left: the constant of effective diffusion (D) of a molecular species (red 
star) from a spatially restricted production zone and its rate of degradation 
(k) define the local concentration and thus the length scale (λ) and timescale 
(τ) of the cellular and tissue level processes driving shape changes. These 
length and timescales can be quantitatively estimated by measuring D and 
k (equations in the yellow quadrant). The graph on the left illustrates the 
spatial decay of the concentration of a molecular species following an 
exponential decay with length scale λ. On the right: the propagation of 
deformation due to an applied stress can define the length scale (λ) and 
timescale (τ) of morphogenetic events in a tissue. Strain propagation 
depends on the elastic modulus (stiffness) E, the viscosity η and the friction 
coefficient γ . The length (λ) and timescales (τ) are defined quantitatively as 
in the yellow quadrant at the bottom left. The graph illustrates how the 
viscosity of a material impacts on the timescale of deformation following an 
applied stress. A fully elastic material has a coefficient of viscosity equal to 0 
and never dissipates the elastic energy due to the applied stresses (that is, 
they can return to their initial configuration when the stress is released) while 

a viscoelastic material dissipates the elastic energy (that is, it cannot return 
to the initial configuration upon stress release) when the stress is applied for 
long enough beyond a certain timescale. The applied stress is indicated by σ 
and the induced strain by ε. Of note, biochemical interactions and cell and 
tissue mechanics can regulate each other. For instance, biochemical 
signalling can regulate the stiffness/viscosity of the actin cortex or may 
activate force-generating molecular motors. Mechanics can regulate local 
protein concentrations by advection or elicit biochemical signalling via 
mechanotransduction. b | Idealized information flows illustrating how 
morphogenesis could be executed as a programme (middle) or emerge in a 
self-organized fashion (right). Biochemistry, mechanics and geometry are the 
key modules of morphogenesis (as illustrated in part a). In programmed 
morphogenesis the information is fully encapsulated in the initial patterning 
(that is, biochemistry) and geometry of the tissue. This determines fully the 
execution of cell and tissue mechanical operations and the final outcome  
of morphogenesis. The strict hierarchy and the unidirectional flow of 
information are represented by single-headed arrows. In the case of self- 
organized morphogenesis biochemistry, mechanics and geometry  
can regulate each other as a result of multiple feedbacks and thus  
the information emerges and is continuously modulated during the 
morphogenetic process.

Strain
A measure of deformation  
of an object with respect to  
a reference length upon 
application of a mechanical 
stress. This is a dimensionless 
parameter
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• modularity 
• heredity (template, initial conditions, genome)
• deterministic rules
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When the production of molecular species is coupled 
to their diffusion, striking spatial–temporal molecular 
patterns can emerge. Reaction–diffusion systems such 
as Turing instabilities21 produce patterns with length 
scales that depend on the details of activator–inhibitor 
interactions22 (BOX 2). Excitable systems manifest charac-
teristic temporal dynamics, in which, for instance, trigger 
wave velocities depend on diffusion and positive feedback 
timescales23. Concentration gradients of molecules where 
the local concentration depends on the production–
degradation rates and on the diffusion/transport  

constants24, define time and length scales of morphogenetic  
fields. The emergent biochemical patterns are read 
and interpreted by cells via cell signalling and direct a 
sequence of downstream cellular decisions. For instance, 
the concentration-dependent activity of morphogens 
transforms a homogeneous field of cells into discrete 
regions of defined length, each with its own morpho-
genetic and differentiation programmes driven by the 
induction of specific changes in gene expression25,26. 
As another example, Turing instabilities control pal-
ate ridges27 and digit number in growing limbs28 in the 
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Fig. 1 | Programme versus self-organization in the flow of morphogenetic 
information. a | Length and timescales of morphogenetic information can 
be defined by biochemical (in red on the left) or mechanical (in blue on the 
right) interactions occurring within the given geometry of the tissue (in grey). 
On the left: the constant of effective diffusion (D) of a molecular species (red 
star) from a spatially restricted production zone and its rate of degradation 
(k) define the local concentration and thus the length scale (λ) and timescale 
(τ) of the cellular and tissue level processes driving shape changes. These 
length and timescales can be quantitatively estimated by measuring D and 
k (equations in the yellow quadrant). The graph on the left illustrates the 
spatial decay of the concentration of a molecular species following an 
exponential decay with length scale λ. On the right: the propagation of 
deformation due to an applied stress can define the length scale (λ) and 
timescale (τ) of morphogenetic events in a tissue. Strain propagation 
depends on the elastic modulus (stiffness) E, the viscosity η and the friction 
coefficient γ . The length (λ) and timescales (τ) are defined quantitatively as 
in the yellow quadrant at the bottom left. The graph illustrates how the 
viscosity of a material impacts on the timescale of deformation following an 
applied stress. A fully elastic material has a coefficient of viscosity equal to 0 
and never dissipates the elastic energy due to the applied stresses (that is, 
they can return to their initial configuration when the stress is released) while 

a viscoelastic material dissipates the elastic energy (that is, it cannot return 
to the initial configuration upon stress release) when the stress is applied for 
long enough beyond a certain timescale. The applied stress is indicated by σ 
and the induced strain by ε. Of note, biochemical interactions and cell and 
tissue mechanics can regulate each other. For instance, biochemical 
signalling can regulate the stiffness/viscosity of the actin cortex or may 
activate force-generating molecular motors. Mechanics can regulate local 
protein concentrations by advection or elicit biochemical signalling via 
mechanotransduction. b | Idealized information flows illustrating how 
morphogenesis could be executed as a programme (middle) or emerge in a 
self-organized fashion (right). Biochemistry, mechanics and geometry are the 
key modules of morphogenesis (as illustrated in part a). In programmed 
morphogenesis the information is fully encapsulated in the initial patterning 
(that is, biochemistry) and geometry of the tissue. This determines fully the 
execution of cell and tissue mechanical operations and the final outcome  
of morphogenesis. The strict hierarchy and the unidirectional flow of 
information are represented by single-headed arrows. In the case of self- 
organized morphogenesis biochemistry, mechanics and geometry  
can regulate each other as a result of multiple feedbacks and thus  
the information emerges and is continuously modulated during the 
morphogenetic process.

Strain
A measure of deformation  
of an object with respect to  
a reference length upon 
application of a mechanical 
stress. This is a dimensionless 
parameter
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• no hierarchy 
• stochastic processes/ statistical rules 
• feedbacks
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When the production of molecular species is coupled 
to their diffusion, striking spatial–temporal molecular 
patterns can emerge. Reaction–diffusion systems such 
as Turing instabilities21 produce patterns with length 
scales that depend on the details of activator–inhibitor 
interactions22 (BOX 2). Excitable systems manifest charac-
teristic temporal dynamics, in which, for instance, trigger 
wave velocities depend on diffusion and positive feedback 
timescales23. Concentration gradients of molecules where 
the local concentration depends on the production–
degradation rates and on the diffusion/transport  

constants24, define time and length scales of morphogenetic  
fields. The emergent biochemical patterns are read 
and interpreted by cells via cell signalling and direct a 
sequence of downstream cellular decisions. For instance, 
the concentration-dependent activity of morphogens 
transforms a homogeneous field of cells into discrete 
regions of defined length, each with its own morpho-
genetic and differentiation programmes driven by the 
induction of specific changes in gene expression25,26. 
As another example, Turing instabilities control pal-
ate ridges27 and digit number in growing limbs28 in the 
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Fig. 1 | Programme versus self-organization in the flow of morphogenetic 
information. a | Length and timescales of morphogenetic information can 
be defined by biochemical (in red on the left) or mechanical (in blue on the 
right) interactions occurring within the given geometry of the tissue (in grey). 
On the left: the constant of effective diffusion (D) of a molecular species (red 
star) from a spatially restricted production zone and its rate of degradation 
(k) define the local concentration and thus the length scale (λ) and timescale 
(τ) of the cellular and tissue level processes driving shape changes. These 
length and timescales can be quantitatively estimated by measuring D and 
k (equations in the yellow quadrant). The graph on the left illustrates the 
spatial decay of the concentration of a molecular species following an 
exponential decay with length scale λ. On the right: the propagation of 
deformation due to an applied stress can define the length scale (λ) and 
timescale (τ) of morphogenetic events in a tissue. Strain propagation 
depends on the elastic modulus (stiffness) E, the viscosity η and the friction 
coefficient γ . The length (λ) and timescales (τ) are defined quantitatively as 
in the yellow quadrant at the bottom left. The graph illustrates how the 
viscosity of a material impacts on the timescale of deformation following an 
applied stress. A fully elastic material has a coefficient of viscosity equal to 0 
and never dissipates the elastic energy due to the applied stresses (that is, 
they can return to their initial configuration when the stress is released) while 

a viscoelastic material dissipates the elastic energy (that is, it cannot return 
to the initial configuration upon stress release) when the stress is applied for 
long enough beyond a certain timescale. The applied stress is indicated by σ 
and the induced strain by ε. Of note, biochemical interactions and cell and 
tissue mechanics can regulate each other. For instance, biochemical 
signalling can regulate the stiffness/viscosity of the actin cortex or may 
activate force-generating molecular motors. Mechanics can regulate local 
protein concentrations by advection or elicit biochemical signalling via 
mechanotransduction. b | Idealized information flows illustrating how 
morphogenesis could be executed as a programme (middle) or emerge in a 
self-organized fashion (right). Biochemistry, mechanics and geometry are the 
key modules of morphogenesis (as illustrated in part a). In programmed 
morphogenesis the information is fully encapsulated in the initial patterning 
(that is, biochemistry) and geometry of the tissue. This determines fully the 
execution of cell and tissue mechanical operations and the final outcome  
of morphogenesis. The strict hierarchy and the unidirectional flow of 
information are represented by single-headed arrows. In the case of self- 
organized morphogenesis biochemistry, mechanics and geometry  
can regulate each other as a result of multiple feedbacks and thus  
the information emerges and is continuously modulated during the 
morphogenetic process.

Strain
A measure of deformation  
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Plan

• Structural cellular heredity and cellular self-organisation 

• Geometric information in cells:  
decoding cell shape via signalling 
decoding cell shape via mechanics 

• Geometric information in development  and morphogenesis 
Geometric guidance 
Geometric feedback
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Decoding cell shape information via chemical signalling

Human Fibroblasts

T. .Tsai et al. and J. Ferrell and J. Theriot, Developmental Cell 49, 189–205 (2019)

HL60 cell: human leukocyte  

Cells have complex and diverse morphologies and change shape dynamically
• Question: how does this affect cell signalling?

phosphorylate SMAD1/5/8 effector proteins (as well as non-ca-
nonical targets) to regulate downstream genes. Although ligands
differ in the type I and type II receptors that they bind and signal
through (David and Massagué, 2018; Shimasaki et al., 2004),
receptor preferences as currently understood cannot explain
key functional differences between ligands. For instance,
BMP9 and BMP10 exhibit similar preferences for some recep-
tors (David et al., 2007) but behave non-equivalently, as dis-
cussed above (Chen et al., 2013). Moreover, BMP receptors
are expressed in combinations (Figure 1B), compete with one
another for binding to ligands, and generate complex functional
responses to ligand combinations, all of which make it difficult to
predict the distribution of signaling complexes and thereby the
overall pathway activity, from qualitative affinity preferences
alone (Antebi et al., 2017).
To address these issues, we sought to map the combinatorial

effects of ligands and, more specifically, to identify groups of
ligands that function equivalently, across different cell contexts.
We define two ligands as equivalent (interchangeable) if they
exhibit similar individual activation strengths and interactions
with all other ligands. (Analogous to the convention for drug
interactions, we will use the term ‘‘ligand interactions’’ to refer
to non-additive responses to ligand combinations, without
implying direct molecular interaction between the ligands.) To
determine ligand equivalence in a given cell context, we can
measure responses to BMP pairs and cluster ligands into
‘‘equivalence groups’’ based on the similarity of their pairwise
interactions (Figure 1C). Repeating these measurements in
different cell types can further reveal how equivalence groups
vary between developmental contexts. Although previous work
identified pairwise responses among a few BMPs, the full set
of pairwise interactions is necessary to determine this equiva-
lence structure. (Ligand equivalence groups, which are defined
here, are distinct from equivalence groups in development,

which describe groups of cells with the same fate potential
[Greenwald and Rubin, 1992].)
This approach was inspired by previous work showing that

pairwise analysis of mutations can efficiently reveal the structure
of gene modules and protein functions (Costanzo et al., 2016;
Schwikowski et al., 2000; Segrè et al., 2005) and that pairwise
analysis of antibiotics can similarly classify them into groups
with similar biochemical mechanisms of action (Yeh et al.,
2006). In these studies, clusters of genes or drugs are defined
by patterns in phenotypic, pairwise responses and are shown
to emerge from underlying features of the interacting compo-
nents. Similarly, in the case of BMP signaling, we reasoned
that equivalence groups could emerge from subtle or unknown
differences in the biochemical properties of different ligands.
Equivalence groups could thus empirically distill the functional
consequences of unknown parameters, constrain mathematical
models of underlying components and interactions, and provide
a useful framework for classification and prediction.
Here, we analyzed pairwise combinations of ten of the best-

characterized BMP ligands across multiple receptor contexts.
This analysis classifies the ten ligands into a smaller number of
equivalence groups. Further, we show that these equivalence
groups reorganize depending on the receptor expression profile
of the signal-receiving cell, helping to explain context-dependent
effects in development. Finally, to understand how the observed
combinatorial ligand responses could emerge from underlying
molecular features of the pathway, we fit the full data set to a
simplified mathematical model of competitive ligand-receptor
interactions. This analysis shows how contextual, combinatorial
BMP responses can emerge from the interplay between the af-
finities that govern signaling complex formation and the specific
phosphorylation activities of the resulting complexes. Together,
these results reveal the combinatorial and contextual logic of
BMP signaling and provide a framework for understanding other

Figure 1. BMP ligands can be classified by
their pairwise interactions
(A) BMP ligands (colored petal shapes) bind type I

and type II receptors to form signaling com-

plexes. Active signaling complexes phosphorylate

SMAD1/5/8 transcription factors, which trans-

locate to the nucleus to activate endogenous gene

targets. Promiscuous ligand-receptor interactions

enable the formation of a wide variety of potential

signaling complexes. The dimeric nature of the

ligands allows each to recruit up to two type I and

two type II receptors simultaneously.

(B) Bulk RNA-seq data sets of various mouse

tissues, compiled in Lachmann et al. (2018), show

that BMP ligands, type I receptors, and type II

receptors are often expressed (i.e., Kallisto pseu-

docounts > 0) as combinations (i.e., 2 or more).

(C) Systematic measurements of individual and

pairwise responses (left) can cluster BMP ligands

(middle) into equivalence groups (right). Ligands in

the same equivalence group interact in similar

ways (synergistic, additive, antagonistic, or sup-

pressive) with other ligands and have the same

individual strength.
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reactions at the plasma membrane, and this is particularly
true for transmembrane proteins that benefit greatly from the
pre-orientation and anisotropy of insertion into a membrane
(Grasberger et al., 1986).
As we explain below, an aspect of Ras’s function as a major

oncogenic signaling protein is to serve as a reactivity-enhancing
recruitment factor that concentrates effectors at the plasma
membrane. Ras is a GTPase that will interact with effectors and
thereby recruit them to the plasma membrane only when acti-
vated by guanine nucleotide exchange factors (GEFs) that form
complexeswith adaptor proteins binding to activated growth fac-
tor receptors like the receptor tyrosine kinase (RTK) EGFR at the
plasma membrane. The activated RasGTP, in turn, will recruit
andconcentrate effectors such asBRaf on theplasmamembrane
(Figure 1A). BRaf is activated in asymmetric dimers that contain
an activator kinase that allosterically induces cis-autophosphory-
lation in the activation loop of the receiver kinase (Hu et al., 2013).
The interactionofBRafwithRasnotonly triggersaconformational
change to allow this asymmetric dimerization to occur, but also
enhances the BRaf-dimerization reaction (Nan et al., 2013) by
dimensionality reduction at the plasma membrane (Figure 1). In
a similar vein, thephosphorylation ofCRaf in theN-terminal acidic
(NtA)motif bymembrane-associated kinases such as Src (Fabian
et al., 1993) or protein kinaseC (PKC) (Kolch et al., 1993) allow it to
become the activator kinase in asymmetric dimers (Chong et al.,
2003). PKC is itself recruited to the plasmamembrane by the lipid
second-messenger diacylglycerol. Both CRaf and one of its acti-
vating kinases are thus translocated and concentrated on the
plasma membrane, thereby largely increasing the kinetics of
CRaf NtA phosphorylation by PKC and enabling the propagation
of signal via Ras and its downstream MAPK pathway. Although
this model is highly simplified, it illustrates how the amount of
Ras at the plasma membrane has a large impact on its activation
and signaling output by enhanced reactivity at the plasma
membrane. An important aspect of signaling efficiency at the
plasma membrane involves preventing the equilibration of
plasma-membrane-associated signaling molecules like Ras to
the extensive endomembranes inside of the cell (Rocks et al.,
2010; Grecco et al., 2011; Chandra et al., 2012; Zimmermann
et al., 2013). However, given the focus of the Review on mem-
brane shape, we will not elaborate here on how such a nonequi-
librium distribution at the plasma membrane is maintained.

Membrane Curvature Empowers Interactions
The above discussion considered the plasma membrane as a
uniform recruiting surface. However, inhomogeneity in mem-
brane curvature affects protein association, as illustrated by
a simple reaction-diffusion simulation of binding an initially
unbound, cytosolic protein to a curved membrane. Transient
enrichment on surfaces of high convexity and depletion on sur-
faces of high concavity occurs until lateral diffusion on the mem-
brane equalizes these gradients (Figure 2A). The reason for this
initial gradient is local depletion of the cytosolic concentration
in cavities, where the local surface-to-cytosol ratio is high, and
resupply is limited by cytosolic diffusion. This is exactly opposite
for protruding membrane folds that have a low local surface-to-
cytosol ratio and access to a large diffusible cytosolic pool. A
theory of this concept of locality of surface-to-volume ratios

Figure 1. Ras-Mediated Dimensionality Reduction in the Diffusible
Space of Raf
(A) A growth factor EGF activates EGFR, which enables a GEF complex to
activate Ras to recruit Raf to the plasma membrane. The ensuing conforma-
tional change and dimensionality reduction in diffusible space of Raf enhances
the Raf-dimerization reaction. In asymmetric dimers, phosphorylated activator
Raf molecules induce allosteric cis-autophosphorylation in the activation loop
(AL) of the receiver Raf kinase.
(B) Cellular automata simulation of part of the reaction-diffusion processes
outlined in (A) illustrates the enhancement of Raf-AL phosphorylation by
dimensionality reduction after plasma membrane recruitment. By binding
RasGTP at t0, Raf (unphosphorylated in the AL, red; phosphorylated, green)
associates to the plasma membrane, which consequently accumulates a high
concentration of Raf dimers (blue). In the simulation snapshots at three
different time points (arrows pointing at images in lower row), the three
species—unphosphorylated monomers, dimerized and phosphorylated Raf—
are color coded as in the upper plot, where magenta represents a mixture of
unphosphorylated monomers and dimers and cyan represents a mixture of
dimers and phosphorylated Raf. The concentrations of the respective species
are intensity coded from saturation (100%) to black (0%). cis-autophosphor-
ylation induced by this dimerization at the plasma membrane outcompetes
cytosolic phosphatase activity, even by disregarding the change in space
occupancy and keeping the reaction rate of (de-)phosphorylation constant and
identical in the cytosol and at the plasma membrane.
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• Membrane recruitment of proteins elicits signalling: 
enhanced concentration in 2D overcomes reduced mobility 
compared with 3D diffusion. 

was recently developed and was demonstrated to operate in
signaling (Rangamani et al., 2013). In this work, it was shown
how a transient enhancement of receptor activity after increased
ligand binding in curved plasma membrane areas of elliptic cells
with increasing eccentricity can mediate enhancement of kinase
activity in downstream signaling pathways. The authors thereby
demonstrated that information contained in the cell’s shape
could be transformed into measurably different MAPK-
phosphorylation levels in the nucleus. Matter exchange by lateral
diffusion between areas of high and low curvature at the plasma
membrane will eventually equilibrate the ligand-induced
inhomogeneity of receptor activity. When, however, fission of
membrane areas with high curvature occurs, this matter
exchange cannot take place, and a stabilization of the enhanced
interaction with cytoplasmic effectors at the membrane interface
of the endocytosed vesicle could occur.

In Figure 2B, the two extremes for membrane curvature are
represented for a transmembrane receptor within a flat plasma
membrane surface that is contrasted to a receptor within
the membrane of an endocytic vesicle. For an almost flat
plasma membrane bilayer, the local surface-to-volume ratio is
identical for the inner and outer leaflet. Upon endocytosis, the

‘‘grid’’ of soluble volume is distorted from a square to a circular
symmetry by introducing curvature, resulting in a low versus
high surface-to-volume ratio inside and outside of the vesicle,
respectively. Endocytic vesicle budding results in a convex
geometry with respect to the cytoplasm. Per membrane area,
the cytosolic tails of activated receptors are thus exposed to a
larger number of freely diffusing effectors in the cytosolic
volume, resulting in optimized recruitment of effectors to, for
example, phosphotyrosines on activated RTKs in the budding
vesicle. In this stage, there is material exchange between areas
of high and low curvature by lateral diffusion that re-equilibrates
the concentration gradients of receptor activity. Once fission
occurs, the closed-membrane system of the endosomal vesicle
cannot exchange matter with flat surface areas of the plasma
membrane any longer, maintaining an enhanced reactivity
toward cytosolic effectors with respect to the plasma mem-
brane. The limited number of ligands contained in the small
endocytosed volume are exposed to a larger number of
enclosed receptors, resulting in optimal binding at steady state
and ligand depletion from the lumen. Both of these effects may
result in maximized signaling activity of endocytosed RTKs, as
has been observed (Sorkin and von Zastrow, 2009).

Figure 2. The Influence of Membrane Curvature on the Interaction with Soluble Components
(A) Cellular automata simulation of the diffusion and association/dissociation of a peripheral membrane protein recruited to the plasma membrane. At t0,
homogeneous receptor activation along the plasmamembrane ismodeled by changing kon for recruitment from 0 to 0.9 s!1. koff = 0.09 s!1 is constant throughout
the simulation, as are diffusion coefficients in the cytosol (Dcyt = 10mm2/s) and plasma membrane (DPM = 1mm2/s) of the peripheral membrane protein. Its con-
centration is normalized in each frame and is false color coded from white (100%) to dark green (0%). Local cytosolic depletion in concave regions of the plasma
membrane that havea larger local surface-to-cytosol ratio causes a significantly lowermembrane-bound concentration in these regions (red-orange versuswhite).
The contrast to convex stretches of the plasma membrane is most prominent at t = 10 s but is almost completely equilibrated by lateral diffusion by t = 100 s.
(B) A transmembrane receptor in a flat section of the plasma membrane is exposed to ligands in the extracellular milieu and effectors on the intracellular side.
Upon endocytosis, the symmetry of the system changes substantially, as indicated by the distortion of the 5 3 8 cartesian grid into a 5 3 8 grid of polar
coordinates. The convex outer surfaces of endosomes are exposed to more of the cytosol (surface-to-volume minimal) and the inner side to less of the lumen
(surface-to-volumemaximal). In this manner, the extracellular ligand contained in an endosomal vesicle will have a high chance of binding a receptor, whereas the
activated receptors are optimally exposed to their cytosolic effectors. In contrast to the curvature-enhanced receptor activity that equilibrates over time, the
closed membrane system of the endosomal vesicle cannot exchange matter with flat surface areas of the membrane, maintaining an enhanced reactivity toward
cytosolic effectors with respect to the plasma membrane.
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• Impact of membrane curvature: 
In convex membrane (invagination): surface to 
volume ratio of cytosol is lower, ie. The pool of 
cytosolic proteins per unit of membrane is increased, 
which increases binding to membrane receptor. 
In concave membrane (protrusion), conversely, 
surface to volume ratio is increased, and membrane 
recruitment is decreased
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interaction with cytoplasmic effectors at the membrane interface
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membrane surface that is contrasted to a receptor within
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plasma membrane bilayer, the local surface-to-volume ratio is
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the cytosolic tails of activated receptors are thus exposed to a
larger number of freely diffusing effectors in the cytosolic
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occurs, the closed-membrane system of the endosomal vesicle
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brane. The limited number of ligands contained in the small
endocytosed volume are exposed to a larger number of
enclosed receptors, resulting in optimal binding at steady state
and ligand depletion from the lumen. Both of these effects may
result in maximized signaling activity of endocytosed RTKs, as
has been observed (Sorkin and von Zastrow, 2009).
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(A) Cellular automata simulation of the diffusion and association/dissociation of a peripheral membrane protein recruited to the plasma membrane. At t0,
homogeneous receptor activation along the plasmamembrane ismodeled by changing kon for recruitment from 0 to 0.9 s!1. koff = 0.09 s!1 is constant throughout
the simulation, as are diffusion coefficients in the cytosol (Dcyt = 10mm2/s) and plasma membrane (DPM = 1mm2/s) of the peripheral membrane protein. Its con-
centration is normalized in each frame and is false color coded from white (100%) to dark green (0%). Local cytosolic depletion in concave regions of the plasma
membrane that havea larger local surface-to-cytosol ratio causes a significantly lowermembrane-bound concentration in these regions (red-orange versuswhite).
The contrast to convex stretches of the plasma membrane is most prominent at t = 10 s but is almost completely equilibrated by lateral diffusion by t = 100 s.
(B) A transmembrane receptor in a flat section of the plasma membrane is exposed to ligands in the extracellular milieu and effectors on the intracellular side.
Upon endocytosis, the symmetry of the system changes substantially, as indicated by the distortion of the 5 3 8 cartesian grid into a 5 3 8 grid of polar
coordinates. The convex outer surfaces of endosomes are exposed to more of the cytosol (surface-to-volume minimal) and the inner side to less of the lumen
(surface-to-volumemaximal). In this manner, the extracellular ligand contained in an endosomal vesicle will have a high chance of binding a receptor, whereas the
activated receptors are optimally exposed to their cytosolic effectors. In contrast to the curvature-enhanced receptor activity that equilibrates over time, the
closed membrane system of the endosomal vesicle cannot exchange matter with flat surface areas of the membrane, maintaining an enhanced reactivity toward
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• In vesicle, signalling increased due to ligand trapping and 
increased binding of cytosolic transducer. 
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• A is a component in solution (extracellular or cytoplasmic 
component) and X is a membrane component. When A binds to X 
on the membrane, it forms B, which is also a membrane 
component. 

Modelling reaction and diffusion on curved surfaces

of the boundary on the spatial distribution of activated signaling
components in the plane of the plasma membrane and subse-
quently in the cytoplasm as a function of time. We focused on
ellipses as cell shapes because neoplastic transformation leads
to cells acquiring a fusiform shape that is close to an ellipsoid
(Figure S1 available online) (Campello and Scorrano, 2010; Kim
et al., 1999; McMahon and Gallop, 2005). To determine whether
cell shape by itself canmodulate plasmamembrane signal trans-
duction, our mathematical model and numerical simulations did
not include cytoskeletal regulation of membrane signaling or the
presence of lipid rafts in themembrane. In the following sections,
we briefly describe a mathematical model in both two and three
dimensions and use it to generate numerical simulations and
predictions. We then show that the predictions from the numer-
ical simulations can be observed experimentally.

RESULTS

Mathematical Model for Membrane Gradients of
Activated Signaling Components
Consider the following reaction, where A is a component in solu-
tion (extracellular or cytoplasmic component) and X is a mem-
brane component. When A binds to X on the membrane, it forms
B, which is also a membrane component. This is shown in
Figure 1A.

A+X!
kon

koff
B (Equation 1)

In the cytoplasm, A is free to diffuse. X and B are limited to the
plasma membrane and are free to diffuse along the plane of
the membrane. The dynamics of A in the cytoplasm are gov-
erned by

vCA

vt
=DAV

2CA (Equation 2)

where CA is the concentration of A (in molecules/mm3), and DA is
the diffusion coefficient (mm2/s) of A.
The boundary condition accounts for the balance between

diffusive flux and reaction rate at the boundary. This is given by

DAðn$VCAÞ=#konCAjvUNX + koffNB (Equation 3)

where kon, (mm
3s#1molecules#1) and koff are the reaction rate

constants (s#1), NX and NB are the concentrations of X and B
on the membrane, respectively (in molecules/ mm2), n is the
unit normal to the membrane at every point along the curve,
and CAjvU is the concentration of A at the boundary.
Similarly, membrane components X andB satisfy the following

equations

vNX

vt
=DXV

2NX # konCAjvUNX + koffNB (Equation 4)

vNB

vt
=DBV

2NB + konCAjvUNX # koffNB (Equation 5)

where DX and DB are the diffusion coefficients of X and B,
respectively. Accordingly, NX and NB must satisfy periodic
boundary conditions because the domain is closed. We assume
that X has a uniform distribution in the membrane initially with a
valueNX0 (molecules/mm2), and A has a uniform cytoplasmic dis-
tribution of CA0 (molecules/mm3). Initially, the density of B is zero
along the membrane.
We solved the above system of equations for a spherical and

ellipsoidal geometry using separation of variables and analyzed
the roleofcurvature in thegenerationofgradientsofNB in theplane
of themembrane. The solution to the system of equations evolves
similarly in both coordinates except the final formof the equations.
In many cases, only one surface of the cell is exposed to the

stimulus. Therefore, simplification to a two-dimensional (2D)
system is reasonable. For further simulations, we used the 2D
geometry because it allows us to study the effect of curvature
variation along a single axis. However, all results can be readily
extended to three-dimensional (3D) models, and although the
quantitative behavior of the membrane and cytoplasmic com-
ponents may vary depending on the eccentricity and size of
the ellipsoid, the angle-dependent wave function remains intact.
In the case of a first-order reaction, we can obtain analytical
solutions to the reaction-diffusion system as Mathieu functions
in elliptic coordinates and Bessel functions (Arscott, 1964) in
polar coordinates. We only show the final equations in the ellip-
tical coordinates system here, and the complete derivation is in
the Supplemental Information.
In elliptical coordinates, the final equations for radial and

angular coordinates take the following form:

v2U

vm2
# ðl # 2u coshð2mÞÞU= 0 (Equation 6)

v2V

vn2
# ðl # 2u coshð2nÞÞV = 0 (Equation 7)

Here, U(m) and V(n) are the radial and angular functions for NB,
respectively; m is the equivalent of the radius for the ellipse,
and m = m0 defines the ellipse; n is the angle going from 0$ to
360$. The quantities l and u are given as

l =

!
a2 sinh2 m0 +

a2

2

"
gDA

ðDA # DBÞ
(Equation 8)

u=
a2gDA

4ðDA # DBÞ
(Equation 9)

where a is the distance between the two foci of an ellipse, and g
is the effective reaction rate in spatial coordinates at the bound-
ary (see Supplemental Information). Equations 6 and 7 are the
modified Mathieu and the Mathieu differential equation, respec-
tively (McLachlan, 1947). There is no analogous solution like the
m = 0 (see Equation S33) mode for the angular dependence,
V(n). The solution to the Mathieu functions is a series summation
of sines and cosines, and it inherently has an angular depen-
dence. The solution to these equations was computed
numerically.
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• Boundary condition: 

CA is concentration of A in cytosol,              is concentration of A at boundary:   

NX and NB are the concentrations of X and B on the membrane. 
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• Reaction/Diffusion of X and B at the membrane:
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m = 0 (see Equation S33) mode for the angular dependence,
V(n). The solution to the Mathieu functions is a series summation
of sines and cosines, and it inherently has an angular depen-
dence. The solution to these equations was computed
numerically.
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Figure 1. Simulations of the Effect of Membrane Curvature on the Transformation of Homogeneous Initial Distribution of Signaling Com-
ponents to Transient Inhomogeneities in the Membrane and the Cytoplasm
(A) Signaling from the cytoplasm to themembrane. (i) The cytoplasmic component A binds to the plasmamembrane to formmembrane component B. A is free to

diffuse in the cytoplasmic volume, whereas B has lateral mobility in the plane of the membrane. The cartoon below the reaction scheme illustrates that, in an

ellipsoid, all 2D cross-sections passing through the center yield ellipses. (ii) Membrane surface distribution of B in 3D at 10 and 30 s in a sphere and two ellipsoids.
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NB: These gradients of concentration are transient
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• Solve these equations on spherical and elliptical 
geometries and numerical simulations

• Case 1: A is in the cytoplasm:  

Uniform distribution on sphere. As the eccentricity of 
the ellipsoid increases, the membrane distribution 
becomes curvature dependent at early times. B is lower 
at the tips.  

• Case 2: A is extracellular (eg. Ligand) 

Curvature dependence is reversed: B is higer at poles 
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Decoding cell shape information via chemical signalling

of the boundary on the spatial distribution of activated signaling
components in the plane of the plasma membrane and subse-
quently in the cytoplasm as a function of time. We focused on
ellipses as cell shapes because neoplastic transformation leads
to cells acquiring a fusiform shape that is close to an ellipsoid
(Figure S1 available online) (Campello and Scorrano, 2010; Kim
et al., 1999; McMahon and Gallop, 2005). To determine whether
cell shape by itself canmodulate plasmamembrane signal trans-
duction, our mathematical model and numerical simulations did
not include cytoskeletal regulation of membrane signaling or the
presence of lipid rafts in themembrane. In the following sections,
we briefly describe a mathematical model in both two and three
dimensions and use it to generate numerical simulations and
predictions. We then show that the predictions from the numer-
ical simulations can be observed experimentally.

RESULTS

Mathematical Model for Membrane Gradients of
Activated Signaling Components
Consider the following reaction, where A is a component in solu-
tion (extracellular or cytoplasmic component) and X is a mem-
brane component. When A binds to X on the membrane, it forms
B, which is also a membrane component. This is shown in
Figure 1A.

A+X!
kon

koff
B (Equation 1)

In the cytoplasm, A is free to diffuse. X and B are limited to the
plasma membrane and are free to diffuse along the plane of
the membrane. The dynamics of A in the cytoplasm are gov-
erned by

vCA

vt
=DAV

2CA (Equation 2)

where CA is the concentration of A (in molecules/mm3), and DA is
the diffusion coefficient (mm2/s) of A.
The boundary condition accounts for the balance between

diffusive flux and reaction rate at the boundary. This is given by

DAðn$VCAÞ=#konCAjvUNX + koffNB (Equation 3)

where kon, (mm
3s#1molecules#1) and koff are the reaction rate

constants (s#1), NX and NB are the concentrations of X and B
on the membrane, respectively (in molecules/ mm2), n is the
unit normal to the membrane at every point along the curve,
and CAjvU is the concentration of A at the boundary.
Similarly, membrane components X andB satisfy the following

equations

vNX

vt
=DXV

2NX # konCAjvUNX + koffNB (Equation 4)

vNB

vt
=DBV

2NB + konCAjvUNX # koffNB (Equation 5)

where DX and DB are the diffusion coefficients of X and B,
respectively. Accordingly, NX and NB must satisfy periodic
boundary conditions because the domain is closed. We assume
that X has a uniform distribution in the membrane initially with a
valueNX0 (molecules/mm2), and A has a uniform cytoplasmic dis-
tribution of CA0 (molecules/mm3). Initially, the density of B is zero
along the membrane.
We solved the above system of equations for a spherical and

ellipsoidal geometry using separation of variables and analyzed
the roleofcurvature in thegenerationofgradientsofNB in theplane
of themembrane. The solution to the system of equations evolves
similarly in both coordinates except the final formof the equations.
In many cases, only one surface of the cell is exposed to the

stimulus. Therefore, simplification to a two-dimensional (2D)
system is reasonable. For further simulations, we used the 2D
geometry because it allows us to study the effect of curvature
variation along a single axis. However, all results can be readily
extended to three-dimensional (3D) models, and although the
quantitative behavior of the membrane and cytoplasmic com-
ponents may vary depending on the eccentricity and size of
the ellipsoid, the angle-dependent wave function remains intact.
In the case of a first-order reaction, we can obtain analytical
solutions to the reaction-diffusion system as Mathieu functions
in elliptic coordinates and Bessel functions (Arscott, 1964) in
polar coordinates. We only show the final equations in the ellip-
tical coordinates system here, and the complete derivation is in
the Supplemental Information.
In elliptical coordinates, the final equations for radial and

angular coordinates take the following form:

v2U

vm2
# ðl # 2u coshð2mÞÞU= 0 (Equation 6)

v2V

vn2
# ðl # 2u coshð2nÞÞV = 0 (Equation 7)

Here, U(m) and V(n) are the radial and angular functions for NB,
respectively; m is the equivalent of the radius for the ellipse,
and m = m0 defines the ellipse; n is the angle going from 0$ to
360$. The quantities l and u are given as

l =

!
a2 sinh2 m0 +

a2

2

"
gDA

ðDA # DBÞ
(Equation 8)

u=
a2gDA

4ðDA # DBÞ
(Equation 9)

where a is the distance between the two foci of an ellipse, and g
is the effective reaction rate in spatial coordinates at the bound-
ary (see Supplemental Information). Equations 6 and 7 are the
modified Mathieu and the Mathieu differential equation, respec-
tively (McLachlan, 1947). There is no analogous solution like the
m = 0 (see Equation S33) mode for the angular dependence,
V(n). The solution to the Mathieu functions is a series summation
of sines and cosines, and it inherently has an angular depen-
dence. The solution to these equations was computed
numerically.
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Competition between reaction and diffusion and impact of surface to volume ratio

• Diffusion homogenises concentrations. 

• But, reactions occur along the membrane and the local 
surface to volume ratio produces concentration differences 
in elliptic geometries. 

• At the tip, the available 3D cytoplasm for a given surface is less than 
in the center. Conversely, the volume of extracellular space is more 
than in the center

• At the pole: high curvature, and high surface to volume ratio. 
Depletion of A in cytosol due to the fact that reaction is faster than 
diffusion in cytosol.  

• Reaction dominates over diffusion, the process is diffusion limited.
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Figure 1. Simulations of the Effect of Membrane Curvature on the Transformation of Homogeneous Initial Distribution of Signaling Com-
ponents to Transient Inhomogeneities in the Membrane and the Cytoplasm
(A) Signaling from the cytoplasm to themembrane. (i) The cytoplasmic component A binds to the plasmamembrane to formmembrane component B. A is free to

diffuse in the cytoplasmic volume, whereas B has lateral mobility in the plane of the membrane. The cartoon below the reaction scheme illustrates that, in an

ellipsoid, all 2D cross-sections passing through the center yield ellipses. (ii) Membrane surface distribution of B in 3D at 10 and 30 s in a sphere and two ellipsoids.

(legend continued on next page)
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• At the center: diffusion time to membrane is 
much reduced so the process is not 
diffusion limited. Diffusion dominates.

less at q = p/2), and this is captured in the volume gradient of A,
the membrane gradient of B, and the local reaction rate
(Figure 1B).
Global Timescales and Effect of Eccentricity
Howdo the temporal characteristics of distribution at the bound-
ary (i.e., plasma membrane) arise? The transient membrane in-
homogeneities resulting from the shape of the cell are governed
by a global timescale that captures the time required for the
gradient to be abolished. We estimate the time required for
gradient elimination as the difference between diffusion time at
the major axis (r1) and time at the minor axis (r2) (Equation 11).

t =
r21 ! r22
4DA

(Equation 11)

The diffusion-limited ‘‘supply vs. demand’’ causes gradient for-
mation, and thus the difference in diffusion times is a good indi-
cator of the characteristic gradient relaxation time. We compare
the computed timescale with the time required to achieve NB(q =
0) = NB(q = p/2) in the simulations (Figure 2B) and see that the
dependence of the timescale on eccentricity is similar. The simu-
lation time includes reaction lifetime and diffusion time, although
the analysis is only considering the diffusion.
In the case of a circle, the only acceptable mode of solution is

when the mode number m is zero. This gives an exponential
decay as the time-dependent solution (Equation S22). In elliptical
coordinates, the mode numbers q (Equation S36) are not zero.
They capture the different oscillatory patterns of the harmonic
solutions of the Mathieu functions. Therefore, there are multiple
contributions to the time-dependent solution. Each of these
modes contributes to the final solution of the reaction-diffusion
equation, and each mode converges to steady state with its
own timescale. Areas that are closer to the zero point of the
long-lasting modes would converge to steady state earlier than
the others. As the eccentricity of the ellipse increases, more
modes are required, and the significance of the different time-
scales increases. Because relaxation time increases dramati-
cally with eccentricity, cell shape is a key determinant of how
long the transient inhomogeneity will last along the membrane.
The increase in the concentration ofNB depends on the eccen-

tricity of the ellipse (Figure 2C). As the eccentricity increases, the
curvature range gets wider and the gradient gets steeper. There-
fore, even if we start with the same concentration of a biochem-
ical species at all locations, the shape of the cell will dynamically
affect the spatial distribution of the activated signaling compo-
nent in response to amembrane-delimited biochemical signaling
event.

Model Predictions
Using our theoretical model, we make the following predictions
that may be tested in numerical simulations and experiments.
(1) A circular cell shape will have a homogeneous spatial activa-
tion of a membrane-bound receptor by a soluble ligand. Spatial
distribution of activated receptor depends on the local curvature
of the cell membrane. The persistence of a spatial gradient will
depend on the relative rates of the reactions. (2) The transient
spatial inhomogeneity at the plasma membrane can affect

downstream reactions in a biochemical signaling pathway. As
a result, there can be transient spatial gradients of the signaling
components in the cytoplasm. (3) The effect of local curvature
may also be seen in the cell nucleus. If the nucleus is elongated,
then signaling interactions at the nuclear membrane will show an
increase in activated signaling components in the nucleus.
In testing these predictions by numerical simulations, we had

to introduce two additional details to make the simulations real-
istic: (1) we assumed near-simultaneous binding of agonist to
receptor on the outside of the cell and recruitment of the appro-
priate signaling component from the cytoplasm and (2) inhomo-
geneous distribution of receptors as the starting condition,
based on our observations described below, that receptors
are present in higher density at the tips of elliptically patterned
cells.

Numerical Simulations and Experimental Testing
GPCR
We simulated the distribution of the bradykinin receptor, a Gq/11-
coupled receptor in circular and elliptical cells. We chose this re-
ceptor type because of the availability of good antibodies that
allow us to study the native receptor in the cell. In response to
activation by bradykinin, this receptor rapidly recruits b-arrestin
(Gera et al., 2011; Philip et al., 2007). The lists of reactions, kinetic
parameters, and diffusion coefficients are provided in Tables S1
and S2. As a starting point, we assumed that the initial distribu-
tion of the receptor was uniform (Figure 3A). Our simulations
showed that, at early times after simulation, the receptors had
a curvature-dependent distribution, with higher concentration
on the cell body and lower concentration on the tip.
To test the predictions of this model, we manipulated cell

shape by plating rat aortic smooth muscle A-10 cells on
patterned surfaces that were either circular or elliptical. The
plating of cells onto elliptical patterns always resulted in more
receptors at the tip (Figure 3E).We then testedwhether a nonuni-
form initial distribution (Figure 3B) as seen in the plated cells
affected the spatial distribution of the receptor upon activation.
We found that a similar curvature-dependent inhomogeneous
receptor at early times after agonist addition could be seen, irre-
spective of the starting distribution (Figure 3B). Although we did
not explore the causes of the initial inhomogeneous initial distri-
bution, it is likely that this is related to plating in the presence of
serum followed by serum starvation, a protocol that is essential
for cells to adhere to the patterned surface. These predictions
were tested experimentally in micropatterned A-10 cells (see
Experimental Procedures).
The distribution of receptors in elliptical and circular cells is

shown in Figures 3C and 3D. Experimental measurements of
the receptor distribution in circular cells show that, before and
after stimulation, the cells had a uniform distribution of receptors
(Figure 3E). Experiments also showed that, in elliptical cells, the
distribution of receptors prior to stimulation was nonuniform. The
elliptical cells had higher receptor numbers at the tip than in the
cell body. This is similar to the initial distribution shown in Fig-
ure 3B. One minute after stimulus, the elliptical cells showed a
lower concentration of receptors in the tip than in the body (Fig-
ure 3E), similar to the predictions from the numerical simulations.
We compared the ratio of receptor numbers in the cell tip to the
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• These gradients of concentration are transient. 
This depends on the relaxation time scale of the 
gradient which can be computed by comparing the 
difference in diffusion at the major and minor axis. 

• The duration of the transient gradient is longer 
on more eccentric geometries.

can be drawn at each point along the curve; it is the inverse of
curvature. At q = 0, the ellipse is highly curved, and a small circle
(red circle in Figure 2A, inset) will fit in this circle. Hence, Rc is
small here.

Flocal =Rc

ffiffiffiffiffiffiffi
kon
DB

s

(Equation 10)

The competing processes of reaction and diffusion can be
demonstrated by computing the local Thiele modulus (Equation
10 and Figure 2A). At q = 0, Rc is small, therefore Flocal is small.
Along the circumference of the cell, Flocal varies from !0.1,
(a diffusion-limited regime) to >1,000 (a reaction-limited regime).
Hence, the gradient of A in the cytoplasm follows the membrane

gradient because closer to q = 0, reaction dominates, and closer
to q = p/2, diffusion dominates.
As a result, the local reaction rate along the boundary depends

on the local curvature (Figures 1A, iii, and 1B, iii). Consider q =
0 in Figure 2A; here, the local surface-to-volume ratio is high
because curvature is high. Therefore, the contribution of reaction
alone (per membrane unit area) is small—more A gets converted
to B at the membrane, and there is a depletion of A in the local
volume with a minor increase in NB. In this local region, the pro-
cess is diffusion limited because the reaction depletes A much
faster than diffusion of A from the inside of the cytoplasm. In
contrast, at q = p/2, the distance for A to travel from the center
to the membrane is smaller; therefore, the process is less diffu-
sion limited.WhenA is present in the extracellular space, the sur-
face-to-volume ratio relationships are reversed (more at q = 0,

A

B C

Figure 2. Angular Dependence of Local Thiele Modulus in Elliptically Shaped Cells
(A) Local Thiele modulus varies along the angle in an ellipse and results in competing reaction and diffusion processes along themembrane. The range of the local

Thielemodulus also increases with increasing eccentricity of the ellipse. Inset shows a reference ellipse with the different anglesmarked. The red circle shows the

osculating circle that determines the radius of curvature at the point q = 0.

(B) The global timescales from analysis and numerical simulations follow similar dependence on eccentricity. Note that the simulation includes the timescale of

the reaction, whereas the analysis is based on size and diffusivity alone.

(C) The fold change in component B along the membrane is calculated by normalizing the membrane concentrations by the value of B at q = 0. The fold change in

B depends on the eccentricity of the ellipse, and as the ellipse becomes more elongated (compare ε = 0.9 to ε = 0.999), the fold change in B increases.
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Decoding cell shape information via chemical signalling

of the boundary on the spatial distribution of activated signaling
components in the plane of the plasma membrane and subse-
quently in the cytoplasm as a function of time. We focused on
ellipses as cell shapes because neoplastic transformation leads
to cells acquiring a fusiform shape that is close to an ellipsoid
(Figure S1 available online) (Campello and Scorrano, 2010; Kim
et al., 1999; McMahon and Gallop, 2005). To determine whether
cell shape by itself canmodulate plasmamembrane signal trans-
duction, our mathematical model and numerical simulations did
not include cytoskeletal regulation of membrane signaling or the
presence of lipid rafts in themembrane. In the following sections,
we briefly describe a mathematical model in both two and three
dimensions and use it to generate numerical simulations and
predictions. We then show that the predictions from the numer-
ical simulations can be observed experimentally.

RESULTS

Mathematical Model for Membrane Gradients of
Activated Signaling Components
Consider the following reaction, where A is a component in solu-
tion (extracellular or cytoplasmic component) and X is a mem-
brane component. When A binds to X on the membrane, it forms
B, which is also a membrane component. This is shown in
Figure 1A.

A+X!
kon

koff
B (Equation 1)

In the cytoplasm, A is free to diffuse. X and B are limited to the
plasma membrane and are free to diffuse along the plane of
the membrane. The dynamics of A in the cytoplasm are gov-
erned by

vCA

vt
=DAV

2CA (Equation 2)

where CA is the concentration of A (in molecules/mm3), and DA is
the diffusion coefficient (mm2/s) of A.
The boundary condition accounts for the balance between

diffusive flux and reaction rate at the boundary. This is given by

DAðn$VCAÞ=#konCAjvUNX + koffNB (Equation 3)

where kon, (mm
3s#1molecules#1) and koff are the reaction rate

constants (s#1), NX and NB are the concentrations of X and B
on the membrane, respectively (in molecules/ mm2), n is the
unit normal to the membrane at every point along the curve,
and CAjvU is the concentration of A at the boundary.
Similarly, membrane components X andB satisfy the following

equations

vNX

vt
=DXV

2NX # konCAjvUNX + koffNB (Equation 4)

vNB

vt
=DBV

2NB + konCAjvUNX # koffNB (Equation 5)

where DX and DB are the diffusion coefficients of X and B,
respectively. Accordingly, NX and NB must satisfy periodic
boundary conditions because the domain is closed. We assume
that X has a uniform distribution in the membrane initially with a
valueNX0 (molecules/mm2), and A has a uniform cytoplasmic dis-
tribution of CA0 (molecules/mm3). Initially, the density of B is zero
along the membrane.
We solved the above system of equations for a spherical and

ellipsoidal geometry using separation of variables and analyzed
the roleofcurvature in thegenerationofgradientsofNB in theplane
of themembrane. The solution to the system of equations evolves
similarly in both coordinates except the final formof the equations.
In many cases, only one surface of the cell is exposed to the

stimulus. Therefore, simplification to a two-dimensional (2D)
system is reasonable. For further simulations, we used the 2D
geometry because it allows us to study the effect of curvature
variation along a single axis. However, all results can be readily
extended to three-dimensional (3D) models, and although the
quantitative behavior of the membrane and cytoplasmic com-
ponents may vary depending on the eccentricity and size of
the ellipsoid, the angle-dependent wave function remains intact.
In the case of a first-order reaction, we can obtain analytical
solutions to the reaction-diffusion system as Mathieu functions
in elliptic coordinates and Bessel functions (Arscott, 1964) in
polar coordinates. We only show the final equations in the ellip-
tical coordinates system here, and the complete derivation is in
the Supplemental Information.
In elliptical coordinates, the final equations for radial and

angular coordinates take the following form:

v2U

vm2
# ðl # 2u coshð2mÞÞU= 0 (Equation 6)

v2V

vn2
# ðl # 2u coshð2nÞÞV = 0 (Equation 7)

Here, U(m) and V(n) are the radial and angular functions for NB,
respectively; m is the equivalent of the radius for the ellipse,
and m = m0 defines the ellipse; n is the angle going from 0$ to
360$. The quantities l and u are given as

l =

!
a2 sinh2 m0 +

a2

2

"
gDA

ðDA # DBÞ
(Equation 8)

u=
a2gDA

4ðDA # DBÞ
(Equation 9)

where a is the distance between the two foci of an ellipse, and g
is the effective reaction rate in spatial coordinates at the bound-
ary (see Supplemental Information). Equations 6 and 7 are the
modified Mathieu and the Mathieu differential equation, respec-
tively (McLachlan, 1947). There is no analogous solution like the
m = 0 (see Equation S33) mode for the angular dependence,
V(n). The solution to the Mathieu functions is a series summation
of sines and cosines, and it inherently has an angular depen-
dence. The solution to these equations was computed
numerically.
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Figure 3. Numerical Simulations and Experiments on the Plasma Membrane Distribution of Bradykinin Receptor in Circular and Elliptical
A-10 Cells
Simulation of the spatial distribution of active bradykinin receptor at 1min for a uniform initial distribution. The concentration of active bradykinin receptor is higher

in the body than in the tips. Please note that this simulation utilizes signaling components binding to the plasmamembrane from both the outside (bradykinin) and

inside (b-arrestin) of the cell (see Figure S1E).

(A) Simulation of the spatial distribution of active bradykinin receptor at 1 min for a nonuniform initial distribution of the receptor.

(B) Representative circular cell used for analysis. Arrows indicate the region of the plasma membrane where body and tip measurements were taken.

(C) Representative elliptical cell used for analysis. Arrows indicate the region of the plasma membrane where body and tip measurements were taken.

(legend continued on next page)
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bradykinin receptor, a Gq/11- coupled receptor 
Cells plated on substrates of different geometries 
Distribution of B2R in cells at the tips and body

Experimental tests: transient gradients of signalling
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PDGF receptor and activation of Src 
Src is transiently enriched at the tip 
membranes in elliptical cells
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Thalmeier D. J. Halatek and Erwin Frey. PNAS 113, 548–553 (2016). 

A model inspired to account for polarity of MinD/MinE system in E. coli, 
and AtMinD in absence of MinE. 

A model for geometry-induced chemical gradients that are both stable and robust
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he
no

ty
pe

 b
y 

A
tM

in
D

-G
FP

 w
as

 n
ot

 a
s 

go
od

 a
s

th
e 

co
m

pl
em

en
ta

ti
on

 b
y 

A
tM

in
D

 (
Ta

bl
e 

1 
an

d 
Ta

bl
e 

2)
.

Th
is

 c
ou

ld
 b

e 
be

ca
us

e 
th

e 
G

FP
 t

ag
 p

ar
ti

al
ly

 a
ff

ec
ts

 t
he

fu
nc

ti
on

 o
f A

tM
in

D
-G

FP
. W

e 
ha

ve
 a

ls
o 

tr
ie

d 
to

 in
du

ce
 th

e
ex

pr
es

si
on

 o
f 

A
tM

in
D

-G
FP

 w
it

h 
di

ff
er

en
t 

co
nc

en
tr

at
io

n
of

 I
PT

G
 (

ou
r 

un
pu

bl
is

he
d 

re
su

lt
s)

 a
nd

 f
ou

nd
 t

ha
t 

th
e

m
ut

an
t 

ph
en

ot
yp

e 
w

as
 c

om
pl

em
en

te
d 

be
st

 w
it

h 
50

 μ
M

IP
TG

, t
he

 s
am

e 
co

nc
en

tr
at

io
n 

as
 th

at
 fo

r 
th

e 
co

m
pl

em
en

-
ta

ti
on

 b
y 

A
tM

in
D

. T
hi

s 
su

gg
es

ts
 t

ha
t, 

al
th

ou
gh

 A
tM

in
D

-
G

FP
 m

ay
 n

ot
 b

e 
as

 e
ff

ec
ti

ve
 a

s 
A

tM
in

D
 f

or
 t

he
 c

om
pl

e-
m

en
ta

ti
on

, b
ot

h 
of

 th
em

 m
ay

 in
te

ra
ct

 w
it

h 
ot

he
r d

iv
is

io
n

pr
ot

ei
ns

 w
it

h 
a 

si
m

ila
r 

st
oi

ch
io

m
et

ry
 a

nd
 t

he
 in

te
ra

ct
io

n
m

ay
 n

ot
 b

e 
af

fe
ct

ed
 b

y 
a 

G
FP

 ta
g.

In
 t

he
 c

om
pl

em
en

te
d 

m
ut

an
t 

ce
lls

, 
A

tM
in

D
-G

FP
 a

nd
G

FP
-A

tM
in

D
 w

er
e 

lo
ca

liz
ed

 to
 p

un
ct

a 
at

 th
e 

po
la

r r
eg

io
ns

of
 t

he
 c

el
l (

Fi
gu

re
 2

D
 a

nd
 2

E)
. W

it
h 

a 
ch

lo
ro

pl
as

t 
ta

rg
et

-
in

g 
tr

an
si

t 
pe

pt
id

e,
 A

tM
in

D
-G

FP
 f

us
io

n 
pr

ot
ei

n 
tr

an
-

si
en

tl
y 

ex
pr

es
se

d 
in

 A
ra

bi
do

ps
is

 p
ro

to
pl

as
ts

 w
as

 l
oc

al
iz

ed
to

 p
un

ct
a 

in
 c

hl
or

op
la

st
s 

(F
ig

ur
e 

2A
, B

 a
nd

 2
C

).
 T

he
 g

re
en

au
to

fl
or

es
ce

nc
e 

fr
om

 c
hl

or
op

la
st

s 
w

ee
 d

im
m

er
 t

ha
n 

th
e

si
gn

al
 

fr
om

 
G

FP
 

(F
ig

ur
e 

2A
) 

an
d 

si
m

ila
r 

to
 

th
at

 
of

un
tr

an
sf

or
m

ed
 c

el
ls

 (
da

ta
 n

ot
 s

ho
w

n)
. 

Th
is

 l
oc

al
iz

at
io

n
pa

tt
er

n 
is

 v
er

y 
si

m
ila

r t
o 

th
at

 o
f t

he
 A

tM
in

D
-G

FP
 in

 s
ta

bl
e

tr
an

sg
en

ic
 A

ra
bi

do
ps

is
 p

la
nt

s 
[1

9]
. W

e 
ha

ve
 o

bs
er

ve
d 

ve
ry

ca
re

fu
lly

 w
it

h 
ti

m
e 

la
ps

e 
im

ag
es

 a
s 

pe
op

le
 h

av
e 

do
ne

 p
re

-
vi

ou
sl

y 
[2

2,
23

] 
fo

r 
m

an
y 

ce
lls

 w
it

h 
se

ve
ra

l 
re

pe
at

s 
an

d
ne

ve
r 

fo
un

d 
th

e 
os

ci
lla

ti
on

 o
f 

A
tM

in
D

-G
FP

 a
nd

 G
FP

-
A

tM
in

D
 f

ro
m

 o
ne

 p
ol

e 
to

 a
no

th
er

 i
n 

th
e 

co
m

pl
em

en
te

d
E.

 c
ol

i H
L1

 m
ut

an
t 

ce
lls

 (
ΔM

in
D

E)
 o

r 
th

e 
ch

lo
ro

pl
as

ts
 in

A
ra

bi
do

ps
is

 (
da

ta
 n

ot
 s

ho
w

n)
.

In
 E

. 
co

li,
 M

in
D

 i
s 

lo
ca

liz
ed

 t
o 

th
e 

m
em

br
an

e 
an

d 
os

ci
l-

la
te

s 
to

 o
ne

 p
ol

e 
or

 a
no

th
er

 w
it

h 
a 

cy
to

so
lic

 p
ro

te
in

 M
in

C
[8

].
 T

hi
s o

sc
ill

at
io

n 
is

 d
ri

ve
n 

by
 M

in
E 

[8
].

 B
y 

os
ci

lla
ti

ng
 in

th
e 

ce
ll 

an
d 

de
po

ly
m

er
iz

in
g 

th
e 

Ft
sZ

 f
ila

m
en

ts
 a

t 
po

la
r

re
gi

on
s,

 th
e 

M
in

C
D

 c
om

pl
ex

 k
ee

ps
 th

e 
ce

ll 
di

vi
si

on
 a

pp
a-

ra
tu

s 
at

 t
he

 m
id

po
in

t 
of

 t
he

 c
el

l 
[8

].
 W

it
ho

ut
 t

he
 d

ri
ve

r

Lo
ca

liz
at

io
n 

of
 A

tM
in

D
 in

 A
ra

bi
do

ps
is 

an
d 

E.
 c

ol
i w

ith
 a

 G
FP

 
ta

g
Fi

gu
re

 2
Lo

ca
liz

at
io

n 
of

 A
tM

in
D

 in
 A

ra
bi

do
ps

is
 a

nd
 E

. c
ol

i w
it

h 
a 

G
FP

 t
ag

. (
A

 t
o 

C
) A

tM
in

D
-G

FP
 t

ra
ns

ie
nt

ly
 e

xp
re

ss
ed

 in
 

an
 A

ra
bi

do
ps

is 
pr

ot
op

la
st

. A
rr

ow
s 

de
no

te
 t

he
 lo

ca
liz

at
io

n 
of

 
G

FP
 in

 c
hl

or
op

la
st

s. 
(D

 a
nd

 G
) A

tM
in

D
-G

FP
 e

xp
re

ss
ed

 in
 E

. 
co

li 
H

L1
 m

ut
an

t. 
(E

 a
nd

 H
), 

G
FP

-A
tM

in
D

 e
xp

re
ss

ed
 in

 E
. c

ol
i 

H
L1

 m
ut

an
t. 

(F
 a

nd
 I)

 G
FP

-E
cM

in
D

 e
xp

re
ss

ed
 in

 E
. c

ol
i H

L1
 

m
ut

an
t, 

(J 
an

d 
K

) G
FP

-E
cM

in
C

 a
nd

 A
tM

in
D

 e
xp

re
ss

ed
 in

 E
. 

co
li 

RC
1 

m
ut

an
t, 

(L
 a

nd
 M

) G
FP

-E
cM

in
C

 e
xp

re
ss

ed
 in

 E
. c

ol
i 

RC
1 

m
ut

an
t, 

(N
) I

m
m

un
o 

bl
ot

 a
na

ly
sis

. A
tM

in
D

-G
FP

, G
FP

-
A

tM
in

D
 a

nd
 G

FP
-E

cM
in

D
 w

er
e 

ex
pr

es
se

d 
in

 th
e 

H
L1

 
m

ut
an

t; 
G

FP
-E

cM
in

C
 w

as
 e

xp
re

ss
ed

 in
 th

e 
RC

1 
m

ut
an

t w
ith

 
A

tM
in

D
. A

ll 
th

e 
ce

lls
 w

er
e 

gr
ow

n 
w

ith
 2

0 
or

 5
0 
μM

 IP
TG

. 
(A

, D
, E

, F
, J

 a
nd

 L
), 

G
FP

; (
B)

, C
hl

or
op

hy
ll;

 (C
) O

ve
rl

ay
; (

G
, 

H
, I

, K
 a

nd
 M

), 
D

IC
. B

ar
s 

ar
e 

5 
μm

.

B
M

C
 M

ic
ro

bi
ol

og
y 

2
0
0
9
, 
9:

1
0
1

h
tt
p
:/
/w

w
w

.b
io

m
e
d
c
e
n

tr
a

l.
c
o

m
/1

4
7
1
-2

1
8
0
/9

/1
0
1

P
a

g
e
 4

 o
f 
9

(p
ag

e 
nu

m
be

r n
ot

 fo
r c

ita
tio

n 
pu

rp
os

es
)

ta
nt

 r
ol

es
 i

n 
po

si
ti

on
in

g 
th

e 
Ft

sZ
 r

in
g 

an
d 

th
e 

di
vi

si
on

ap
pa

ra
tu

s 
to

 e
it

he
r t

he
 m

id
-c

el
l o

f b
ac

te
ri

a 
or

 th
e 

m
id

-s
it

e
of

 c
hl

or
op

la
st

s 
[9

].
 T

he
 c

om
pl

em
en

ta
ti

on
 o

f 
E.

 c
ol

i 
H

L1
m

ut
an

t 
(Δ

M
in

D
E)

 b
y 

A
tM

in
D

 a
nd

 t
he

 r
eq

ui
re

m
en

t 
of

Ec
M

in
C

 f
or

 t
hi

s 
co

m
pl

em
en

ta
ti

on
 s

ug
ge

st
 t

ha
t 

th
e 

fu
nc

-
ti

on
 o

f 
M

in
D

 i
s 

al
so

 c
on

se
rv

ed
 b

et
w

ee
n 

ba
ct

er
ia

 a
nd

pl
an

ts
. 

H
ow

ev
er

, 
th

is
 c

om
pl

em
en

ta
ti

on
 d

oe
sn

't 
re

qu
ir

e
th

e 
pr

es
en

ce
 o

f 
Ec

M
in

E 
su

gg
es

ts
 t

ha
t 

A
tM

in
D

 m
ay

 h
av

e
so

m
e 

ch
ar

ac
te

rs
 d

if
fe

re
nt

 fr
om

 th
at

 o
f E

cM
in

D
.

A
tM

in
D

 is
 lo

ca
liz

ed
 t

o 
pu

nc
ta

 in
 E

. c
ol

i a
nd

 c
hl

or
op

la
st

s
To

 u
nd

er
st

an
d 

th
e 

fu
nc

ti
on

 o
f A

tM
in

D
 in

 E
. c

ol
i, 

A
tM

in
D

-
G

FP
 a

nd
 G

FP
-A

tM
in

D
 w

er
e 

ex
pr

es
se

d 
in

 H
L1

 m
ut

an
t

(Δ
M

in
D

E)
 (

Fi
gu

re
 2

D
, E

, G
 a

nd
 2

H
).

 S
im

ila
r 

to
 A

tM
in

D
,

A
tM

in
D

-G
FP

 a
nd

 G
FP

-A
tM

in
D

 c
an

 c
om

pl
em

en
t t

he
 m

in
-

ic
el

l 
ph

en
ot

yp
e 

of
 H

L1
 m

ut
an

t 
(Δ

M
in

D
E)

 w
it

h 
50

 μ
M

IP
TG

 (
Ta

bl
e 

1 
an

d 
Ta

bl
e 

2)
. H

ow
ev

er
, t

he
 c

om
pl

em
en

ta
-

ti
on

 o
f t

he
 p

he
no

ty
pe

 b
y 

A
tM

in
D

-G
FP

 w
as

 n
ot

 a
s 

go
od

 a
s

th
e 

co
m

pl
em

en
ta

ti
on

 b
y 

A
tM

in
D

 (
Ta

bl
e 

1 
an

d 
Ta

bl
e 

2)
.

Th
is

 c
ou

ld
 b

e 
be

ca
us

e 
th

e 
G

FP
 t

ag
 p

ar
ti

al
ly

 a
ff

ec
ts

 t
he

fu
nc

ti
on

 o
f A

tM
in

D
-G

FP
. W

e 
ha

ve
 a

ls
o 

tr
ie

d 
to

 in
du

ce
 th

e
ex

pr
es

si
on

 o
f 

A
tM

in
D

-G
FP

 w
it

h 
di

ff
er

en
t 

co
nc

en
tr

at
io

n
of

 I
PT

G
 (

ou
r 

un
pu

bl
is

he
d 

re
su

lt
s)

 a
nd

 f
ou

nd
 t

ha
t 

th
e

m
ut

an
t 

ph
en

ot
yp

e 
w

as
 c

om
pl

em
en

te
d 

be
st

 w
it

h 
50

 μ
M

IP
TG

, t
he

 s
am

e 
co

nc
en

tr
at

io
n 

as
 th

at
 fo

r 
th

e 
co

m
pl

em
en

-
ta

ti
on

 b
y 

A
tM

in
D

. T
hi

s 
su

gg
es

ts
 t

ha
t, 

al
th

ou
gh

 A
tM

in
D

-
G

FP
 m

ay
 n

ot
 b

e 
as

 e
ff

ec
ti

ve
 a

s 
A

tM
in

D
 f

or
 t

he
 c

om
pl

e-
m

en
ta

ti
on

, b
ot

h 
of

 th
em

 m
ay

 in
te

ra
ct

 w
it

h 
ot

he
r d

iv
is

io
n

pr
ot

ei
ns

 w
it

h 
a 

si
m

ila
r 

st
oi

ch
io

m
et

ry
 a

nd
 t

he
 in

te
ra

ct
io

n
m

ay
 n

ot
 b

e 
af

fe
ct

ed
 b

y 
a 

G
FP

 ta
g.

In
 t

he
 c

om
pl

em
en

te
d 

m
ut

an
t 

ce
lls

, 
A

tM
in

D
-G

FP
 a

nd
G

FP
-A

tM
in

D
 w

er
e 

lo
ca

liz
ed

 to
 p

un
ct

a 
at

 th
e 

po
la

r r
eg

io
ns

of
 t

he
 c

el
l (

Fi
gu

re
 2

D
 a

nd
 2

E)
. W

it
h 

a 
ch

lo
ro

pl
as

t 
ta

rg
et

-
in

g 
tr

an
si

t 
pe

pt
id

e,
 A

tM
in

D
-G

FP
 f

us
io

n 
pr

ot
ei

n 
tr

an
-

si
en

tl
y 

ex
pr

es
se

d 
in

 A
ra

bi
do

ps
is

 p
ro

to
pl

as
ts

 w
as

 l
oc

al
iz

ed
to

 p
un

ct
a 

in
 c

hl
or

op
la

st
s 

(F
ig

ur
e 

2A
, B

 a
nd

 2
C

).
 T

he
 g

re
en

au
to

fl
or

es
ce

nc
e 

fr
om

 c
hl

or
op

la
st

s 
w

ee
 d

im
m

er
 t

ha
n 

th
e

si
gn

al
 

fr
om

 
G

FP
 

(F
ig

ur
e 

2A
) 

an
d 

si
m

ila
r 

to
 

th
at

 
of

un
tr

an
sf

or
m

ed
 c

el
ls

 (
da

ta
 n

ot
 s

ho
w

n)
. 

Th
is

 l
oc

al
iz

at
io

n
pa

tt
er

n 
is

 v
er

y 
si

m
ila

r t
o 

th
at

 o
f t

he
 A

tM
in

D
-G

FP
 in

 s
ta

bl
e

tr
an

sg
en

ic
 A

ra
bi

do
ps

is
 p

la
nt

s 
[1

9]
. W

e 
ha

ve
 o

bs
er

ve
d 

ve
ry

ca
re

fu
lly

 w
it

h 
ti

m
e 

la
ps

e 
im

ag
es

 a
s 

pe
op

le
 h

av
e 

do
ne

 p
re

-
vi

ou
sl

y 
[2

2,
23

] 
fo

r 
m

an
y 

ce
lls

 w
it

h 
se

ve
ra

l 
re

pe
at

s 
an

d
ne

ve
r 

fo
un

d 
th

e 
os

ci
lla

ti
on

 o
f 

A
tM

in
D

-G
FP

 a
nd

 G
FP

-
A

tM
in

D
 f

ro
m

 o
ne

 p
ol

e 
to

 a
no

th
er

 i
n 

th
e 

co
m

pl
em

en
te

d
E.

 c
ol

i H
L1

 m
ut

an
t 

ce
lls

 (
ΔM

in
D

E)
 o

r 
th

e 
ch

lo
ro

pl
as

ts
 in

A
ra

bi
do

ps
is

 (
da

ta
 n

ot
 s

ho
w

n)
.

In
 E

. 
co

li,
 M

in
D

 i
s 

lo
ca

liz
ed

 t
o 

th
e 

m
em

br
an

e 
an

d 
os

ci
l-

la
te

s 
to

 o
ne

 p
ol

e 
or

 a
no

th
er

 w
it

h 
a 

cy
to

so
lic

 p
ro

te
in

 M
in

C
[8

].
 T

hi
s o

sc
ill

at
io

n 
is

 d
ri

ve
n 

by
 M

in
E 

[8
].

 B
y 

os
ci

lla
ti

ng
 in

th
e 

ce
ll 

an
d 

de
po

ly
m

er
iz

in
g 

th
e 

Ft
sZ

 f
ila

m
en

ts
 a

t 
po

la
r

re
gi

on
s,

 th
e 

M
in

C
D

 c
om

pl
ex

 k
ee

ps
 th

e 
ce

ll 
di

vi
si

on
 a

pp
a-

ra
tu

s 
at

 t
he

 m
id

po
in

t 
of

 t
he

 c
el

l 
[8

].
 W

it
ho

ut
 t

he
 d

ri
ve

r

Lo
ca

liz
at

io
n 

of
 A

tM
in

D
 in

 A
ra

bi
do

ps
is 

an
d 

E.
 c

ol
i w

ith
 a

 G
FP

 
ta

g
Fi

gu
re

 2
Lo

ca
liz

at
io

n 
of

 A
tM

in
D

 in
 A

ra
bi

do
ps

is
 a

nd
 E

. c
ol

i w
it

h 
a 

G
FP

 t
ag

. (
A

 t
o 

C
) A

tM
in

D
-G

FP
 t

ra
ns

ie
nt

ly
 e

xp
re

ss
ed

 in
 

an
 A

ra
bi

do
ps

is 
pr

ot
op

la
st

. A
rr

ow
s 

de
no

te
 t

he
 lo

ca
liz

at
io

n 
of

 
G

FP
 in

 c
hl

or
op

la
st

s. 
(D

 a
nd

 G
) A

tM
in

D
-G

FP
 e

xp
re

ss
ed

 in
 E

. 
co

li 
H

L1
 m

ut
an

t. 
(E

 a
nd

 H
), 

G
FP

-A
tM

in
D

 e
xp

re
ss

ed
 in

 E
. c

ol
i 

H
L1

 m
ut

an
t. 

(F
 a

nd
 I)

 G
FP

-E
cM

in
D

 e
xp

re
ss

ed
 in

 E
. c

ol
i H

L1
 

m
ut

an
t, 

(J 
an

d 
K

) G
FP
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Decoding cell shape information via chemical signalling

shows that an inhomogeneous density profile is established on the
membrane in the generic case where the affinities of NTP- and
NDP-bound forms differ. Moreover, these membrane-bound pat-
terns are amplified if the proteins are able to bind cooperatively to
the membrane (e.g., due to dimerization). This mechanism is highly
robust because the stable, uniform equilibrium is simply replaced
by a unique, stable patterned state. In particular, the mechanism
involves no dynamical instability and requires no fine-tuning
of parameters.
Experimental support for the proposed mechanism comes

from E. coli mutants in which both EcMinD and EcMinE were
replaced by chloroplastic AtMinD (MinD homolog from Arabi-
dopsis thaliana) (18). With this single ATPase (19) the system
establishes a bipolar pattern along the long axis, rescuing the
ΔMinDE mutant from cell division pathologies. Mutation studies
of the Walker-A binding module show that AtMinD (unlike
EcMinD) can form dimers on the membrane even in its ADP-
bound form (19–21), suggesting that both forms can cooperatively
bind to the membrane. Our study shows that such cooperativity
leads to a bipolar pattern along the long axis of the cell, as ob-
served. Furthermore, we suggest that, due to its generic nature,
the binding module might also play an essential role in other
bacterial pattern-forming systems.

A Generic Reaction Module for Sensing of Cell Geometry
We consider a reaction module comprised of a single type of
NTPase that cycles between an NDP-bound (PNDP) and a NTP-
bound (PNTP) state (Fig. 1A). Both forms are allowed to freely
diffuse in the cytosol and the membrane with diffusion constants
Dc and Dm, respectively. For the biochemical reaction kinetics,
we assume that (i) cytosolic PNDP undergoes nucleotide exchange
with a rate λ; (ii) both protein species can bind to the membrane
with respective attachment rates ω+

D and ω+
T; (iii) in addition to

direct membrane attachment, each protein species can also bind
cooperatively to the membrane, forming homodimers, with cor-
responding recruitment rates kdD for PNDP and ktT for PNTP; (iv)
hydrolysis of PNTP triggers detachment with rate ω−

t , which is thus
converted into cytosolic PNDP; (v) membrane-bound PNDP is re-
leased to the cytosol with detachment rate ω−

d . For a mathemat-
ical formulation in terms of reaction–diffusion equations, please
refer to SI Appendix, Eqs. 1–6.
This reaction module serves as a model for the bipolar pattern

of AtMinD in E. coli cells (18): AtMinD is an ATPase (19) that
has been reported to dimerize (19, 21). This process thus provides

evidence for cooperative membrane binding. Unlike EcMinD (20),
AtMinD dimerizes even when its Walker-A binding module is
inactivated (19), locking the protein in its ADP-bound state. This
strongly suggests that also the ADP-bound form of AtMinD ex-
hibits cooperative membrane binding, as we have assumed in the
above reaction scheme by introducing a recruitment rate kdD for
PNDP. Overall, there is strong evidence that AtMinD shows the
same interactions with the membrane as EcMinD but with addi-
tional cooperative membrane binding in its ADP-bound state.
If not mentioned otherwise, we use the following model pa-

rameters, which are set to experimental values acquired for E. coli,
if available. The diffusion constants in the cytosol and on the
membrane are set to Dc = 16 μm2/s and Dm = 0.013 μm2/s, re-
spectively (22, 23). The nucleotide exchange rate is set to λ= 6 s−1
(15) to meet the lower bound of 3 s−1 (22). The kinetic parameters
are chosen to be of the order of 1 μm/s for attachment, 1 s−1 for
detachment, and 0.1 μm2/s for recruitment (15); for the specific
values, see SI Appendix, Table 1. In the numerical studies, the cell
shape is modeled as a 2D ellipse. (Remark: For the sake of clarity,
we will still use the terms of cytosolic volume and membrane area
instead of areas and lengths.) This reduced geometry has the same
basic symmetries as the real geometry of an E. coli cell. Importantly,
in contrast to a 1D model, it fully accounts for the different di-
mensionalities of cytosol and membrane. This will turn out to be
essential for the ability of the system to generate protein patterns
that reflect cell geometry. The overall protein density is set to a
physiologically typical value of the order of 1 μM (24). For a cell
which is 5 μm long and has a width of 1 μm, this gives a fixed protein
number of about 2,000 MinD molecules. Specifically, in our nu-
merical studies, we set the protein density in the bulk to be
ρ= 500 μm−2 if all proteins are in the cytosol. To accommodate
changes in cell size, we keep this mean density constant and change
the number of proteins as appropriate.

Results
The Impact of Cell Geometry on Protein Gradients in Elongated Cells.
We performed a numerical analysis of this reaction module,
paying particular attention to the effect of varying the cell ge-
ometry and the degree of cooperativity in membrane binding
(Fig. 1B). Our simulations show that, in elongated cells, the
protein density on the membrane is always inhomogeneous and
reflects the local cell geometry. Indeed, one can show analytically
that the homogeneous steady state ceases to exist as one passes
from circular to elliptical geometry (cf. SI Appendix). We observe
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Fig. 1. Minimal reaction module for geometry-induced cell polarity. (A) Illustration of the reaction module: cytosolic PNDP can exchange its nucleotide,
PNDP →PNTP, with rate λ. PNTP attaches to the membrane with rate ω+

T where it recruits further PNTP with rate ktT . At the membrane, hydrolysis triggers de-
tachment with rate ω−

t such that membrane-bound PNTP is converted to cytosolic PNDP. Cytosolic PNDP attaches to the membrane with rate ω+
D where it recruits

further PNDP with rate kdD or detaches with rate ω−
d. (B) Membrane-bound proteins accumulate either at midcell (Left) or form a bipolar pattern with high

protein densities at the cell poles (Right). The Left and Right plots show the normalized concentration of the membrane density (blue curve) and the cor-
responding geometry of the cell (gray ellipse). The membrane density of the protein is divided by its minimum concentration (Left: 113 μm−1; Right: 100 μm−1)
such that the minimum of the normalized density is 1. The polarity P (color bar in plot is logarithmically spaced) of the pattern strongly depends on cell
geometry and preference R for the recruitment of a certain nucleotide state (Middle); the length of the short axis is fixed at l= 1 μm, and we have used
kdD + ktT = 0.1 μm/s. While for large R (preferential recruitment of PNDP) the proteins form a bipolar pattern on the membrane, the membrane-bound proteins
accumulate at midcell for small R (preferential recruitment of PNTP). If the recruitment processes are balanced (R= 0), the pattern is flat and polarity vanishes.
The cell geometry determines how pronounced a pattern becomes: the more elongated the ellipse, the more sharply defined the pattern, whereas it vanishes
completely when the ellipse becomes a circle.
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two distinct types of pattern: membrane-bound proteins either
accumulate at midcell or form a bipolar pattern with high den-
sities at both cell poles. The polarity of these patterns is quan-
tified by the ratio of the density of membrane-bound proteins
located at the cell poles (upole) to that at midcell (umidcell):
P= upole=umidcell. First, we investigated the impact of preferential
recruitment of either PNTP or PNDP to the membrane, defined as
R= ðkdD − ktTÞ=ðkdD + ktTÞ, on cell polarity. We find that proteins
accumulate at the cell poles (P> 1) if there is a preference for
cooperative binding of PNDP (R> 0). Moreover, the polarity P of
this bipolar pattern becomes more pronounced with increasing
R. This scenario corresponds to the strongly bipolar pattern of
AtMinD observed in mutant E. coli cells lacking EcMinD and
EcMinE (18). In contrast, when cooperative binding favors PNTP
(R< 0), proteins accumulate at midcell (P< 1). Thus, the sign of the
recruitment preference R for a protein in a particular nucleotide
state controls the type, whereas its magnitude determines the am-
plitude of the pattern. Next, we investigated how cell geometry af-
fects the pattern, while keeping R fixed. Upon varying the length of
the long axis, L, while keeping the length of the short axis fixed at
l= 1 μm, we find that the aspect ratio L=l controls the amplitude of
the pattern, but leaves the type of pattern unchanged. With in-
creasing eccentricity of the ellipse, the respective pattern becomes
more sharply defined; for a spherical geometry, the pattern
vanishes. In summary, cell geometry controls the definition of the
pattern, and the preference for membrane recruitment of a cer-
tain nucleotide state determines the location on the cell mem-
brane where the proteins accumulate and how pronounced this
accumulation becomes.

Why Geometry Influences Patterning. Our finding that recruitment
is a major determinant of cell polarity suggests that there is some
underlying intrinsic affinity of the two protein species for either
the cell poles or the midzone. This affinity cannot be encoded
in the attachment or recruitment rates alone, because these are
position independent. Instead, it must emerge from the interplay
between these reactions, cell geometry, and diffusion. To uncover
the underlying mechanism, we first performed a numerical study
where we omitted all cooperative membrane binding processes,
such that the dynamics became linear. Interestingly, we observed
that, although the overall protein density is homogeneous in the
cytosol (see SI Appendix), PNDP and PNTP are nevertheless spatially
segregated, accumulating in the vicinity of the cell poles and close to
midcell, respectively (Fig. 2A). This observation, the origin of which
will be discussed later, explains how patterns of membrane-bound
proteins arise: these inhomogeneities in protein densities in the
cytosol serve as seeds for the polarization of the protein pattern on
the membrane, and their respective impact is regulated by the at-
tachment rates ω+

D and ω+
T. The pattern of the protein species with

the higher membrane affinity determines the type of the pattern
(Fig. 2C). If PNDP has the larger membrane affinity, a bipolar pat-
tern emerges, whereas one observes enrichment of membrane-
bound proteins at midcell if attachment of PNTP dominates. Note
that the detachment rates have the inverse effect (cf. SI Appendix).
Next, to analyze the additional nonlinear effects of membrane

recruitment, we considered a situation, illustrated in Fig. 2D,
where both nucleotide states have the same membrane affinity.
As a result, the steady-state membrane density becomes uniform
(see SI Appendix). Because cooperative membrane binding
effectively increases the affinity of a protein species just like an

A B

D E

C

F

Fig. 2. Membrane affinity controls, and recruitment amplifies geometry adaption. The cells used for the numerical studies have a length of L = 5 μm and a
width of l = 1 μm. (A) Even when recruitment is turned off, PNTP and PNDP form inhomogeneous density profiles in the cytosol. PNDP accumulates close to the
poles and is depleted at midcell. In contrast, PNTP exhibits high concentration at midcell and a low concentration at the poles. The attachment and detachment
rates are set to 1 μm/s and 1 s−1, respectively, which gives a penetration depth lλ ≈ 1.6 μm. (B) Illustration of the source degradation mechanism for the spatial
segregation of cytosolic PNDP and PNTP. All proteins that detach from the membrane are in an NDP-bound state and can undergo nucleotide exchange; the range of
PNDP in the cytosol is limited to a penetration depth lλ (dashed lines); here, lλ = 0.35 μm. At the poles, this reaction volume receives input from opposing faces of the
membrane, resulting in an accumulation of cytosolic PNDP (dark red). The magnitude of this accumulation depends on the penetration depth. The polarity
PNDP =upole

d =umid−cell
d of membrane-bound PNDP plotted as a function of lλ shows a maximum at lλ ≈ 0.35 μm and vanishes in the limits of large as well as small

penetration depths. (C) Polarity P of membrane-bound proteins as a function of the attachment rates, ω+
D and ω+

T , with cooperative binding (recruitment) turned off.
While for ω+

D >ω+
T membrane-bound proteins form a bipolar pattern (P > 1), they accumulate at midcell (P < 1) for ω+

D <ω+
T . (D) Density profiles of membrane-bound

proteins in the limit where the attachment rates of the two species are equal, ω+
D =ω+

T = 1 μm/s, and recruitment is switched off. The membrane profile of the total
protein density (green) is flat, whereas membrane-bound PNTP (blue) accumulates at midcell and PNDP (red) forms a bipolar pattern. (E) Polarity P of the membrane-
bound proteins as a function of kdD for ω+

D =ω+
T . Increasing the recruitment rate restores polarity. (F) Density profiles of membrane-bound proteins for the same

parameter configuration as in Ewith kdD = 0.1 μm2/s. The density of PNDP (red) as well as the overall protein density (green) exhibit strongly bipolar patterns, which are
much more pronounced than the corresponding patterns in the absence of cooperative membrane binding. The density of PNTP (blue) is comparatively flat, and there
are much less membrane-bound proteins in this nucleotide state than in the PNDP state. The overall protein pattern is strongly dominated by PNDP.
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two distinct types of pattern: membrane-bound proteins either
accumulate at midcell or form a bipolar pattern with high den-
sities at both cell poles. The polarity of these patterns is quan-
tified by the ratio of the density of membrane-bound proteins
located at the cell poles (upole) to that at midcell (umidcell):
P= upole=umidcell. First, we investigated the impact of preferential
recruitment of either PNTP or PNDP to the membrane, defined as
R= ðkdD − ktTÞ=ðkdD + ktTÞ, on cell polarity. We find that proteins
accumulate at the cell poles (P> 1) if there is a preference for
cooperative binding of PNDP (R> 0). Moreover, the polarity P of
this bipolar pattern becomes more pronounced with increasing
R. This scenario corresponds to the strongly bipolar pattern of
AtMinD observed in mutant E. coli cells lacking EcMinD and
EcMinE (18). In contrast, when cooperative binding favors PNTP
(R< 0), proteins accumulate at midcell (P< 1). Thus, the sign of the
recruitment preference R for a protein in a particular nucleotide
state controls the type, whereas its magnitude determines the am-
plitude of the pattern. Next, we investigated how cell geometry af-
fects the pattern, while keeping R fixed. Upon varying the length of
the long axis, L, while keeping the length of the short axis fixed at
l= 1 μm, we find that the aspect ratio L=l controls the amplitude of
the pattern, but leaves the type of pattern unchanged. With in-
creasing eccentricity of the ellipse, the respective pattern becomes
more sharply defined; for a spherical geometry, the pattern
vanishes. In summary, cell geometry controls the definition of the
pattern, and the preference for membrane recruitment of a cer-
tain nucleotide state determines the location on the cell mem-
brane where the proteins accumulate and how pronounced this
accumulation becomes.

Why Geometry Influences Patterning. Our finding that recruitment
is a major determinant of cell polarity suggests that there is some
underlying intrinsic affinity of the two protein species for either
the cell poles or the midzone. This affinity cannot be encoded
in the attachment or recruitment rates alone, because these are
position independent. Instead, it must emerge from the interplay
between these reactions, cell geometry, and diffusion. To uncover
the underlying mechanism, we first performed a numerical study
where we omitted all cooperative membrane binding processes,
such that the dynamics became linear. Interestingly, we observed
that, although the overall protein density is homogeneous in the
cytosol (see SI Appendix), PNDP and PNTP are nevertheless spatially
segregated, accumulating in the vicinity of the cell poles and close to
midcell, respectively (Fig. 2A). This observation, the origin of which
will be discussed later, explains how patterns of membrane-bound
proteins arise: these inhomogeneities in protein densities in the
cytosol serve as seeds for the polarization of the protein pattern on
the membrane, and their respective impact is regulated by the at-
tachment rates ω+

D and ω+
T. The pattern of the protein species with

the higher membrane affinity determines the type of the pattern
(Fig. 2C). If PNDP has the larger membrane affinity, a bipolar pat-
tern emerges, whereas one observes enrichment of membrane-
bound proteins at midcell if attachment of PNTP dominates. Note
that the detachment rates have the inverse effect (cf. SI Appendix).
Next, to analyze the additional nonlinear effects of membrane

recruitment, we considered a situation, illustrated in Fig. 2D,
where both nucleotide states have the same membrane affinity.
As a result, the steady-state membrane density becomes uniform
(see SI Appendix). Because cooperative membrane binding
effectively increases the affinity of a protein species just like an
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F

Fig. 2. Membrane affinity controls, and recruitment amplifies geometry adaption. The cells used for the numerical studies have a length of L = 5 μm and a
width of l = 1 μm. (A) Even when recruitment is turned off, PNTP and PNDP form inhomogeneous density profiles in the cytosol. PNDP accumulates close to the
poles and is depleted at midcell. In contrast, PNTP exhibits high concentration at midcell and a low concentration at the poles. The attachment and detachment
rates are set to 1 μm/s and 1 s−1, respectively, which gives a penetration depth lλ ≈ 1.6 μm. (B) Illustration of the source degradation mechanism for the spatial
segregation of cytosolic PNDP and PNTP. All proteins that detach from the membrane are in an NDP-bound state and can undergo nucleotide exchange; the range of
PNDP in the cytosol is limited to a penetration depth lλ (dashed lines); here, lλ = 0.35 μm. At the poles, this reaction volume receives input from opposing faces of the
membrane, resulting in an accumulation of cytosolic PNDP (dark red). The magnitude of this accumulation depends on the penetration depth. The polarity
PNDP =upole

d =umid−cell
d of membrane-bound PNDP plotted as a function of lλ shows a maximum at lλ ≈ 0.35 μm and vanishes in the limits of large as well as small

penetration depths. (C) Polarity P of membrane-bound proteins as a function of the attachment rates, ω+
D and ω+

T , with cooperative binding (recruitment) turned off.
While for ω+

D >ω+
T membrane-bound proteins form a bipolar pattern (P > 1), they accumulate at midcell (P < 1) for ω+

D <ω+
T . (D) Density profiles of membrane-bound

proteins in the limit where the attachment rates of the two species are equal, ω+
D =ω+

T = 1 μm/s, and recruitment is switched off. The membrane profile of the total
protein density (green) is flat, whereas membrane-bound PNTP (blue) accumulates at midcell and PNDP (red) forms a bipolar pattern. (E) Polarity P of the membrane-
bound proteins as a function of kdD for ω+

D =ω+
T . Increasing the recruitment rate restores polarity. (F) Density profiles of membrane-bound proteins for the same

parameter configuration as in Ewith kdD = 0.1 μm2/s. The density of PNDP (red) as well as the overall protein density (green) exhibit strongly bipolar patterns, which are
much more pronounced than the corresponding patterns in the absence of cooperative membrane binding. The density of PNTP (blue) is comparatively flat, and there
are much less membrane-bound proteins in this nucleotide state than in the PNDP state. The overall protein pattern is strongly dominated by PNDP.
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Direct (w+T; w+D) and cooperative (ktT, kdD) membrane association.

Degree of cooperatively: 
Polarity: 

2D simulation using known rate constants and diffusivities.

Proteins accumulate at poles (P > 1) if there is a preference for 
cooperative binding of PNDP (R > 0).  
When cooperative binding favors PNTP (R < 0), proteins 
accumulate at midcell (P < 1) 

shows that an inhomogeneous density profile is established on the
membrane in the generic case where the affinities of NTP- and
NDP-bound forms differ. Moreover, these membrane-bound pat-
terns are amplified if the proteins are able to bind cooperatively to
the membrane (e.g., due to dimerization). This mechanism is highly
robust because the stable, uniform equilibrium is simply replaced
by a unique, stable patterned state. In particular, the mechanism
involves no dynamical instability and requires no fine-tuning
of parameters.
Experimental support for the proposed mechanism comes

from E. coli mutants in which both EcMinD and EcMinE were
replaced by chloroplastic AtMinD (MinD homolog from Arabi-
dopsis thaliana) (18). With this single ATPase (19) the system
establishes a bipolar pattern along the long axis, rescuing the
ΔMinDE mutant from cell division pathologies. Mutation studies
of the Walker-A binding module show that AtMinD (unlike
EcMinD) can form dimers on the membrane even in its ADP-
bound form (19–21), suggesting that both forms can cooperatively
bind to the membrane. Our study shows that such cooperativity
leads to a bipolar pattern along the long axis of the cell, as ob-
served. Furthermore, we suggest that, due to its generic nature,
the binding module might also play an essential role in other
bacterial pattern-forming systems.

A Generic Reaction Module for Sensing of Cell Geometry
We consider a reaction module comprised of a single type of
NTPase that cycles between an NDP-bound (PNDP) and a NTP-
bound (PNTP) state (Fig. 1A). Both forms are allowed to freely
diffuse in the cytosol and the membrane with diffusion constants
Dc and Dm, respectively. For the biochemical reaction kinetics,
we assume that (i) cytosolic PNDP undergoes nucleotide exchange
with a rate λ; (ii) both protein species can bind to the membrane
with respective attachment rates ω+

D and ω+
T; (iii) in addition to

direct membrane attachment, each protein species can also bind
cooperatively to the membrane, forming homodimers, with cor-
responding recruitment rates kdD for PNDP and ktT for PNTP; (iv)
hydrolysis of PNTP triggers detachment with rate ω−

t , which is thus
converted into cytosolic PNDP; (v) membrane-bound PNDP is re-
leased to the cytosol with detachment rate ω−

d . For a mathemat-
ical formulation in terms of reaction–diffusion equations, please
refer to SI Appendix, Eqs. 1–6.
This reaction module serves as a model for the bipolar pattern

of AtMinD in E. coli cells (18): AtMinD is an ATPase (19) that
has been reported to dimerize (19, 21). This process thus provides

evidence for cooperative membrane binding. Unlike EcMinD (20),
AtMinD dimerizes even when its Walker-A binding module is
inactivated (19), locking the protein in its ADP-bound state. This
strongly suggests that also the ADP-bound form of AtMinD ex-
hibits cooperative membrane binding, as we have assumed in the
above reaction scheme by introducing a recruitment rate kdD for
PNDP. Overall, there is strong evidence that AtMinD shows the
same interactions with the membrane as EcMinD but with addi-
tional cooperative membrane binding in its ADP-bound state.
If not mentioned otherwise, we use the following model pa-

rameters, which are set to experimental values acquired for E. coli,
if available. The diffusion constants in the cytosol and on the
membrane are set to Dc = 16 μm2/s and Dm = 0.013 μm2/s, re-
spectively (22, 23). The nucleotide exchange rate is set to λ= 6 s−1
(15) to meet the lower bound of 3 s−1 (22). The kinetic parameters
are chosen to be of the order of 1 μm/s for attachment, 1 s−1 for
detachment, and 0.1 μm2/s for recruitment (15); for the specific
values, see SI Appendix, Table 1. In the numerical studies, the cell
shape is modeled as a 2D ellipse. (Remark: For the sake of clarity,
we will still use the terms of cytosolic volume and membrane area
instead of areas and lengths.) This reduced geometry has the same
basic symmetries as the real geometry of an E. coli cell. Importantly,
in contrast to a 1D model, it fully accounts for the different di-
mensionalities of cytosol and membrane. This will turn out to be
essential for the ability of the system to generate protein patterns
that reflect cell geometry. The overall protein density is set to a
physiologically typical value of the order of 1 μM (24). For a cell
which is 5 μm long and has a width of 1 μm, this gives a fixed protein
number of about 2,000 MinD molecules. Specifically, in our nu-
merical studies, we set the protein density in the bulk to be
ρ= 500 μm−2 if all proteins are in the cytosol. To accommodate
changes in cell size, we keep this mean density constant and change
the number of proteins as appropriate.

Results
The Impact of Cell Geometry on Protein Gradients in Elongated Cells.
We performed a numerical analysis of this reaction module,
paying particular attention to the effect of varying the cell ge-
ometry and the degree of cooperativity in membrane binding
(Fig. 1B). Our simulations show that, in elongated cells, the
protein density on the membrane is always inhomogeneous and
reflects the local cell geometry. Indeed, one can show analytically
that the homogeneous steady state ceases to exist as one passes
from circular to elliptical geometry (cf. SI Appendix). We observe
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Fig. 1. Minimal reaction module for geometry-induced cell polarity. (A) Illustration of the reaction module: cytosolic PNDP can exchange its nucleotide,
PNDP →PNTP, with rate λ. PNTP attaches to the membrane with rate ω+

T where it recruits further PNTP with rate ktT . At the membrane, hydrolysis triggers de-
tachment with rate ω−

t such that membrane-bound PNTP is converted to cytosolic PNDP. Cytosolic PNDP attaches to the membrane with rate ω+
D where it recruits

further PNDP with rate kdD or detaches with rate ω−
d. (B) Membrane-bound proteins accumulate either at midcell (Left) or form a bipolar pattern with high

protein densities at the cell poles (Right). The Left and Right plots show the normalized concentration of the membrane density (blue curve) and the cor-
responding geometry of the cell (gray ellipse). The membrane density of the protein is divided by its minimum concentration (Left: 113 μm−1; Right: 100 μm−1)
such that the minimum of the normalized density is 1. The polarity P (color bar in plot is logarithmically spaced) of the pattern strongly depends on cell
geometry and preference R for the recruitment of a certain nucleotide state (Middle); the length of the short axis is fixed at l= 1 μm, and we have used
kdD + ktT = 0.1 μm/s. While for large R (preferential recruitment of PNDP) the proteins form a bipolar pattern on the membrane, the membrane-bound proteins
accumulate at midcell for small R (preferential recruitment of PNTP). If the recruitment processes are balanced (R= 0), the pattern is flat and polarity vanishes.
The cell geometry determines how pronounced a pattern becomes: the more elongated the ellipse, the more sharply defined the pattern, whereas it vanishes
completely when the ellipse becomes a circle.
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two distinct types of pattern: membrane-bound proteins either
accumulate at midcell or form a bipolar pattern with high den-
sities at both cell poles. The polarity of these patterns is quan-
tified by the ratio of the density of membrane-bound proteins
located at the cell poles (upole) to that at midcell (umidcell):
P= upole=umidcell. First, we investigated the impact of preferential
recruitment of either PNTP or PNDP to the membrane, defined as
R= ðkdD − ktTÞ=ðkdD + ktTÞ, on cell polarity. We find that proteins
accumulate at the cell poles (P> 1) if there is a preference for
cooperative binding of PNDP (R> 0). Moreover, the polarity P of
this bipolar pattern becomes more pronounced with increasing
R. This scenario corresponds to the strongly bipolar pattern of
AtMinD observed in mutant E. coli cells lacking EcMinD and
EcMinE (18). In contrast, when cooperative binding favors PNTP
(R< 0), proteins accumulate at midcell (P< 1). Thus, the sign of the
recruitment preference R for a protein in a particular nucleotide
state controls the type, whereas its magnitude determines the am-
plitude of the pattern. Next, we investigated how cell geometry af-
fects the pattern, while keeping R fixed. Upon varying the length of
the long axis, L, while keeping the length of the short axis fixed at
l= 1 μm, we find that the aspect ratio L=l controls the amplitude of
the pattern, but leaves the type of pattern unchanged. With in-
creasing eccentricity of the ellipse, the respective pattern becomes
more sharply defined; for a spherical geometry, the pattern
vanishes. In summary, cell geometry controls the definition of the
pattern, and the preference for membrane recruitment of a cer-
tain nucleotide state determines the location on the cell mem-
brane where the proteins accumulate and how pronounced this
accumulation becomes.

Why Geometry Influences Patterning. Our finding that recruitment
is a major determinant of cell polarity suggests that there is some
underlying intrinsic affinity of the two protein species for either
the cell poles or the midzone. This affinity cannot be encoded
in the attachment or recruitment rates alone, because these are
position independent. Instead, it must emerge from the interplay
between these reactions, cell geometry, and diffusion. To uncover
the underlying mechanism, we first performed a numerical study
where we omitted all cooperative membrane binding processes,
such that the dynamics became linear. Interestingly, we observed
that, although the overall protein density is homogeneous in the
cytosol (see SI Appendix), PNDP and PNTP are nevertheless spatially
segregated, accumulating in the vicinity of the cell poles and close to
midcell, respectively (Fig. 2A). This observation, the origin of which
will be discussed later, explains how patterns of membrane-bound
proteins arise: these inhomogeneities in protein densities in the
cytosol serve as seeds for the polarization of the protein pattern on
the membrane, and their respective impact is regulated by the at-
tachment rates ω+

D and ω+
T. The pattern of the protein species with

the higher membrane affinity determines the type of the pattern
(Fig. 2C). If PNDP has the larger membrane affinity, a bipolar pat-
tern emerges, whereas one observes enrichment of membrane-
bound proteins at midcell if attachment of PNTP dominates. Note
that the detachment rates have the inverse effect (cf. SI Appendix).
Next, to analyze the additional nonlinear effects of membrane

recruitment, we considered a situation, illustrated in Fig. 2D,
where both nucleotide states have the same membrane affinity.
As a result, the steady-state membrane density becomes uniform
(see SI Appendix). Because cooperative membrane binding
effectively increases the affinity of a protein species just like an

A B

D E

C

F

Fig. 2. Membrane affinity controls, and recruitment amplifies geometry adaption. The cells used for the numerical studies have a length of L = 5 μm and a
width of l = 1 μm. (A) Even when recruitment is turned off, PNTP and PNDP form inhomogeneous density profiles in the cytosol. PNDP accumulates close to the
poles and is depleted at midcell. In contrast, PNTP exhibits high concentration at midcell and a low concentration at the poles. The attachment and detachment
rates are set to 1 μm/s and 1 s−1, respectively, which gives a penetration depth lλ ≈ 1.6 μm. (B) Illustration of the source degradation mechanism for the spatial
segregation of cytosolic PNDP and PNTP. All proteins that detach from the membrane are in an NDP-bound state and can undergo nucleotide exchange; the range of
PNDP in the cytosol is limited to a penetration depth lλ (dashed lines); here, lλ = 0.35 μm. At the poles, this reaction volume receives input from opposing faces of the
membrane, resulting in an accumulation of cytosolic PNDP (dark red). The magnitude of this accumulation depends on the penetration depth. The polarity
PNDP =upole

d =umid−cell
d of membrane-bound PNDP plotted as a function of lλ shows a maximum at lλ ≈ 0.35 μm and vanishes in the limits of large as well as small

penetration depths. (C) Polarity P of membrane-bound proteins as a function of the attachment rates, ω+
D and ω+

T , with cooperative binding (recruitment) turned off.
While for ω+

D >ω+
T membrane-bound proteins form a bipolar pattern (P > 1), they accumulate at midcell (P < 1) for ω+

D <ω+
T . (D) Density profiles of membrane-bound

proteins in the limit where the attachment rates of the two species are equal, ω+
D =ω+

T = 1 μm/s, and recruitment is switched off. The membrane profile of the total
protein density (green) is flat, whereas membrane-bound PNTP (blue) accumulates at midcell and PNDP (red) forms a bipolar pattern. (E) Polarity P of the membrane-
bound proteins as a function of kdD for ω+

D =ω+
T . Increasing the recruitment rate restores polarity. (F) Density profiles of membrane-bound proteins for the same

parameter configuration as in Ewith kdD = 0.1 μm2/s. The density of PNDP (red) as well as the overall protein density (green) exhibit strongly bipolar patterns, which are
much more pronounced than the corresponding patterns in the absence of cooperative membrane binding. The density of PNTP (blue) is comparatively flat, and there
are much less membrane-bound proteins in this nucleotide state than in the PNDP state. The overall protein pattern is strongly dominated by PNDP.
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two distinct types of pattern: membrane-bound proteins either
accumulate at midcell or form a bipolar pattern with high den-
sities at both cell poles. The polarity of these patterns is quan-
tified by the ratio of the density of membrane-bound proteins
located at the cell poles (upole) to that at midcell (umidcell):
P= upole=umidcell. First, we investigated the impact of preferential
recruitment of either PNTP or PNDP to the membrane, defined as
R= ðkdD − ktTÞ=ðkdD + ktTÞ, on cell polarity. We find that proteins
accumulate at the cell poles (P> 1) if there is a preference for
cooperative binding of PNDP (R> 0). Moreover, the polarity P of
this bipolar pattern becomes more pronounced with increasing
R. This scenario corresponds to the strongly bipolar pattern of
AtMinD observed in mutant E. coli cells lacking EcMinD and
EcMinE (18). In contrast, when cooperative binding favors PNTP
(R< 0), proteins accumulate at midcell (P< 1). Thus, the sign of the
recruitment preference R for a protein in a particular nucleotide
state controls the type, whereas its magnitude determines the am-
plitude of the pattern. Next, we investigated how cell geometry af-
fects the pattern, while keeping R fixed. Upon varying the length of
the long axis, L, while keeping the length of the short axis fixed at
l= 1 μm, we find that the aspect ratio L=l controls the amplitude of
the pattern, but leaves the type of pattern unchanged. With in-
creasing eccentricity of the ellipse, the respective pattern becomes
more sharply defined; for a spherical geometry, the pattern
vanishes. In summary, cell geometry controls the definition of the
pattern, and the preference for membrane recruitment of a cer-
tain nucleotide state determines the location on the cell mem-
brane where the proteins accumulate and how pronounced this
accumulation becomes.

Why Geometry Influences Patterning. Our finding that recruitment
is a major determinant of cell polarity suggests that there is some
underlying intrinsic affinity of the two protein species for either
the cell poles or the midzone. This affinity cannot be encoded
in the attachment or recruitment rates alone, because these are
position independent. Instead, it must emerge from the interplay
between these reactions, cell geometry, and diffusion. To uncover
the underlying mechanism, we first performed a numerical study
where we omitted all cooperative membrane binding processes,
such that the dynamics became linear. Interestingly, we observed
that, although the overall protein density is homogeneous in the
cytosol (see SI Appendix), PNDP and PNTP are nevertheless spatially
segregated, accumulating in the vicinity of the cell poles and close to
midcell, respectively (Fig. 2A). This observation, the origin of which
will be discussed later, explains how patterns of membrane-bound
proteins arise: these inhomogeneities in protein densities in the
cytosol serve as seeds for the polarization of the protein pattern on
the membrane, and their respective impact is regulated by the at-
tachment rates ω+

D and ω+
T. The pattern of the protein species with

the higher membrane affinity determines the type of the pattern
(Fig. 2C). If PNDP has the larger membrane affinity, a bipolar pat-
tern emerges, whereas one observes enrichment of membrane-
bound proteins at midcell if attachment of PNTP dominates. Note
that the detachment rates have the inverse effect (cf. SI Appendix).
Next, to analyze the additional nonlinear effects of membrane

recruitment, we considered a situation, illustrated in Fig. 2D,
where both nucleotide states have the same membrane affinity.
As a result, the steady-state membrane density becomes uniform
(see SI Appendix). Because cooperative membrane binding
effectively increases the affinity of a protein species just like an

A B

D E

C

F

Fig. 2. Membrane affinity controls, and recruitment amplifies geometry adaption. The cells used for the numerical studies have a length of L = 5 μm and a
width of l = 1 μm. (A) Even when recruitment is turned off, PNTP and PNDP form inhomogeneous density profiles in the cytosol. PNDP accumulates close to the
poles and is depleted at midcell. In contrast, PNTP exhibits high concentration at midcell and a low concentration at the poles. The attachment and detachment
rates are set to 1 μm/s and 1 s−1, respectively, which gives a penetration depth lλ ≈ 1.6 μm. (B) Illustration of the source degradation mechanism for the spatial
segregation of cytosolic PNDP and PNTP. All proteins that detach from the membrane are in an NDP-bound state and can undergo nucleotide exchange; the range of
PNDP in the cytosol is limited to a penetration depth lλ (dashed lines); here, lλ = 0.35 μm. At the poles, this reaction volume receives input from opposing faces of the
membrane, resulting in an accumulation of cytosolic PNDP (dark red). The magnitude of this accumulation depends on the penetration depth. The polarity
PNDP =upole

d =umid−cell
d of membrane-bound PNDP plotted as a function of lλ shows a maximum at lλ ≈ 0.35 μm and vanishes in the limits of large as well as small

penetration depths. (C) Polarity P of membrane-bound proteins as a function of the attachment rates, ω+
D and ω+

T , with cooperative binding (recruitment) turned off.
While for ω+

D >ω+
T membrane-bound proteins form a bipolar pattern (P > 1), they accumulate at midcell (P < 1) for ω+

D <ω+
T . (D) Density profiles of membrane-bound

proteins in the limit where the attachment rates of the two species are equal, ω+
D =ω+

T = 1 μm/s, and recruitment is switched off. The membrane profile of the total
protein density (green) is flat, whereas membrane-bound PNTP (blue) accumulates at midcell and PNDP (red) forms a bipolar pattern. (E) Polarity P of the membrane-
bound proteins as a function of kdD for ω+

D =ω+
T . Increasing the recruitment rate restores polarity. (F) Density profiles of membrane-bound proteins for the same

parameter configuration as in Ewith kdD = 0.1 μm2/s. The density of PNDP (red) as well as the overall protein density (green) exhibit strongly bipolar patterns, which are
much more pronounced than the corresponding patterns in the absence of cooperative membrane binding. The density of PNTP (blue) is comparatively flat, and there
are much less membrane-bound proteins in this nucleotide state than in the PNDP state. The overall protein pattern is strongly dominated by PNDP.
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A model for geometry-induced chemical gradients that are both stable and robust

• Without cooperativity, simulations reveal concentration 
gradients of the PNDP and PNTP in the cytosol. 
These cytosolic gradients form seeds for membrane 
distribution which depends on the respective values of 
membrane binding constants w+T and w+D.  
This weak polarisation is amplified with cooperativity. 

two distinct types of pattern: membrane-bound proteins either
accumulate at midcell or form a bipolar pattern with high den-
sities at both cell poles. The polarity of these patterns is quan-
tified by the ratio of the density of membrane-bound proteins
located at the cell poles (upole) to that at midcell (umidcell):
P= upole=umidcell. First, we investigated the impact of preferential
recruitment of either PNTP or PNDP to the membrane, defined as
R= ðkdD − ktTÞ=ðkdD + ktTÞ, on cell polarity. We find that proteins
accumulate at the cell poles (P> 1) if there is a preference for
cooperative binding of PNDP (R> 0). Moreover, the polarity P of
this bipolar pattern becomes more pronounced with increasing
R. This scenario corresponds to the strongly bipolar pattern of
AtMinD observed in mutant E. coli cells lacking EcMinD and
EcMinE (18). In contrast, when cooperative binding favors PNTP
(R< 0), proteins accumulate at midcell (P< 1). Thus, the sign of the
recruitment preference R for a protein in a particular nucleotide
state controls the type, whereas its magnitude determines the am-
plitude of the pattern. Next, we investigated how cell geometry af-
fects the pattern, while keeping R fixed. Upon varying the length of
the long axis, L, while keeping the length of the short axis fixed at
l= 1 μm, we find that the aspect ratio L=l controls the amplitude of
the pattern, but leaves the type of pattern unchanged. With in-
creasing eccentricity of the ellipse, the respective pattern becomes
more sharply defined; for a spherical geometry, the pattern
vanishes. In summary, cell geometry controls the definition of the
pattern, and the preference for membrane recruitment of a cer-
tain nucleotide state determines the location on the cell mem-
brane where the proteins accumulate and how pronounced this
accumulation becomes.

Why Geometry Influences Patterning. Our finding that recruitment
is a major determinant of cell polarity suggests that there is some
underlying intrinsic affinity of the two protein species for either
the cell poles or the midzone. This affinity cannot be encoded
in the attachment or recruitment rates alone, because these are
position independent. Instead, it must emerge from the interplay
between these reactions, cell geometry, and diffusion. To uncover
the underlying mechanism, we first performed a numerical study
where we omitted all cooperative membrane binding processes,
such that the dynamics became linear. Interestingly, we observed
that, although the overall protein density is homogeneous in the
cytosol (see SI Appendix), PNDP and PNTP are nevertheless spatially
segregated, accumulating in the vicinity of the cell poles and close to
midcell, respectively (Fig. 2A). This observation, the origin of which
will be discussed later, explains how patterns of membrane-bound
proteins arise: these inhomogeneities in protein densities in the
cytosol serve as seeds for the polarization of the protein pattern on
the membrane, and their respective impact is regulated by the at-
tachment rates ω+

D and ω+
T. The pattern of the protein species with

the higher membrane affinity determines the type of the pattern
(Fig. 2C). If PNDP has the larger membrane affinity, a bipolar pat-
tern emerges, whereas one observes enrichment of membrane-
bound proteins at midcell if attachment of PNTP dominates. Note
that the detachment rates have the inverse effect (cf. SI Appendix).
Next, to analyze the additional nonlinear effects of membrane

recruitment, we considered a situation, illustrated in Fig. 2D,
where both nucleotide states have the same membrane affinity.
As a result, the steady-state membrane density becomes uniform
(see SI Appendix). Because cooperative membrane binding
effectively increases the affinity of a protein species just like an

A B

D E

C

F

Fig. 2. Membrane affinity controls, and recruitment amplifies geometry adaption. The cells used for the numerical studies have a length of L = 5 μm and a
width of l = 1 μm. (A) Even when recruitment is turned off, PNTP and PNDP form inhomogeneous density profiles in the cytosol. PNDP accumulates close to the
poles and is depleted at midcell. In contrast, PNTP exhibits high concentration at midcell and a low concentration at the poles. The attachment and detachment
rates are set to 1 μm/s and 1 s−1, respectively, which gives a penetration depth lλ ≈ 1.6 μm. (B) Illustration of the source degradation mechanism for the spatial
segregation of cytosolic PNDP and PNTP. All proteins that detach from the membrane are in an NDP-bound state and can undergo nucleotide exchange; the range of
PNDP in the cytosol is limited to a penetration depth lλ (dashed lines); here, lλ = 0.35 μm. At the poles, this reaction volume receives input from opposing faces of the
membrane, resulting in an accumulation of cytosolic PNDP (dark red). The magnitude of this accumulation depends on the penetration depth. The polarity
PNDP =upole

d =umid−cell
d of membrane-bound PNDP plotted as a function of lλ shows a maximum at lλ ≈ 0.35 μm and vanishes in the limits of large as well as small

penetration depths. (C) Polarity P of membrane-bound proteins as a function of the attachment rates, ω+
D and ω+

T , with cooperative binding (recruitment) turned off.
While for ω+

D >ω+
T membrane-bound proteins form a bipolar pattern (P > 1), they accumulate at midcell (P < 1) for ω+

D <ω+
T . (D) Density profiles of membrane-bound

proteins in the limit where the attachment rates of the two species are equal, ω+
D =ω+

T = 1 μm/s, and recruitment is switched off. The membrane profile of the total
protein density (green) is flat, whereas membrane-bound PNTP (blue) accumulates at midcell and PNDP (red) forms a bipolar pattern. (E) Polarity P of the membrane-
bound proteins as a function of kdD for ω+

D =ω+
T . Increasing the recruitment rate restores polarity. (F) Density profiles of membrane-bound proteins for the same

parameter configuration as in Ewith kdD = 0.1 μm2/s. The density of PNDP (red) as well as the overall protein density (green) exhibit strongly bipolar patterns, which are
much more pronounced than the corresponding patterns in the absence of cooperative membrane binding. The density of PNTP (blue) is comparatively flat, and there
are much less membrane-bound proteins in this nucleotide state than in the PNDP state. The overall protein pattern is strongly dominated by PNDP.
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two distinct types of pattern: membrane-bound proteins either
accumulate at midcell or form a bipolar pattern with high den-
sities at both cell poles. The polarity of these patterns is quan-
tified by the ratio of the density of membrane-bound proteins
located at the cell poles (upole) to that at midcell (umidcell):
P= upole=umidcell. First, we investigated the impact of preferential
recruitment of either PNTP or PNDP to the membrane, defined as
R= ðkdD − ktTÞ=ðkdD + ktTÞ, on cell polarity. We find that proteins
accumulate at the cell poles (P> 1) if there is a preference for
cooperative binding of PNDP (R> 0). Moreover, the polarity P of
this bipolar pattern becomes more pronounced with increasing
R. This scenario corresponds to the strongly bipolar pattern of
AtMinD observed in mutant E. coli cells lacking EcMinD and
EcMinE (18). In contrast, when cooperative binding favors PNTP
(R< 0), proteins accumulate at midcell (P< 1). Thus, the sign of the
recruitment preference R for a protein in a particular nucleotide
state controls the type, whereas its magnitude determines the am-
plitude of the pattern. Next, we investigated how cell geometry af-
fects the pattern, while keeping R fixed. Upon varying the length of
the long axis, L, while keeping the length of the short axis fixed at
l= 1 μm, we find that the aspect ratio L=l controls the amplitude of
the pattern, but leaves the type of pattern unchanged. With in-
creasing eccentricity of the ellipse, the respective pattern becomes
more sharply defined; for a spherical geometry, the pattern
vanishes. In summary, cell geometry controls the definition of the
pattern, and the preference for membrane recruitment of a cer-
tain nucleotide state determines the location on the cell mem-
brane where the proteins accumulate and how pronounced this
accumulation becomes.

Why Geometry Influences Patterning. Our finding that recruitment
is a major determinant of cell polarity suggests that there is some
underlying intrinsic affinity of the two protein species for either
the cell poles or the midzone. This affinity cannot be encoded
in the attachment or recruitment rates alone, because these are
position independent. Instead, it must emerge from the interplay
between these reactions, cell geometry, and diffusion. To uncover
the underlying mechanism, we first performed a numerical study
where we omitted all cooperative membrane binding processes,
such that the dynamics became linear. Interestingly, we observed
that, although the overall protein density is homogeneous in the
cytosol (see SI Appendix), PNDP and PNTP are nevertheless spatially
segregated, accumulating in the vicinity of the cell poles and close to
midcell, respectively (Fig. 2A). This observation, the origin of which
will be discussed later, explains how patterns of membrane-bound
proteins arise: these inhomogeneities in protein densities in the
cytosol serve as seeds for the polarization of the protein pattern on
the membrane, and their respective impact is regulated by the at-
tachment rates ω+

D and ω+
T. The pattern of the protein species with

the higher membrane affinity determines the type of the pattern
(Fig. 2C). If PNDP has the larger membrane affinity, a bipolar pat-
tern emerges, whereas one observes enrichment of membrane-
bound proteins at midcell if attachment of PNTP dominates. Note
that the detachment rates have the inverse effect (cf. SI Appendix).
Next, to analyze the additional nonlinear effects of membrane

recruitment, we considered a situation, illustrated in Fig. 2D,
where both nucleotide states have the same membrane affinity.
As a result, the steady-state membrane density becomes uniform
(see SI Appendix). Because cooperative membrane binding
effectively increases the affinity of a protein species just like an

A B

D E

C

F

Fig. 2. Membrane affinity controls, and recruitment amplifies geometry adaption. The cells used for the numerical studies have a length of L = 5 μm and a
width of l = 1 μm. (A) Even when recruitment is turned off, PNTP and PNDP form inhomogeneous density profiles in the cytosol. PNDP accumulates close to the
poles and is depleted at midcell. In contrast, PNTP exhibits high concentration at midcell and a low concentration at the poles. The attachment and detachment
rates are set to 1 μm/s and 1 s−1, respectively, which gives a penetration depth lλ ≈ 1.6 μm. (B) Illustration of the source degradation mechanism for the spatial
segregation of cytosolic PNDP and PNTP. All proteins that detach from the membrane are in an NDP-bound state and can undergo nucleotide exchange; the range of
PNDP in the cytosol is limited to a penetration depth lλ (dashed lines); here, lλ = 0.35 μm. At the poles, this reaction volume receives input from opposing faces of the
membrane, resulting in an accumulation of cytosolic PNDP (dark red). The magnitude of this accumulation depends on the penetration depth. The polarity
PNDP =upole

d =umid−cell
d of membrane-bound PNDP plotted as a function of lλ shows a maximum at lλ ≈ 0.35 μm and vanishes in the limits of large as well as small

penetration depths. (C) Polarity P of membrane-bound proteins as a function of the attachment rates, ω+
D and ω+

T , with cooperative binding (recruitment) turned off.
While for ω+

D >ω+
T membrane-bound proteins form a bipolar pattern (P > 1), they accumulate at midcell (P < 1) for ω+

D <ω+
T . (D) Density profiles of membrane-bound

proteins in the limit where the attachment rates of the two species are equal, ω+
D =ω+

T = 1 μm/s, and recruitment is switched off. The membrane profile of the total
protein density (green) is flat, whereas membrane-bound PNTP (blue) accumulates at midcell and PNDP (red) forms a bipolar pattern. (E) Polarity P of the membrane-
bound proteins as a function of kdD for ω+

D =ω+
T . Increasing the recruitment rate restores polarity. (F) Density profiles of membrane-bound proteins for the same

parameter configuration as in Ewith kdD = 0.1 μm2/s. The density of PNDP (red) as well as the overall protein density (green) exhibit strongly bipolar patterns, which are
much more pronounced than the corresponding patterns in the absence of cooperative membrane binding. The density of PNTP (blue) is comparatively flat, and there
are much less membrane-bound proteins in this nucleotide state than in the PNDP state. The overall protein pattern is strongly dominated by PNDP.
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• Cytosolic reaction volume (for nucleotide exchange) determines the pattern: 

Role of diffusive coupling of membrane association/dissociation kinetics. 

increase in the respective attachment rate, we expected that mem-
brane patterns could be restored by switching the recruitment pro-
cesses back on. Indeed, we found a strong increase in polarity upon
raising the recruitment rate kdD for fixed ktT = 0 (Fig. 2E). More-
over, for large recruitment rates, not only does the relative level of
the two species on the membrane change, but the pattern of PNDP
becomes highly polar (Fig. 2F). The reason is the positive feedback
facilitated by cooperative membrane binding: in membrane regions
facing a cytosolic region with an enhanced PNDP concentration,
binding leads to a locally increased concentration, which in turn
increases the net attachment rate. Recruitment strongly amplifies
the slight dominance of PNDP already existing at the cell poles in
the absence of cooperative membrane binding, and thereby leads
to the observed strongly bipolar PNDP membrane pattern.
In summary, the above analysis shows that the mechanism un-

derlying the pattern-forming process is intrinsic to the protein dy-
namics: an inhomogeneous protein density in the cytosol together
with unequal membrane affinities of the two forms leads to a
spatially nonuniform accumulation of membrane-bound proteins.
Nonlinear dynamics in the form of cooperative membrane binding
(recruitment) serves to amplify these weakly nonuniform profiles
into pronounced membrane patterns.

Cytosolic Reaction Volume Determines the Pattern. After investigating
the phenomenology of geometry-dependent pattern formation, we
were left with the key question: what is the origin of the observed
spatial segregation of PNTP and PNDP in the cytosol? Because these
patterns form without cooperative membrane binding, the mech-
anism must be based on the combined effect of membrane at-
tachment and detachment, diffusion, and nucleotide exchange.
Moreover, as all chemical processes are spatially uniform, the key
to understanding the impact of cell geometry must lie in the dif-
fusive coupling of these biochemical processes.
Consider the situation where the attachment rates for PNDP

and PNTP are equal, such that the total protein density on the
membrane becomes spatially homogeneous (Fig. 2D). Only PNDP
is released from the membrane. Hence, the latter acts as a source
of cytosolic PNDP. Because, in addition, cytosolic PNDP is trans-
formed into cytosolic PNTP by nucleotide exchange, we have all of
the elements of a source degradation process. The ensuing
density profile for PNDP in the cytosol is exponential with the
decay length set by lλ =

ffiffiffiffiffiffiffiffiffiffi
Dc=λ

p
. Due to membrane curvature

these reaction volumes overlap close to the cell poles (Fig. 2B,
Bottom), which implies an accumulation of PNDP at the cell poles.

The effect becomes stronger with increasing membrane curvature.
Moreover, there is an optimal value for the penetration depth lλ,
roughly equal to a third of the length l of the short cell axis, that
maximizes accumulation of PNDP at the cell poles (Fig. 2B, Top). As
lλ becomes larger than l, the effect weakens, because the reaction
volumes from opposite membrane sites also overlap at midcell. In
the limit where lλ is much smaller than the membrane curvature at
the poles, the overlap vanishes, and with it the accumulation of
PNDP at the poles.
Expressed differently, these heuristic arguments imply that the

local ratio of the reaction volume for nucleotide exchange to the
available membrane surface is the factor that explains the de-
pendence of the protein distribution on cell geometry. To put this
hypothesis to the test, we performed numerical simulations that are
in the spirit of a minimal system approach taken by in vitro ex-
periments (23, 25). In our numerical setup, we considered a cyto-
solic volume adjacent to a flat membrane, as illustrated in Fig. 3.
We were interested in how alterations in the volume of cytosol
available for protein diffusion and/or nucleotide exchange would
affect the density profile on the membrane.
In accordance with our hypothesis, we find that excluding

volume for diffusion in the vicinity of a flat membrane reduces
the available reaction volume locally and leads to accumulation
of proteins at the membrane (Fig. 3 A, C, and D). The larger the
excluded volume, the more proteins accumulated at the mem-
brane. To focus on reaction volume explicitly, we considered a
situation in which nucleotide exchange was disabled in a given
region of the cytosolic area but proteins could still diffuse in and
out of it. Again, we found protein accumulation at the nearby
membrane but with reduced amplitude (Fig. 3B). Hence, these
numerical studies strongly support our heuristic arguments and
lead us to conclude that it is indeed exclusion of the reaction
volume for nucleotide exchange that provides for the adaptation of
the pattern to the geometry of the setup. Likewise, the membrane
patterning in a cell could be effected by the nucleoid if the DNA
material acts as a diffusion barrier, although at present this is de-
bated (26). In the SI Appendix, we study how different sizes of ef-
fective excluded volume change the membrane pattern. Although
bipolarity is still obtained for a broad parameter range, the complex
geometry gives rise to a richer spectrum of possible patterns: for
large sizes of excluded volume, accumulation at the poles occurs for
R< 0 (preferential recruitment for PNTP), whereas for R> 0 the
proteins accumulate at midcell. For intermediate sizes, there are
parameter ranges where patterns with several maxima, not neces-
sarily at the poles or midcell, are observed.

Pattern Formation Does Not Require a Dynamical Instability. The
above analysis shows that the difference in local reaction volume for
cytosolic nucleotide exchange is the key element of the mechanism
underlying geometry sensing. To put this result in perspective with
pattern formation mechanisms based on dynamical instabilities, we
consolidated the key properties of the spatially extended model in a
spatially discretized version amenable to rigorous analytical treat-
ment (Fig. 4A).
Diffusion in the cytosol and on the membrane is treated in terms

of exchange processes between a network of nodes. A minimal set
comprises four nodes on the membrane, two at the poles and two
at midcell, and a distribution of nodes in the cytosol, which ensures
that the ratio of membrane area to bulk volume at the cell poles is
higher than at midcell. Because all observed stationary patterns are
symmetrical with respect to both symmetry axes, we can further
reduce the network to one quadrant of the ellipse (Fig. 4B). We are
now left with a network of one membrane node at a pole and one
at midcell, two nodes serving as the interface between membrane
and cytosol, and three cytosolic nodes whose distribution reflects
the asymmetry in the cytosolic reaction volume between the cell
poles and midcell.
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d
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Fig. 3. Two-dimensional planar geometry with cytosolic volume (blue)
above a membrane at y = 0. The left, right, and top boundaries of the cy-
tosolic regime are reflecting boundaries. Diffusion and nucleotide exchange
rates are set to their standard values, and the total number of proteins is set
to N= 50. Black boxes indicate areas that are not accessible to the proteins
and thereby generate excluded reaction volumes; the boundaries of the
boxes are assumed to be reflecting. Solid curves show the normalized den-
sity of PNDP bound to the membrane: eud =ud=umax

d . Generally, PNDP accu-
mulates at membrane regions in the vicinity of the cytosolic areas with
excluded reaction volumes, with the effect being stronger with larger ex-
cluded reaction volumes and closer to the membrane (A, C, and D). In B, the
white box indicates that, within its volume, all proteins are allowed to dif-
fuse, but they do not undergo nucleotide exchange. This has a similar but
weaker effect to that observed in the other panels: the proteins accumulate
at the membrane near the excluded reaction volume. The parameters used
in these numerical experiments are summarized in SI Appendix, Table 1.
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A model for geometry-induced chemical gradients that are both stable and robust

• A well mixed cytoplasm due to diffusion prevents establishment of a stable geometry-
induced chemical gradient 

• However, the existence of a nucleotide exchange in a protein alters the state of the 
protein and introduces a decay length that interacts with the geometry to produce a 
stable enrichment. 

• Given that nucleotide exchange (or other posttranslational modification of protein) is very 
common, this may have general applicability.  
The model is very generic (not fine tuned, unlike chemical instabilities eg. Turing).  

• The pattern does not have a characteristic length scale and depends rather on cell size. 
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two distinct types of pattern: membrane-bound proteins either
accumulate at midcell or form a bipolar pattern with high den-
sities at both cell poles. The polarity of these patterns is quan-
tified by the ratio of the density of membrane-bound proteins
located at the cell poles (upole) to that at midcell (umidcell):
P= upole=umidcell. First, we investigated the impact of preferential
recruitment of either PNTP or PNDP to the membrane, defined as
R= ðkdD − ktTÞ=ðkdD + ktTÞ, on cell polarity. We find that proteins
accumulate at the cell poles (P> 1) if there is a preference for
cooperative binding of PNDP (R> 0). Moreover, the polarity P of
this bipolar pattern becomes more pronounced with increasing
R. This scenario corresponds to the strongly bipolar pattern of
AtMinD observed in mutant E. coli cells lacking EcMinD and
EcMinE (18). In contrast, when cooperative binding favors PNTP
(R< 0), proteins accumulate at midcell (P< 1). Thus, the sign of the
recruitment preference R for a protein in a particular nucleotide
state controls the type, whereas its magnitude determines the am-
plitude of the pattern. Next, we investigated how cell geometry af-
fects the pattern, while keeping R fixed. Upon varying the length of
the long axis, L, while keeping the length of the short axis fixed at
l= 1 μm, we find that the aspect ratio L=l controls the amplitude of
the pattern, but leaves the type of pattern unchanged. With in-
creasing eccentricity of the ellipse, the respective pattern becomes
more sharply defined; for a spherical geometry, the pattern
vanishes. In summary, cell geometry controls the definition of the
pattern, and the preference for membrane recruitment of a cer-
tain nucleotide state determines the location on the cell mem-
brane where the proteins accumulate and how pronounced this
accumulation becomes.

Why Geometry Influences Patterning. Our finding that recruitment
is a major determinant of cell polarity suggests that there is some
underlying intrinsic affinity of the two protein species for either
the cell poles or the midzone. This affinity cannot be encoded
in the attachment or recruitment rates alone, because these are
position independent. Instead, it must emerge from the interplay
between these reactions, cell geometry, and diffusion. To uncover
the underlying mechanism, we first performed a numerical study
where we omitted all cooperative membrane binding processes,
such that the dynamics became linear. Interestingly, we observed
that, although the overall protein density is homogeneous in the
cytosol (see SI Appendix), PNDP and PNTP are nevertheless spatially
segregated, accumulating in the vicinity of the cell poles and close to
midcell, respectively (Fig. 2A). This observation, the origin of which
will be discussed later, explains how patterns of membrane-bound
proteins arise: these inhomogeneities in protein densities in the
cytosol serve as seeds for the polarization of the protein pattern on
the membrane, and their respective impact is regulated by the at-
tachment rates ω+

D and ω+
T. The pattern of the protein species with

the higher membrane affinity determines the type of the pattern
(Fig. 2C). If PNDP has the larger membrane affinity, a bipolar pat-
tern emerges, whereas one observes enrichment of membrane-
bound proteins at midcell if attachment of PNTP dominates. Note
that the detachment rates have the inverse effect (cf. SI Appendix).
Next, to analyze the additional nonlinear effects of membrane

recruitment, we considered a situation, illustrated in Fig. 2D,
where both nucleotide states have the same membrane affinity.
As a result, the steady-state membrane density becomes uniform
(see SI Appendix). Because cooperative membrane binding
effectively increases the affinity of a protein species just like an

A B

D E

C

F

Fig. 2. Membrane affinity controls, and recruitment amplifies geometry adaption. The cells used for the numerical studies have a length of L = 5 μm and a
width of l = 1 μm. (A) Even when recruitment is turned off, PNTP and PNDP form inhomogeneous density profiles in the cytosol. PNDP accumulates close to the
poles and is depleted at midcell. In contrast, PNTP exhibits high concentration at midcell and a low concentration at the poles. The attachment and detachment
rates are set to 1 μm/s and 1 s−1, respectively, which gives a penetration depth lλ ≈ 1.6 μm. (B) Illustration of the source degradation mechanism for the spatial
segregation of cytosolic PNDP and PNTP. All proteins that detach from the membrane are in an NDP-bound state and can undergo nucleotide exchange; the range of
PNDP in the cytosol is limited to a penetration depth lλ (dashed lines); here, lλ = 0.35 μm. At the poles, this reaction volume receives input from opposing faces of the
membrane, resulting in an accumulation of cytosolic PNDP (dark red). The magnitude of this accumulation depends on the penetration depth. The polarity
PNDP =upole

d =umid−cell
d of membrane-bound PNDP plotted as a function of lλ shows a maximum at lλ ≈ 0.35 μm and vanishes in the limits of large as well as small

penetration depths. (C) Polarity P of membrane-bound proteins as a function of the attachment rates, ω+
D and ω+

T , with cooperative binding (recruitment) turned off.
While for ω+

D >ω+
T membrane-bound proteins form a bipolar pattern (P > 1), they accumulate at midcell (P < 1) for ω+

D <ω+
T . (D) Density profiles of membrane-bound

proteins in the limit where the attachment rates of the two species are equal, ω+
D =ω+

T = 1 μm/s, and recruitment is switched off. The membrane profile of the total
protein density (green) is flat, whereas membrane-bound PNTP (blue) accumulates at midcell and PNDP (red) forms a bipolar pattern. (E) Polarity P of the membrane-
bound proteins as a function of kdD for ω+

D =ω+
T . Increasing the recruitment rate restores polarity. (F) Density profiles of membrane-bound proteins for the same

parameter configuration as in Ewith kdD = 0.1 μm2/s. The density of PNDP (red) as well as the overall protein density (green) exhibit strongly bipolar patterns, which are
much more pronounced than the corresponding patterns in the absence of cooperative membrane binding. The density of PNTP (blue) is comparatively flat, and there
are much less membrane-bound proteins in this nucleotide state than in the PNDP state. The overall protein pattern is strongly dominated by PNDP.
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two distinct types of pattern: membrane-bound proteins either
accumulate at midcell or form a bipolar pattern with high den-
sities at both cell poles. The polarity of these patterns is quan-
tified by the ratio of the density of membrane-bound proteins
located at the cell poles (upole) to that at midcell (umidcell):
P= upole=umidcell. First, we investigated the impact of preferential
recruitment of either PNTP or PNDP to the membrane, defined as
R= ðkdD − ktTÞ=ðkdD + ktTÞ, on cell polarity. We find that proteins
accumulate at the cell poles (P> 1) if there is a preference for
cooperative binding of PNDP (R> 0). Moreover, the polarity P of
this bipolar pattern becomes more pronounced with increasing
R. This scenario corresponds to the strongly bipolar pattern of
AtMinD observed in mutant E. coli cells lacking EcMinD and
EcMinE (18). In contrast, when cooperative binding favors PNTP
(R< 0), proteins accumulate at midcell (P< 1). Thus, the sign of the
recruitment preference R for a protein in a particular nucleotide
state controls the type, whereas its magnitude determines the am-
plitude of the pattern. Next, we investigated how cell geometry af-
fects the pattern, while keeping R fixed. Upon varying the length of
the long axis, L, while keeping the length of the short axis fixed at
l= 1 μm, we find that the aspect ratio L=l controls the amplitude of
the pattern, but leaves the type of pattern unchanged. With in-
creasing eccentricity of the ellipse, the respective pattern becomes
more sharply defined; for a spherical geometry, the pattern
vanishes. In summary, cell geometry controls the definition of the
pattern, and the preference for membrane recruitment of a cer-
tain nucleotide state determines the location on the cell mem-
brane where the proteins accumulate and how pronounced this
accumulation becomes.

Why Geometry Influences Patterning. Our finding that recruitment
is a major determinant of cell polarity suggests that there is some
underlying intrinsic affinity of the two protein species for either
the cell poles or the midzone. This affinity cannot be encoded
in the attachment or recruitment rates alone, because these are
position independent. Instead, it must emerge from the interplay
between these reactions, cell geometry, and diffusion. To uncover
the underlying mechanism, we first performed a numerical study
where we omitted all cooperative membrane binding processes,
such that the dynamics became linear. Interestingly, we observed
that, although the overall protein density is homogeneous in the
cytosol (see SI Appendix), PNDP and PNTP are nevertheless spatially
segregated, accumulating in the vicinity of the cell poles and close to
midcell, respectively (Fig. 2A). This observation, the origin of which
will be discussed later, explains how patterns of membrane-bound
proteins arise: these inhomogeneities in protein densities in the
cytosol serve as seeds for the polarization of the protein pattern on
the membrane, and their respective impact is regulated by the at-
tachment rates ω+

D and ω+
T. The pattern of the protein species with

the higher membrane affinity determines the type of the pattern
(Fig. 2C). If PNDP has the larger membrane affinity, a bipolar pat-
tern emerges, whereas one observes enrichment of membrane-
bound proteins at midcell if attachment of PNTP dominates. Note
that the detachment rates have the inverse effect (cf. SI Appendix).
Next, to analyze the additional nonlinear effects of membrane

recruitment, we considered a situation, illustrated in Fig. 2D,
where both nucleotide states have the same membrane affinity.
As a result, the steady-state membrane density becomes uniform
(see SI Appendix). Because cooperative membrane binding
effectively increases the affinity of a protein species just like an
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D E

C

F

Fig. 2. Membrane affinity controls, and recruitment amplifies geometry adaption. The cells used for the numerical studies have a length of L = 5 μm and a
width of l = 1 μm. (A) Even when recruitment is turned off, PNTP and PNDP form inhomogeneous density profiles in the cytosol. PNDP accumulates close to the
poles and is depleted at midcell. In contrast, PNTP exhibits high concentration at midcell and a low concentration at the poles. The attachment and detachment
rates are set to 1 μm/s and 1 s−1, respectively, which gives a penetration depth lλ ≈ 1.6 μm. (B) Illustration of the source degradation mechanism for the spatial
segregation of cytosolic PNDP and PNTP. All proteins that detach from the membrane are in an NDP-bound state and can undergo nucleotide exchange; the range of
PNDP in the cytosol is limited to a penetration depth lλ (dashed lines); here, lλ = 0.35 μm. At the poles, this reaction volume receives input from opposing faces of the
membrane, resulting in an accumulation of cytosolic PNDP (dark red). The magnitude of this accumulation depends on the penetration depth. The polarity
PNDP =upole

d =umid−cell
d of membrane-bound PNDP plotted as a function of lλ shows a maximum at lλ ≈ 0.35 μm and vanishes in the limits of large as well as small

penetration depths. (C) Polarity P of membrane-bound proteins as a function of the attachment rates, ω+
D and ω+

T , with cooperative binding (recruitment) turned off.
While for ω+

D >ω+
T membrane-bound proteins form a bipolar pattern (P > 1), they accumulate at midcell (P < 1) for ω+

D <ω+
T . (D) Density profiles of membrane-bound

proteins in the limit where the attachment rates of the two species are equal, ω+
D =ω+

T = 1 μm/s, and recruitment is switched off. The membrane profile of the total
protein density (green) is flat, whereas membrane-bound PNTP (blue) accumulates at midcell and PNDP (red) forms a bipolar pattern. (E) Polarity P of the membrane-
bound proteins as a function of kdD for ω+

D =ω+
T . Increasing the recruitment rate restores polarity. (F) Density profiles of membrane-bound proteins for the same

parameter configuration as in Ewith kdD = 0.1 μm2/s. The density of PNDP (red) as well as the overall protein density (green) exhibit strongly bipolar patterns, which are
much more pronounced than the corresponding patterns in the absence of cooperative membrane binding. The density of PNTP (blue) is comparatively flat, and there
are much less membrane-bound proteins in this nucleotide state than in the PNDP state. The overall protein pattern is strongly dominated by PNDP.
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Cell division orientation

Hertwig O (1884). "Das Problem der 
Befruchtung und der Isotropie des Eies. 
Eine Theorie der Vererbung". Jenaische 
Zeitschrift für Naturwissenschaft. 18: 274

Hertwig’s rule or « long axis rule » of cell division orientation
Cells tend to divide along their long axis

Compression of frog embryos

Finally, Bosveld et al. (2016) ad-
dressed the question of co-align-
ment of a cell’s long axis and TCJ
distribution. Using a mathematical
model that accounts for cell shape
in epithelia by cell adhesion and
cortical tension, the authors show
that as cell shape anisotropy in-
creases (i.e., cells becoming more
elongated) the long axis of the cell
aligns with TCJ bipolarity. More-
over, global anisotropic tissue
stresses result in the alignment of
TCJ bipolarity with the orientation
of stress (Figure 1D). This is consis-
tent with the previous observations
that anisotropic tissue stresses
orient cell divisions (Campinho
et al., 2013; Wyatt et al., 2015).
Thus, the alignment of TCJ distribu-
tion follows the long axis of a cell
and reflects the orientation of me-
chanical stress in the tissue.

The findings of Bosveld et al.
(2016) provide us with an exciting
novel understanding of how cell
division orientation is integrated
with cytoskeletal organization, cell
shape, and tissue stress. Local
force balances determine cell
shape and topology in epithelia
(Farhadifar et al., 2007) and, there-
fore, the distribution of TCJs on a
given cell. TCJs could thus consti-
tute a link between the forces
acting on the cell and the orienta-
tion of the mitotic spindle that
would ensure that cell division is
oriented to limit mechanical stress
in the tissue. Indeed, recent work
has shown that oriented cell divi-
sion minimizes anisotropic tissue

stress during cell spreading in zebra-
fish (Campinho et al., 2013) and in
suspended cell monolayers (Wyatt
et al., 2015). Bosveld et al. (2016)
have nicely combined experiment
and theory to provide us with a
mechanistic understanding of the
century-old Hertwig’s rule (Hertwig,
1884). Future work will show us
further how this memory mechanism
is molecularly implemented and em-
ployed to control tissue architecture
and shape during development. It is
not going to take another century.
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Figure 1. The Distribution of TCJs Directs Spindle
Orientation
(A) In a wild-type G2-interphase cell (left), Mud localizes
to TCJs. This localization is maintained during metaphase
(middle) and cytokinesis (right). In metaphase, Mud interacts
with astral microtubules and via the Dynein motor complex
exerts pulling forces (red arrows) on the spindle poles. The
pulling forces align the mitotic spindle such that the division
plane becomes orthogonal to the long axis of the cell during
cytokinesis.
(B) A truncated version of Mud (MudDCC) still localizes to
TCJs; however, pulling forces on the spindle poles are
reduced, and cell division axis is not properly oriented.
(C) TCJ bipolarity of the G2-interphase cells is maintained in
the rounded mitotic cell. Cell shape anisotropy is lost in the
mitotic cell.
(D) Global anisotropic tissue stresses can lead to cell elonga-
tion and, as a consequence, to oriented cell division.
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This difference shows that the interphase cell shape is not the only param-
eter that determines the division axis.

The contribution of cell shape to spindle orientation was further analysed. 
Most cells in culture undergo large morphologic changes during cell round-
ing in mitosis. The influence of cell shape should be revealed by whether 
there is a correlation between cell elongation and spindle orientation over 
time. The HeLa cells we used stably expressed centrin1–GFP10. This allowed 
the monitoring of spindle formation in living cells. We performed z-acquisi-
tions of centrin1–GFP in a multi-position time-lapse acquisition on cells 
plated on micro-patterns (Fig. 2a and see Supplementary Information, 
Movie S2). Cell rounding and spindle formation were reproducibly coor-
dinated on micro-patterns. Centrosomes separated precisely when cells 
started to round up and the spindle reached its final length 5–10 min after 
nuclear envelope breakdown (NEB) (as judged by the disappearance of 
the nuclear exclusion of centrin1–GFP) and 10–15 min before the end 
of cell rounding (Fig. 2b). Interestingly, we observed the expected spin-
dle orientation along the hypotenuse after the NEB, but the distribution 
was rather broad on [L], in spite of the pronounced cell elongation at this 
stage (Fig. 2c). This distribution became sharper 15–30 min later when 
cells had rounded up, and these orientations were maintained up to ana-
phase. The post-NEB reorientation of the spindles in [L] and [rectangles] 
was more pronounced than on [discs] (see Supplementary Information, 
Fig. S2). Although this post-NEB fine tuning of orientation occurred dur-
ing the late stages of cell rounding when the elongated form of the cell was 
clearly reduced, it could still be due to this residual cell shape anisotropy. 

Alternatively, cell cortex heterogeneity could regulate this fine tuning of 
spindle orientation. To test this hypothesis, mitotic spindles were forced 
to form in a completely round cell. Centrosome separation was inhibited 
during cell rounding by treating synchronized G2 cells with 100 nM noco-
dazole over 1 h. This treatment blocked cells in mitosis with unseparated 
centrosomes but did not prevent cell rounding (Fig. 2d). Immediately after 
nocodazole washout, centrosomes separated and formed a bipolar spin-
dle. Even though much broader than for the non-treated cells — perhaps 
due to the necessarily brief and possibly incomplete nocodazole washout 
— the distribution of spindle orientations was not random but still pref-
erentially orientated parallel to the hypotenuse of the triangle (Fig. 2d, e 
and see Supplementary Information, Movie S3). This small preference was 
significant and the absence of cell geometrical bias indicated that spindles 
were sensitive to some cortical signal. Therefore we conclude that spindle 
orientation is not solely driven by cell shape.

How the cortex may influence spindle orientation was then further 
investigated. The cortex has been viewed as a heterogeneous actin net-
work that regulates the stability of astral microtubules locally5. The role of 
these cytoskeleton components is well established in yeast and embryos1,11, 
whereas in individual cultured cells it has not been properly defined because 
spindle orientation has not been predictable. We used the ability of [L] to 
impose a well defined division axis to investigate the heterogeneity of the cell 
cortex and the role of actin and astral microtubules in spindle orientation.

Micro-pattern angles have been shown to induce local membrane ruf-
fling12. The confinement of membrane-associated actin polymerization 
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Figure 1 The interphase cell shape is not the only parameter that determines 
the division axis. (a–d) Large pictures show an interphase cell constrained 
on different micro-patterns (drawn in grey on the right). Small pictures were 
extracted from the time-lapse acquisitions used to measure the orientation of cell 
division (blue line). Circular graphs, superimposed on micro-pattern drawings, 
show the angular distribution of spindle orientations that were automatically 

measured as described in the text and in Supplementary Information, Fig. S1, 
and counted in 10 °-wide sectors for cells plated on [rectangles] (a), [discs] 
(b), [triangles] (c) and [L] (d). The size (outer circle) and position of the graphs 
correspond to the actual size and average position of mitotic cells with respect 
to the corresponding micro-pattern. The distributions of spindle orientation were 
significantly different on [triangles] and on [L]. Scale bars represent 10 µm.
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This difference shows that the interphase cell shape is not the only param-
eter that determines the division axis.

The contribution of cell shape to spindle orientation was further analysed. 
Most cells in culture undergo large morphologic changes during cell round-
ing in mitosis. The influence of cell shape should be revealed by whether 
there is a correlation between cell elongation and spindle orientation over 
time. The HeLa cells we used stably expressed centrin1–GFP10. This allowed 
the monitoring of spindle formation in living cells. We performed z-acquisi-
tions of centrin1–GFP in a multi-position time-lapse acquisition on cells 
plated on micro-patterns (Fig. 2a and see Supplementary Information, 
Movie S2). Cell rounding and spindle formation were reproducibly coor-
dinated on micro-patterns. Centrosomes separated precisely when cells 
started to round up and the spindle reached its final length 5–10 min after 
nuclear envelope breakdown (NEB) (as judged by the disappearance of 
the nuclear exclusion of centrin1–GFP) and 10–15 min before the end 
of cell rounding (Fig. 2b). Interestingly, we observed the expected spin-
dle orientation along the hypotenuse after the NEB, but the distribution 
was rather broad on [L], in spite of the pronounced cell elongation at this 
stage (Fig. 2c). This distribution became sharper 15–30 min later when 
cells had rounded up, and these orientations were maintained up to ana-
phase. The post-NEB reorientation of the spindles in [L] and [rectangles] 
was more pronounced than on [discs] (see Supplementary Information, 
Fig. S2). Although this post-NEB fine tuning of orientation occurred dur-
ing the late stages of cell rounding when the elongated form of the cell was 
clearly reduced, it could still be due to this residual cell shape anisotropy. 

Alternatively, cell cortex heterogeneity could regulate this fine tuning of 
spindle orientation. To test this hypothesis, mitotic spindles were forced 
to form in a completely round cell. Centrosome separation was inhibited 
during cell rounding by treating synchronized G2 cells with 100 nM noco-
dazole over 1 h. This treatment blocked cells in mitosis with unseparated 
centrosomes but did not prevent cell rounding (Fig. 2d). Immediately after 
nocodazole washout, centrosomes separated and formed a bipolar spin-
dle. Even though much broader than for the non-treated cells — perhaps 
due to the necessarily brief and possibly incomplete nocodazole washout 
— the distribution of spindle orientations was not random but still pref-
erentially orientated parallel to the hypotenuse of the triangle (Fig. 2d, e 
and see Supplementary Information, Movie S3). This small preference was 
significant and the absence of cell geometrical bias indicated that spindles 
were sensitive to some cortical signal. Therefore we conclude that spindle 
orientation is not solely driven by cell shape.

How the cortex may influence spindle orientation was then further 
investigated. The cortex has been viewed as a heterogeneous actin net-
work that regulates the stability of astral microtubules locally5. The role of 
these cytoskeleton components is well established in yeast and embryos1,11, 
whereas in individual cultured cells it has not been properly defined because 
spindle orientation has not been predictable. We used the ability of [L] to 
impose a well defined division axis to investigate the heterogeneity of the cell 
cortex and the role of actin and astral microtubules in spindle orientation.

Micro-pattern angles have been shown to induce local membrane ruf-
fling12. The confinement of membrane-associated actin polymerization 
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Figure 1 The interphase cell shape is not the only parameter that determines 
the division axis. (a–d) Large pictures show an interphase cell constrained 
on different micro-patterns (drawn in grey on the right). Small pictures were 
extracted from the time-lapse acquisitions used to measure the orientation of cell 
division (blue line). Circular graphs, superimposed on micro-pattern drawings, 
show the angular distribution of spindle orientations that were automatically 

measured as described in the text and in Supplementary Information, Fig. S1, 
and counted in 10 °-wide sectors for cells plated on [rectangles] (a), [discs] 
(b), [triangles] (c) and [L] (d). The size (outer circle) and position of the graphs 
correspond to the actual size and average position of mitotic cells with respect 
to the corresponding micro-pattern. The distributions of spindle orientation were 
significantly different on [triangles] and on [L]. Scale bars represent 10 µm.
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This difference shows that the interphase cell shape is not the only param-
eter that determines the division axis.

The contribution of cell shape to spindle orientation was further analysed. 
Most cells in culture undergo large morphologic changes during cell round-
ing in mitosis. The influence of cell shape should be revealed by whether 
there is a correlation between cell elongation and spindle orientation over 
time. The HeLa cells we used stably expressed centrin1–GFP10. This allowed 
the monitoring of spindle formation in living cells. We performed z-acquisi-
tions of centrin1–GFP in a multi-position time-lapse acquisition on cells 
plated on micro-patterns (Fig. 2a and see Supplementary Information, 
Movie S2). Cell rounding and spindle formation were reproducibly coor-
dinated on micro-patterns. Centrosomes separated precisely when cells 
started to round up and the spindle reached its final length 5–10 min after 
nuclear envelope breakdown (NEB) (as judged by the disappearance of 
the nuclear exclusion of centrin1–GFP) and 10–15 min before the end 
of cell rounding (Fig. 2b). Interestingly, we observed the expected spin-
dle orientation along the hypotenuse after the NEB, but the distribution 
was rather broad on [L], in spite of the pronounced cell elongation at this 
stage (Fig. 2c). This distribution became sharper 15–30 min later when 
cells had rounded up, and these orientations were maintained up to ana-
phase. The post-NEB reorientation of the spindles in [L] and [rectangles] 
was more pronounced than on [discs] (see Supplementary Information, 
Fig. S2). Although this post-NEB fine tuning of orientation occurred dur-
ing the late stages of cell rounding when the elongated form of the cell was 
clearly reduced, it could still be due to this residual cell shape anisotropy. 

Alternatively, cell cortex heterogeneity could regulate this fine tuning of 
spindle orientation. To test this hypothesis, mitotic spindles were forced 
to form in a completely round cell. Centrosome separation was inhibited 
during cell rounding by treating synchronized G2 cells with 100 nM noco-
dazole over 1 h. This treatment blocked cells in mitosis with unseparated 
centrosomes but did not prevent cell rounding (Fig. 2d). Immediately after 
nocodazole washout, centrosomes separated and formed a bipolar spin-
dle. Even though much broader than for the non-treated cells — perhaps 
due to the necessarily brief and possibly incomplete nocodazole washout 
— the distribution of spindle orientations was not random but still pref-
erentially orientated parallel to the hypotenuse of the triangle (Fig. 2d, e 
and see Supplementary Information, Movie S3). This small preference was 
significant and the absence of cell geometrical bias indicated that spindles 
were sensitive to some cortical signal. Therefore we conclude that spindle 
orientation is not solely driven by cell shape.

How the cortex may influence spindle orientation was then further 
investigated. The cortex has been viewed as a heterogeneous actin net-
work that regulates the stability of astral microtubules locally5. The role of 
these cytoskeleton components is well established in yeast and embryos1,11, 
whereas in individual cultured cells it has not been properly defined because 
spindle orientation has not been predictable. We used the ability of [L] to 
impose a well defined division axis to investigate the heterogeneity of the cell 
cortex and the role of actin and astral microtubules in spindle orientation.

Micro-pattern angles have been shown to induce local membrane ruf-
fling12. The confinement of membrane-associated actin polymerization 
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Figure 1 The interphase cell shape is not the only parameter that determines 
the division axis. (a–d) Large pictures show an interphase cell constrained 
on different micro-patterns (drawn in grey on the right). Small pictures were 
extracted from the time-lapse acquisitions used to measure the orientation of cell 
division (blue line). Circular graphs, superimposed on micro-pattern drawings, 
show the angular distribution of spindle orientations that were automatically 

measured as described in the text and in Supplementary Information, Fig. S1, 
and counted in 10 °-wide sectors for cells plated on [rectangles] (a), [discs] 
(b), [triangles] (c) and [L] (d). The size (outer circle) and position of the graphs 
correspond to the actual size and average position of mitotic cells with respect 
to the corresponding micro-pattern. The distributions of spindle orientation were 
significantly different on [triangles] and on [L]. Scale bars represent 10 µm.
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Shape Factor (SF): ratio of minor to major axis of ellipse fitting cell shape

SF=1 SF=0.3 SF=0.6

Mechanical decoding of cell & environment geometry

• Cells adhere to fibronectin substrates 
with different geometries 

• Cells adopt different shapes 
• Cell division axis correlates well with 

long axis of ellipse fitting cell shapes

M. Théry et al and M. Bornens. Nature Cell Biology 7:947–953 (2005)
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This difference shows that the interphase cell shape is not the only param-
eter that determines the division axis.

The contribution of cell shape to spindle orientation was further analysed. 
Most cells in culture undergo large morphologic changes during cell round-
ing in mitosis. The influence of cell shape should be revealed by whether 
there is a correlation between cell elongation and spindle orientation over 
time. The HeLa cells we used stably expressed centrin1–GFP10. This allowed 
the monitoring of spindle formation in living cells. We performed z-acquisi-
tions of centrin1–GFP in a multi-position time-lapse acquisition on cells 
plated on micro-patterns (Fig. 2a and see Supplementary Information, 
Movie S2). Cell rounding and spindle formation were reproducibly coor-
dinated on micro-patterns. Centrosomes separated precisely when cells 
started to round up and the spindle reached its final length 5–10 min after 
nuclear envelope breakdown (NEB) (as judged by the disappearance of 
the nuclear exclusion of centrin1–GFP) and 10–15 min before the end 
of cell rounding (Fig. 2b). Interestingly, we observed the expected spin-
dle orientation along the hypotenuse after the NEB, but the distribution 
was rather broad on [L], in spite of the pronounced cell elongation at this 
stage (Fig. 2c). This distribution became sharper 15–30 min later when 
cells had rounded up, and these orientations were maintained up to ana-
phase. The post-NEB reorientation of the spindles in [L] and [rectangles] 
was more pronounced than on [discs] (see Supplementary Information, 
Fig. S2). Although this post-NEB fine tuning of orientation occurred dur-
ing the late stages of cell rounding when the elongated form of the cell was 
clearly reduced, it could still be due to this residual cell shape anisotropy. 

Alternatively, cell cortex heterogeneity could regulate this fine tuning of 
spindle orientation. To test this hypothesis, mitotic spindles were forced 
to form in a completely round cell. Centrosome separation was inhibited 
during cell rounding by treating synchronized G2 cells with 100 nM noco-
dazole over 1 h. This treatment blocked cells in mitosis with unseparated 
centrosomes but did not prevent cell rounding (Fig. 2d). Immediately after 
nocodazole washout, centrosomes separated and formed a bipolar spin-
dle. Even though much broader than for the non-treated cells — perhaps 
due to the necessarily brief and possibly incomplete nocodazole washout 
— the distribution of spindle orientations was not random but still pref-
erentially orientated parallel to the hypotenuse of the triangle (Fig. 2d, e 
and see Supplementary Information, Movie S3). This small preference was 
significant and the absence of cell geometrical bias indicated that spindles 
were sensitive to some cortical signal. Therefore we conclude that spindle 
orientation is not solely driven by cell shape.

How the cortex may influence spindle orientation was then further 
investigated. The cortex has been viewed as a heterogeneous actin net-
work that regulates the stability of astral microtubules locally5. The role of 
these cytoskeleton components is well established in yeast and embryos1,11, 
whereas in individual cultured cells it has not been properly defined because 
spindle orientation has not been predictable. We used the ability of [L] to 
impose a well defined division axis to investigate the heterogeneity of the cell 
cortex and the role of actin and astral microtubules in spindle orientation.

Micro-pattern angles have been shown to induce local membrane ruf-
fling12. The confinement of membrane-associated actin polymerization 
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Figure 1 The interphase cell shape is not the only parameter that determines 
the division axis. (a–d) Large pictures show an interphase cell constrained 
on different micro-patterns (drawn in grey on the right). Small pictures were 
extracted from the time-lapse acquisitions used to measure the orientation of cell 
division (blue line). Circular graphs, superimposed on micro-pattern drawings, 
show the angular distribution of spindle orientations that were automatically 

measured as described in the text and in Supplementary Information, Fig. S1, 
and counted in 10 °-wide sectors for cells plated on [rectangles] (a), [discs] 
(b), [triangles] (c) and [L] (d). The size (outer circle) and position of the graphs 
correspond to the actual size and average position of mitotic cells with respect 
to the corresponding micro-pattern. The distributions of spindle orientation were 
significantly different on [triangles] and on [L]. Scale bars represent 10 µm.
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• Yet, cells on L shaped substrate have a similar 
triangular shape than on a triangular substrate, 
yet division axis is far more constrained. 
This suggests that additional factors contribute to 
division orientation. 

• Moreover the orientation of the spindle occurs 
when cells are round. 
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at these particular locations could thereby induce a cortical segregation 
of proteins in interphase, which might be maintained up to mitosis. We 
noted, for example, that these regions contain a subset of actin-binding 
proteins. Cortactin and ezrin were chosen as two markers of this actin 
activity. Cortactin is involved in actin polymerization in membrane ruf-
fles13, and the activated form of ezrin is an early determinant of cell polar-
ity14, which links the plasma membrane with cortical actin15,16. G2 cells 
were plated on [L] and fixed at various stages before and during spindle 
formation. As expected, cortactin and ezrin were preferentially located in 
membrane ruffles (Fig. 3a). Interestingly, cortactin and ezrin were found 
to accumulate in the retraction fibres that formed when cells rounded 
up17 (Fig. 3a). Cortactin was present in the retraction fibres and on the 
mitotic cell cortex. Ezrin was enriched in the more proximal part of the 
retraction fibres with respect to the cell body. The average location of 

ezrin was distributed in a crescent on the cell cortex. Ezrin and cortactin 
were almost absent from the part of the cortex facing the non-adhesive 
area. These results demonstrate that the cortex is heterogeneous. This 
heterogeneity is established in interphase and maintained in mitosis. 
This was also observed in the nocodazole-treated cells (described above), 
where the orientation of spindles, assembled in a round cell, was not 
random (see Supplementary Information, Fig. S3).

Actin was fully depolymerized by treating the cells on [L] with 0.1 µM 
latrunculin. Because the cells did not elongate upon anaphase onset, 
mitotic spindle orientation was measured manually on phase-contrast 
images in which metaphase plates were easily visible (data not shown). 
Mitotic spindles were almost randomly oriented with latrunculin treat-
ment (Fig. 3b). Therefore membrane-associated filamentous actin is 
necessary to guide spindle orientation.
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Figure 2 Cell rounding and spindle orientation. (a) Time-lapse sequence 
of spindle formation on [L]. Centrosomes (white asterisks) were visualized 
using z-acquisition and projection of centrin1–GFP. Note the late 
reorientation of the spindle after the NEB. (b) Temporal correlation between 
spindle assembly and cell rounding. Projected cell area (continuous blue 
line) and inter-centrosome projected distance (dashed red line) are plotted 
versus time for cells plated on [L] (n = 15). Cell area is normalized with 
respect to the initial area. Error bars represent the standard deviation. 
Time 0 corresponds to the beginning of cell rounding. Numbered arrows 
indicate the time at which the distribution of spindle orientation is shown 
in c. (c) Progressive modification of cell shapes and the distributions of 
spindle orientation on [L]. Spindle orientations were measured 5 min after 
NEB (left; arrow 1 in b), at the end of cell rounding (middle; arrow 2) and 

before anaphase (right; arrow 3). (d) Spindle assembly in round cells after 
complete disruption of microtubules. Cells divided on [L] after a 100 nM 
nocodazole mitotic arrest and a brief washout. Pictures at the top are 
extracted from a time-lapse z-acquisition of centrin1–GFP after nocodazole 
(NZ) washout (as in Supplementary Information, Movie S5). Arrowheads 
point to centrosomes. Below, distributions of spindle pole positioning 
(n = 13) are shown just before nocodazole washout (left) and before 
anaphase (right). After washout, spindle poles aligned parallel to the [L] 
hypotenuse in spite of the spherical geometry of the cell body. 
(e) Distribution of spindle orientation after nocodazole washout, measured 
as described in the text and in Supplementary Information, Fig. S1. It 
confirms the preferential orientation of anaphase elongation along the 
hypotenuse over 349 cells. Scale bars represent 10 µm.
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But other factors contribute as well…
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Most astral microtubules were prevented from reaching the cell cortex 
by treating cells with 5 nM of nocodazole. At this low concentration the 
assembly of a bipolar spindle was not disrupted. Cells plated on [L] entered 
anaphase as in control conditions but the nocodazole treatment significantly 
broadened the angular distribution of the division axis (Fig. 3c), indicating 
that astral microtubules interacting with the cell cortex do indeed participate 
in spindle orientation. Altogether these results show that the round mitotic 
cell cortex is not homogeneous and contains cortical cues that modulate 
spindle orientation. These cues are associated with retraction fibres and 
originate from the cortical heterogeneity of the pre-mitotic cell.

We further investigated whether the cortical heterogeneity affected 
spindle orientation. To reduce membrane-associated actin dynamics18 
and hopefully disrupt the heterogeneity of the cell cortex, we inhibited 

Src family tyrosine kinases with 10 µM of PP2 (ref. 19) (Fig. 4) or 5 µM of 
SU6656 (ref. 20) (see Supplementary Information, Fig. S3). The efficacy of 
these treatments was confirmed by observing the disappearance of cortac-
tin and ezrin segregation at the cell apices in interphase. The effect of Src 
tyrosine kinase inhibition on promoting randomization of ezrin and cort-
actin distribution on the cell cortex was quantified during interphase and 
mitosis (compare Fig. 4a with Fig. 3a). A strong inhibition of membrane 
ruffling was also observed during the time-lapse acquisitions performed 
to measure cell division orientations. During mitosis, the retraction fibres 
were still present with Src tyrosine kinase inhibition but lacked most of the 
ezrin that was located at their attachment to the round cell body. Cells were 
blocked for a long time in metaphase. Some of the spindles were seen to 
erratically rotate within the round cells (see Supplementary Information, 
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Figure 3 Distributions of actin-binding proteins and the role of actin and astral 
microtubules for spindle positioning on [L]. (a) Cortactin and activated ezrin 
distributions in G2 cells (top) and mitosis (bottom). On the left, individual 
cells fixed and immunolabelled for cortactin and activated ezrin are shown. 
On the right, the average distribution from several cells is shown. Note the 
accumulation of both proteins at cell apices in interphase and their specific 
accumulations in retraction fibres in mitosis. The average cortical distributions 
in mitosis formed a crescent. (b) Actin disruption affected spindle orientation. 
Cells were labelled with phalloidin–FITC in control conditions (left) and in 
the presence of 0.1 µM latrunculin A (right). Upon treatment, most retraction 

fibres were disrupted and spindles were misorientated. The graph shows 
spindle pole orientation, measured by hand on phase-contrast pictures, as 
the direction perpendicular to the metaphase plate. (c) Disruption of astral 
microtubules perturbed spindle positioning. Pre-mitotic cells were treated 
with 5 nM nocodazole. Pictures show spindles in control (left) and treated 
cells (right). Note the absence of astral microtubules in treated cells. The 
graph shows the distribution of spindle orientation, measured as described in 
the text and in Supplementary Information, Fig. S1. In both cases (b, c) the 
distributions were significantly broader than in control cells (see Methods for 
the description of statistical analysis). Scale bars represent 10 µm.
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assembly of a bipolar spindle was not disrupted. Cells plated on [L] entered 
anaphase as in control conditions but the nocodazole treatment significantly 
broadened the angular distribution of the division axis (Fig. 3c), indicating 
that astral microtubules interacting with the cell cortex do indeed participate 
in spindle orientation. Altogether these results show that the round mitotic 
cell cortex is not homogeneous and contains cortical cues that modulate 
spindle orientation. These cues are associated with retraction fibres and 
originate from the cortical heterogeneity of the pre-mitotic cell.

We further investigated whether the cortical heterogeneity affected 
spindle orientation. To reduce membrane-associated actin dynamics18 
and hopefully disrupt the heterogeneity of the cell cortex, we inhibited 

Src family tyrosine kinases with 10 µM of PP2 (ref. 19) (Fig. 4) or 5 µM of 
SU6656 (ref. 20) (see Supplementary Information, Fig. S3). The efficacy of 
these treatments was confirmed by observing the disappearance of cortac-
tin and ezrin segregation at the cell apices in interphase. The effect of Src 
tyrosine kinase inhibition on promoting randomization of ezrin and cort-
actin distribution on the cell cortex was quantified during interphase and 
mitosis (compare Fig. 4a with Fig. 3a). A strong inhibition of membrane 
ruffling was also observed during the time-lapse acquisitions performed 
to measure cell division orientations. During mitosis, the retraction fibres 
were still present with Src tyrosine kinase inhibition but lacked most of the 
ezrin that was located at their attachment to the round cell body. Cells were 
blocked for a long time in metaphase. Some of the spindles were seen to 
erratically rotate within the round cells (see Supplementary Information, 
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fibres were disrupted and spindles were misorientated. The graph shows 
spindle pole orientation, measured by hand on phase-contrast pictures, as 
the direction perpendicular to the metaphase plate. (c) Disruption of astral 
microtubules perturbed spindle positioning. Pre-mitotic cells were treated 
with 5 nM nocodazole. Pictures show spindles in control (left) and treated 
cells (right). Note the absence of astral microtubules in treated cells. The 
graph shows the distribution of spindle orientation, measured as described in 
the text and in Supplementary Information, Fig. S1. In both cases (b, c) the 
distributions were significantly broader than in control cells (see Methods for 
the description of statistical analysis). Scale bars represent 10 µm.

print ncb1307.indd   950print ncb1307.indd   950 14/9/05   2:41:21 pm14/9/05   2:41:21 pm

Nature  Publishing Group© 2005

950  NATURE CELL BIOLOGY  VOLUME 7 | NUMBER 10 | OCTOBER 2005

L E T T E R S

Most astral microtubules were prevented from reaching the cell cortex 
by treating cells with 5 nM of nocodazole. At this low concentration the 
assembly of a bipolar spindle was not disrupted. Cells plated on [L] entered 
anaphase as in control conditions but the nocodazole treatment significantly 
broadened the angular distribution of the division axis (Fig. 3c), indicating 
that astral microtubules interacting with the cell cortex do indeed participate 
in spindle orientation. Altogether these results show that the round mitotic 
cell cortex is not homogeneous and contains cortical cues that modulate 
spindle orientation. These cues are associated with retraction fibres and 
originate from the cortical heterogeneity of the pre-mitotic cell.

We further investigated whether the cortical heterogeneity affected 
spindle orientation. To reduce membrane-associated actin dynamics18 
and hopefully disrupt the heterogeneity of the cell cortex, we inhibited 

Src family tyrosine kinases with 10 µM of PP2 (ref. 19) (Fig. 4) or 5 µM of 
SU6656 (ref. 20) (see Supplementary Information, Fig. S3). The efficacy of 
these treatments was confirmed by observing the disappearance of cortac-
tin and ezrin segregation at the cell apices in interphase. The effect of Src 
tyrosine kinase inhibition on promoting randomization of ezrin and cort-
actin distribution on the cell cortex was quantified during interphase and 
mitosis (compare Fig. 4a with Fig. 3a). A strong inhibition of membrane 
ruffling was also observed during the time-lapse acquisitions performed 
to measure cell division orientations. During mitosis, the retraction fibres 
were still present with Src tyrosine kinase inhibition but lacked most of the 
ezrin that was located at their attachment to the round cell body. Cells were 
blocked for a long time in metaphase. Some of the spindles were seen to 
erratically rotate within the round cells (see Supplementary Information, 
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fibres were disrupted and spindles were misorientated. The graph shows 
spindle pole orientation, measured by hand on phase-contrast pictures, as 
the direction perpendicular to the metaphase plate. (c) Disruption of astral 
microtubules perturbed spindle positioning. Pre-mitotic cells were treated 
with 5 nM nocodazole. Pictures show spindles in control (left) and treated 
cells (right). Note the absence of astral microtubules in treated cells. The 
graph shows the distribution of spindle orientation, measured as described in 
the text and in Supplementary Information, Fig. S1. In both cases (b, c) the 
distributions were significantly broader than in control cells (see Methods for 
the description of statistical analysis). Scale bars represent 10 µm.
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Mechanical decoding of cell & environment geometry

• Cortical marks associated with adhesion foci are 
distributed symmetrically  along an axis that 
correlates with cell division orientation 

• Depolymerization of actin filaments leads to the 
randomisation of cell division orientation.  

• Hypothesis: the geometry of adhesion/actin foci on the ECM orients cell division

M. Théry et al and M. Bornens. Nature Cell Biology 7:947–953 (2005)
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dominance of the spatial distribution of the ECM over the geometrical shape 
of the interphase cell.

In conclusion, the determination of spindle orientation in cultured cells 
is largely dependent on the spatial distribution of the ECM. Spindle orien-
tation may be influenced by the cell shape anisotropy during cell rounding, 
but its final orientation is defined by the cortical marks that become associ-
ated with the retraction fibres. These cortical marks reflect the segregation 
of cortical proteins in the ruffles in interphase. Therefore our observa-
tions suggest a model in which the actin cytoskeleton associated with the 
membrane ruffles in interphase predetermines spindle orientation (see 
Supplementary Information, Fig. S4). Elsewhere it has been found that 
membrane ruffles contain proteins that stabilize microtubules such as 
APC23 and motors that pull on microtubules such as dyneins24,25. The cor-
responding sectors of the mitotic cell cortex could thus contain these pro-
teins and selectively attract the spindle poles through astral microtubules26. 
Cell–cell contacts also influence cortical heterogeneity and thereby spindle 
orientation27,28 and such micro-patterning techniques should prove useful 
to identify what mechanistic similarities and differences exist between 
cell–cell contacts and cell–ECM adhesion signalling.

The approach we have developed allows quantitative studies of spindle 
orientation in cultured cells. Other cell types divide reproducibly on [L] 
micro-patterns such as RPE1, a human infinity telomerase-immortalized 
cell line that keeps most of the features of primary cells; and L929 cells, a 
murine transformed cell line (see Supplementary Information, Fig. S1). The 
reproducibility of cell behaviour in our device also allows us to accurately 
quantify the spatial distribution of proteins by defining the ‘average cell’ for a 
specific condition. Our methodology therefore should have a wide range of 
applications from the fundamental analysis of internal cell organization to 
the detection of abnormalities in mutated cells and the analysis of the effect 
of biochemical drugs on individual cells in high-throughput screens.

METHODS
Micro-pattern fabrication. Micro-contact printing has been described in full pre-
viously9. We made the poly-dimethyl siloxane stamps (Sylgard kit; Dow Corning, 
Saint Laurent du Pont, France) using a previously described method29. The glass 
coverslip treatment we used was developed by P. Nassoy30. A stamp was inked 
with a 50 µg ml−1 fibronectin solution (Sigma-Aldrich, Saint Quentin Fallavier, 
France), 10% of which was labelled with Cy3 (Amersham Biosciences, Orsay, 
France) or AlexaFluor350 (Molecular Probes, Leiden, Netherlands) for 5 min, 
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Figure 5 The spatial distribution of ECM governs cortical heterogeneity 
and the orientation of the spindle. (a) Membrane ruffles in interphase, as 
decorated by cortactin, are located upon the adhesive cell periphery. Cells 
were plated on [cross] (left column), [L-dot] (middle column) and [twin bars] 
(right column). Bottom row shows the average staining of cortactin. (b) The 
location of ezrin cortical patches at the point of retraction fibre attachment 
on the mitotic cell cortex corresponds to the radial projection of membrane 
ruffles in interphase. Cells were fixed in mitosis, and stained for cortactin 
and ezrin. Projections of z-acquisitions are shown. Note the local enrichment 

of cortactin in the lower part of the retraction fibres and of activated ezrin in 
the upper part, which form patches on the round cell body. The bottom row 
shows the average projected staining of ezrin. White circles show the average 
cell periphery in the middle of the z-acquisitions; retraction fibres contact 
the cortex below this section. (c) Distributions measured as described in the 
text and in Supplementary Information, Fig. S1, show a preferential spindle 
orientation along the two diagonals on [cross] (left), along one diagonal on 
[L-dot] (middle) and along one side of the square envelope on [twin bars] 
(right). Scale bars represent 10 µm.
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dominance of the spatial distribution of the ECM over the geometrical shape 
of the interphase cell.

In conclusion, the determination of spindle orientation in cultured cells 
is largely dependent on the spatial distribution of the ECM. Spindle orien-
tation may be influenced by the cell shape anisotropy during cell rounding, 
but its final orientation is defined by the cortical marks that become associ-
ated with the retraction fibres. These cortical marks reflect the segregation 
of cortical proteins in the ruffles in interphase. Therefore our observa-
tions suggest a model in which the actin cytoskeleton associated with the 
membrane ruffles in interphase predetermines spindle orientation (see 
Supplementary Information, Fig. S4). Elsewhere it has been found that 
membrane ruffles contain proteins that stabilize microtubules such as 
APC23 and motors that pull on microtubules such as dyneins24,25. The cor-
responding sectors of the mitotic cell cortex could thus contain these pro-
teins and selectively attract the spindle poles through astral microtubules26. 
Cell–cell contacts also influence cortical heterogeneity and thereby spindle 
orientation27,28 and such micro-patterning techniques should prove useful 
to identify what mechanistic similarities and differences exist between 
cell–cell contacts and cell–ECM adhesion signalling.

The approach we have developed allows quantitative studies of spindle 
orientation in cultured cells. Other cell types divide reproducibly on [L] 
micro-patterns such as RPE1, a human infinity telomerase-immortalized 
cell line that keeps most of the features of primary cells; and L929 cells, a 
murine transformed cell line (see Supplementary Information, Fig. S1). The 
reproducibility of cell behaviour in our device also allows us to accurately 
quantify the spatial distribution of proteins by defining the ‘average cell’ for a 
specific condition. Our methodology therefore should have a wide range of 
applications from the fundamental analysis of internal cell organization to 
the detection of abnormalities in mutated cells and the analysis of the effect 
of biochemical drugs on individual cells in high-throughput screens.

METHODS
Micro-pattern fabrication. Micro-contact printing has been described in full pre-
viously9. We made the poly-dimethyl siloxane stamps (Sylgard kit; Dow Corning, 
Saint Laurent du Pont, France) using a previously described method29. The glass 
coverslip treatment we used was developed by P. Nassoy30. A stamp was inked 
with a 50 µg ml−1 fibronectin solution (Sigma-Aldrich, Saint Quentin Fallavier, 
France), 10% of which was labelled with Cy3 (Amersham Biosciences, Orsay, 
France) or AlexaFluor350 (Molecular Probes, Leiden, Netherlands) for 5 min, 
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decorated by cortactin, are located upon the adhesive cell periphery. Cells 
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location of ezrin cortical patches at the point of retraction fibre attachment 
on the mitotic cell cortex corresponds to the radial projection of membrane 
ruffles in interphase. Cells were fixed in mitosis, and stained for cortactin 
and ezrin. Projections of z-acquisitions are shown. Note the local enrichment 

of cortactin in the lower part of the retraction fibres and of activated ezrin in 
the upper part, which form patches on the round cell body. The bottom row 
shows the average projected staining of ezrin. White circles show the average 
cell periphery in the middle of the z-acquisitions; retraction fibres contact 
the cortex below this section. (c) Distributions measured as described in the 
text and in Supplementary Information, Fig. S1, show a preferential spindle 
orientation along the two diagonals on [cross] (left), along one diagonal on 
[L-dot] (middle) and along one side of the square envelope on [twin bars] 
(right). Scale bars represent 10 µm.
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• Adhesive substrates that lead to similar cell 
shapes lead to different geometries of cortical 
marks.  

• Cell division orientation is affected by the 
geometry of the ECM. 

• It is directed perpendicular to the axis of 
symmetry of the ECM

M. Théry et al and M. Bornens. Nature Cell Biology 7:947–953 (2005)

The geometry of the adhesive environment orients cell division
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M. Théry et al and M. Bornens. PNAS 103:19771–19776 (2006)

Mechanical decoding of cell & environment geometry

whereas they kept growing along nonadhesive edges. MT growth
along nonadhesive edges may be aided by the presence of stress
fibers along these edges (40). In addition, the respective positions
of the nucleus and the centrosome indicated that the internal cell
polarity of these nonmigrating cells was harmonized with the
polarity axis of the adhesive environment (Fig. 6A).

These results oppose the previous statement by Jiang et al. (34)
that cell shape and not cell adhesion is the critical parameter that
guides the polarity of migrating cells. Noteworthy, in their study,
Jiang et al. modified cell adhesion geometry while still imposing
highly elongated cell shape. The effect of cell shape elongation and
the limited amount of measures in the statistical analyses might have
concealed the effect of cell adhesion geometry. In addition, while
desorbing cell antiadhesive substrate to promote cell migration out
of the patterns they allowed cells to establish new adhesions on the
former nonadhesive areas and therefore could not observe the
effect of the cell adhesive pattern geometry. Our results with
unbiased cell shape do not contradict their conclusions on the role
of cell shape elongation but brings new elements to reconsider their
interpretation on the role of cell adhesion.

The morphogenetic processes of embryo development and tissue
renewal are governed by the regulation of genes expression but also
by physical constraints (41, 42). ECM contributes largely to the
building of multicellular assemblies: on the one hand, it modulates
cell signaling factors (43, 44), and on the other, it forms a structural

basis for the development of cellular forces and adhesion (45). Its
compliance affects cell contractility and consequently modulates
cell differentiation (46, 47), division (48), and migration (49). It also
serves as a scaffold transmitting and resisting intercellular and
intracellular cellular forces during tissue morphogenesis (45). Our
results indicate that in addition to these properties the geometry of
this scaffold is a guiding cue for cell polarization. Because it also
drives the orientation of cell division (27), ECM geometry appears
to play a determinant role in tissue morphogenesis. Noteworthy,
cell–cell and cell–ECM contacts both contribute to the establish-
ment of cell polarity in vivo (2, 9, 13). Despite numerous similarities
in their components and associated signaling pathways, these two
types of contact are not identical (9, 15). What are their respective
functions on cell polarity and how they cooperate are still open
questions. The two types of extracellular anchorages are exclusive
because cells adhere locally to either the neighboring cell or the
ECM. Thus cell–cell geometry differs from cell–ECM geometry.
The methodology we used in this work could be adapted to
investigate the specific effect of cell–cell contact geometry and see
how the two adhesive machineries cooperate to control cell polarity.

From a technological point of view, the normalization of cell
internal organization should be valuable. Arrays of polarizing
adhesive micropatterns, such as the one we describe, are a simple
and cost-effective way to control internal organization of cultured
cells with a limited intercellular variability. Current efforts for
scaling up cell biology analyses are based on the parallelization and
miniaturization of cell-based assays (50). However, the variability
within data sets is generally a major pitfall preventing detection of
genuine modifications of cell phenotypes between distinct condi-
tions in high-throughput screens. Phenotype-based screening is
challenged by the identification of characteristic features to estab-
lish a selective threshold for the detection of abnormal phenotypes
(51). Improvement of image processing allows individual cell anal-
ysis, such as distinction between nuclear and cytoplasmic staining
(52) or the detection of multiple nuclei (53). However, most
functional analyses require more accurate subcellular quantifica-
tions, and cell-to-cell variations in the position or morphology of
organelles generally prevent such fine and automated measure-
ments. Image filtering and data processing tools have been used
downstream of image acquisition to reduce the variability of raw cell
data. Sophisticated statistical analyses have been performed on
large amounts of data to reveal differences between data sets (54).
In all events, these palliative numerical treatments can not resolve
high cell-to-cell variability intrinsic to classical in vitro culture
conditions. The steady-state intracellular organization of cells on
anisotropic micropatterns allows a fine characterization of cell
compartment positioning on fixed cells. We showed that internal
compartments such as nucleus, centrosome, or the Golgi apparatus
were reproducibly positioned with respect to each other (Fig. 6A).
Our study is a step toward the establishment of a more complete
map depicting the spatial organization of cell components. Such a
map could then be used as a standard reference for all studies on
these micropatterns. Specific maps would have to be established for
each cell type of interest to create a database of standard cell
references. The possibility of measuring the spatial distribution of
a molecular marker provides key information that was lost in
classical devices for automated single cell profiling (53, 55). In
conclusion, the upstream reduction of cell variability by the control
of the geometry of individual cell adhesive environment is an
appropriate way to tackle the limitation of cell image processing and
analysis caused by intercellular variability and a promising tool for
quantitative cell biology.

Materials and Methods
Micropatterns fabrication, cell culture, and cell deposition on
micropatterned coverslips were performed as described (28).

Fig. 6. The polarized cell, a standard reference for normalized cell organi-
zation. (A) Cell surface polarity propagates to cell internal polarity. This map
of internal cell organization on the crossbow micropattern is the combination
of several average distributions of cell organelles. Nuclei, centrosomes, or
Golgi stainings were averaged over 75 cells and combined to the average
distribution of cortactin and F-actin (see Fig. 1). This combination highlights
the coherence between cell internal polarity (orientation of the nuclei–
centrosome–Golgi axis) and cell surface polarity (mutual exclusion of actin
cytoskeleton protrusions and contractions). (B) From external anisotropic
boundary conditions up to internal cell polarity. In response to the anisotropic
distribution of fibronectin offered by the micropattern (gray) the distribution
of adhesions (green) becomes uneven and concentrated at the extremities of
nonadhesive edges. The actin network (red) becomes polarized in a polymer-
izing meshwork on adhesive edges and stress fibers on nonadhesive edges.
Actin-MT connectors such as APC (blue) are segregated in membrane ruffling
zones and thereby are anisotropically distributed at the cell periphery. MTs
stop growing when reaching these regions, whereas they keep growing along
nonadhesive edges where stress fibers are developed. The nucleus–
centrosome–Golgi apparatus axis is oriented from the nonadhesive side
toward the adhesive side. The Golgi apparatus is compacted around the
centrosome, which sits at the cell centroid.
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whereas they kept growing along nonadhesive edges. MT growth
along nonadhesive edges may be aided by the presence of stress
fibers along these edges (40). In addition, the respective positions
of the nucleus and the centrosome indicated that the internal cell
polarity of these nonmigrating cells was harmonized with the
polarity axis of the adhesive environment (Fig. 6A).

These results oppose the previous statement by Jiang et al. (34)
that cell shape and not cell adhesion is the critical parameter that
guides the polarity of migrating cells. Noteworthy, in their study,
Jiang et al. modified cell adhesion geometry while still imposing
highly elongated cell shape. The effect of cell shape elongation and
the limited amount of measures in the statistical analyses might have
concealed the effect of cell adhesion geometry. In addition, while
desorbing cell antiadhesive substrate to promote cell migration out
of the patterns they allowed cells to establish new adhesions on the
former nonadhesive areas and therefore could not observe the
effect of the cell adhesive pattern geometry. Our results with
unbiased cell shape do not contradict their conclusions on the role
of cell shape elongation but brings new elements to reconsider their
interpretation on the role of cell adhesion.

The morphogenetic processes of embryo development and tissue
renewal are governed by the regulation of genes expression but also
by physical constraints (41, 42). ECM contributes largely to the
building of multicellular assemblies: on the one hand, it modulates
cell signaling factors (43, 44), and on the other, it forms a structural

basis for the development of cellular forces and adhesion (45). Its
compliance affects cell contractility and consequently modulates
cell differentiation (46, 47), division (48), and migration (49). It also
serves as a scaffold transmitting and resisting intercellular and
intracellular cellular forces during tissue morphogenesis (45). Our
results indicate that in addition to these properties the geometry of
this scaffold is a guiding cue for cell polarization. Because it also
drives the orientation of cell division (27), ECM geometry appears
to play a determinant role in tissue morphogenesis. Noteworthy,
cell–cell and cell–ECM contacts both contribute to the establish-
ment of cell polarity in vivo (2, 9, 13). Despite numerous similarities
in their components and associated signaling pathways, these two
types of contact are not identical (9, 15). What are their respective
functions on cell polarity and how they cooperate are still open
questions. The two types of extracellular anchorages are exclusive
because cells adhere locally to either the neighboring cell or the
ECM. Thus cell–cell geometry differs from cell–ECM geometry.
The methodology we used in this work could be adapted to
investigate the specific effect of cell–cell contact geometry and see
how the two adhesive machineries cooperate to control cell polarity.

From a technological point of view, the normalization of cell
internal organization should be valuable. Arrays of polarizing
adhesive micropatterns, such as the one we describe, are a simple
and cost-effective way to control internal organization of cultured
cells with a limited intercellular variability. Current efforts for
scaling up cell biology analyses are based on the parallelization and
miniaturization of cell-based assays (50). However, the variability
within data sets is generally a major pitfall preventing detection of
genuine modifications of cell phenotypes between distinct condi-
tions in high-throughput screens. Phenotype-based screening is
challenged by the identification of characteristic features to estab-
lish a selective threshold for the detection of abnormal phenotypes
(51). Improvement of image processing allows individual cell anal-
ysis, such as distinction between nuclear and cytoplasmic staining
(52) or the detection of multiple nuclei (53). However, most
functional analyses require more accurate subcellular quantifica-
tions, and cell-to-cell variations in the position or morphology of
organelles generally prevent such fine and automated measure-
ments. Image filtering and data processing tools have been used
downstream of image acquisition to reduce the variability of raw cell
data. Sophisticated statistical analyses have been performed on
large amounts of data to reveal differences between data sets (54).
In all events, these palliative numerical treatments can not resolve
high cell-to-cell variability intrinsic to classical in vitro culture
conditions. The steady-state intracellular organization of cells on
anisotropic micropatterns allows a fine characterization of cell
compartment positioning on fixed cells. We showed that internal
compartments such as nucleus, centrosome, or the Golgi apparatus
were reproducibly positioned with respect to each other (Fig. 6A).
Our study is a step toward the establishment of a more complete
map depicting the spatial organization of cell components. Such a
map could then be used as a standard reference for all studies on
these micropatterns. Specific maps would have to be established for
each cell type of interest to create a database of standard cell
references. The possibility of measuring the spatial distribution of
a molecular marker provides key information that was lost in
classical devices for automated single cell profiling (53, 55). In
conclusion, the upstream reduction of cell variability by the control
of the geometry of individual cell adhesive environment is an
appropriate way to tackle the limitation of cell image processing and
analysis caused by intercellular variability and a promising tool for
quantitative cell biology.

Materials and Methods
Micropatterns fabrication, cell culture, and cell deposition on
micropatterned coverslips were performed as described (28).

Fig. 6. The polarized cell, a standard reference for normalized cell organi-
zation. (A) Cell surface polarity propagates to cell internal polarity. This map
of internal cell organization on the crossbow micropattern is the combination
of several average distributions of cell organelles. Nuclei, centrosomes, or
Golgi stainings were averaged over 75 cells and combined to the average
distribution of cortactin and F-actin (see Fig. 1). This combination highlights
the coherence between cell internal polarity (orientation of the nuclei–
centrosome–Golgi axis) and cell surface polarity (mutual exclusion of actin
cytoskeleton protrusions and contractions). (B) From external anisotropic
boundary conditions up to internal cell polarity. In response to the anisotropic
distribution of fibronectin offered by the micropattern (gray) the distribution
of adhesions (green) becomes uneven and concentrated at the extremities of
nonadhesive edges. The actin network (red) becomes polarized in a polymer-
izing meshwork on adhesive edges and stress fibers on nonadhesive edges.
Actin-MT connectors such as APC (blue) are segregated in membrane ruffling
zones and thereby are anisotropically distributed at the cell periphery. MTs
stop growing when reaching these regions, whereas they keep growing along
nonadhesive edges where stress fibers are developed. The nucleus–
centrosome–Golgi apparatus axis is oriented from the nonadhesive side
toward the adhesive side. The Golgi apparatus is compacted around the
centrosome, which sits at the cell centroid.
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The geometry of the adhesive environment orients internal cell organisation
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Experimental and theoretical study of mitotic spindle
orientation
Manuel Théry1,2*, Andrea Jiménez-Dalmaroni3*, Victor Racine1, Michel Bornens1 & Frank Jülicher3

The architecture and adhesiveness of a cell microenvironment is a
critical factor for the regulation of spindle orientation in vivo1,2.
Using a combination of theory and experiments, we have investi-
gated spindle orientation in HeLa (human) cells. Here we show that
spindle orientation can be understood as the result of the action of
cortical force generators, which interact with spindle microtubules
and are activated by cortical cues. We develop a simple physical
description of this spindle mechanics, which allows us to calculate
angular profiles of the torque acting on the spindle, as well as the
angular distribution of spindle orientations. Our model accounts
for the preferred spindle orientation and the shape of the full angu-
lar distribution of spindle orientations observed in a large variety of
different cellular microenvironment geometries. It also correctly
describes asymmetric spindle orientations, which are observed for
certain distributions of cortical cues. We conclude that, on the basis
of a few simple assumptions, we can provide a quantitative descrip-
tion of the spindle orientation of adherent cells.

The control of mitotic spindle orientation in classical develop-
mental systems is mainly based on the activity of cortical cues2–6.
These cues can either be intrinsic, due to cell polarity, or extrinsic,
such as cues associated with the cell’s contacts to its micro-
environment7–9. Recently, it was shown that HeLa cells that divide
on fibronectin-coated micropatterns orient their spindle relative to
the pattern geometry10. During division, HeLa cells round up but
remain attached to the adhesive pattern by retraction fibres10,11

(Fig. 1). Some actin-associated proteins accumulate in the cell cortex
at the end of these fibres. They constitute cortical cues that are pos-
sibly implicated in spindle orientation6,10. In the present work, we

study both experimentally and theoretically the interplay of these
cortical cues and spindle mechanics that governs spindle orientation.
Cortical force generators pull on astral microtubules radiating from
spindle poles3,4,12,13. This results in a net torque on the spindle that
induces its rotation. We show that a simple physical description of
this spindle mechanics can quantitatively account for the observed
distribution of spindle orientations.

The central idea of our theoretical approach is that cortical force
generators are locally activated by cortical cues that are associated
with the adhesive microenvironment of the cell. In the case of cells
in culture, these cortical cues are correlated with the presence of
retraction fibres6,10. More specifically, we assume that the cortical
force exerted per microtubule acts in a direction tangential to the

*These authors contributed equally to this work.

1Institut Curie, CNRS UMR144, Compartimentation et Dynamique Cellulaire, 26 rue d’Ulm, 75248 Paris, France. 2Commissariat à l’Energie Atomique, DSV, iRTSV, Laboratoire
Biopuces, 17 rue des Martyrs, 38054 Grenoble, France. 3Max Planck Institute for the Physics of Complex Systems, Nöthnitzer Str. 38, 01187 Dresden, Germany.
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Figure 1 | Mitotic spindle orientation and cortical forces. a, Schematic
representation of a spherical cell during mitosis (circle) linked by retraction
fibres (green) to adhesion sites. Our key assumption is that the density of
retraction fibres at the cortex activates cortical force generators (blue), which
exert pulling forces on astral microtubules. As a result, a torque acts on the
mitotic spindle (red), which rotates it as well as the metaphase plate (cyan)
until a stable orientation angle is attained. b, Mitotic cell in metaphase on a
frame-shaped micropattern after fixation with glutaraldehyde. Left: actin
(green), spindle poles (red) and chromosomes (blue). Right: astral
microtubules (red), spindle poles (green) and chromosomes (blue).
c, Schematic representation of spindle geometry and cortical forces. Spindle
poles (red) are separated by a distance 2a in a cell of radius R. Cortical force
generators exert a pulling force f tangential to the orientation of astral
microtubules described by the unit vector m. This force exerts a torque
R 3 f on the spindle. Here, R is the vector pointing to the cortical position at
which the force acts. We used the values R 5 10mm and a 5 6mm, determined
experimentally. d, Geometry of a cell on an arrow-shaped adhesive pattern
(orange) during mitosis. The dark orange outline corresponds to the pattern
edge along which retraction fibres attach. This outline is given by the convex
hull of the pattern. The orientation of the spindle is described by the angle w
between the spindle axis and an horizontal reference line.
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The architecture and adhesiveness of a cell microenvironment is a
critical factor for the regulation of spindle orientation in vivo1,2.
Using a combination of theory and experiments, we have investi-
gated spindle orientation in HeLa (human) cells. Here we show that
spindle orientation can be understood as the result of the action of
cortical force generators, which interact with spindle microtubules
and are activated by cortical cues. We develop a simple physical
description of this spindle mechanics, which allows us to calculate
angular profiles of the torque acting on the spindle, as well as the
angular distribution of spindle orientations. Our model accounts
for the preferred spindle orientation and the shape of the full angu-
lar distribution of spindle orientations observed in a large variety of
different cellular microenvironment geometries. It also correctly
describes asymmetric spindle orientations, which are observed for
certain distributions of cortical cues. We conclude that, on the basis
of a few simple assumptions, we can provide a quantitative descrip-
tion of the spindle orientation of adherent cells.

The control of mitotic spindle orientation in classical develop-
mental systems is mainly based on the activity of cortical cues2–6.
These cues can either be intrinsic, due to cell polarity, or extrinsic,
such as cues associated with the cell’s contacts to its micro-
environment7–9. Recently, it was shown that HeLa cells that divide
on fibronectin-coated micropatterns orient their spindle relative to
the pattern geometry10. During division, HeLa cells round up but
remain attached to the adhesive pattern by retraction fibres10,11

(Fig. 1). Some actin-associated proteins accumulate in the cell cortex
at the end of these fibres. They constitute cortical cues that are pos-
sibly implicated in spindle orientation6,10. In the present work, we

study both experimentally and theoretically the interplay of these
cortical cues and spindle mechanics that governs spindle orientation.
Cortical force generators pull on astral microtubules radiating from
spindle poles3,4,12,13. This results in a net torque on the spindle that
induces its rotation. We show that a simple physical description of
this spindle mechanics can quantitatively account for the observed
distribution of spindle orientations.

The central idea of our theoretical approach is that cortical force
generators are locally activated by cortical cues that are associated
with the adhesive microenvironment of the cell. In the case of cells
in culture, these cortical cues are correlated with the presence of
retraction fibres6,10. More specifically, we assume that the cortical
force exerted per microtubule acts in a direction tangential to the
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Cortical cues 
promote tension
on microtubules

a

c d

Adhesion in interphase
Retraction fibres in mitosis
Orienting cues on the cell cortex

No adhesion
No retraction fibres
No cortical cues

φ

b

α
θ

ψR

y

x

f
m γ

aR
x

Figure 1 | Mitotic spindle orientation and cortical forces. a, Schematic
representation of a spherical cell during mitosis (circle) linked by retraction
fibres (green) to adhesion sites. Our key assumption is that the density of
retraction fibres at the cortex activates cortical force generators (blue), which
exert pulling forces on astral microtubules. As a result, a torque acts on the
mitotic spindle (red), which rotates it as well as the metaphase plate (cyan)
until a stable orientation angle is attained. b, Mitotic cell in metaphase on a
frame-shaped micropattern after fixation with glutaraldehyde. Left: actin
(green), spindle poles (red) and chromosomes (blue). Right: astral
microtubules (red), spindle poles (green) and chromosomes (blue).
c, Schematic representation of spindle geometry and cortical forces. Spindle
poles (red) are separated by a distance 2a in a cell of radius R. Cortical force
generators exert a pulling force f tangential to the orientation of astral
microtubules described by the unit vector m. This force exerts a torque
R 3 f on the spindle. Here, R is the vector pointing to the cortical position at
which the force acts. We used the values R 5 10mm and a 5 6mm, determined
experimentally. d, Geometry of a cell on an arrow-shaped adhesive pattern
(orange) during mitosis. The dark orange outline corresponds to the pattern
edge along which retraction fibres attach. This outline is given by the convex
hull of the pattern. The orientation of the spindle is described by the angle w
between the spindle axis and an horizontal reference line.
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microtubule3,12 and is proportional to the local density of retraction
fibres ending at the cell cortex (Fig. 1a). Using this assumption, we
calculate the torques that govern spindle rotation, provided that the
geometry of the spindle and the spatial distribution of retraction
fibres are known. We use a simplified two-dimensional geometric
representation of the spindle, which neglects microtubule bending
and spindle deformations. Furthermore, we use the following assump-
tions, which are based on our experimental observations: (1) cells
round up during division and attain a spherical shape (Fig. 1b); (2)
retraction fibres emerge radially from the spherical cell body and
extend to the convex hull of the adhesive pattern (Fig. 1b); (3) the
density of retraction fibres along the pattern outline is constant
(Fig. 1b); (4) the cell centre during division is located near the centre
of mass of the pattern (Supplementary Fig. S1); and (5) displacement
of the spindle away from the cell centre can be neglected (Sup-
plementary Fig. S2).

The cortical force exerted per angular element on the spindle in a
direction tangential to the astral microtubules is then given by:

f(y,w)~F(y)rMT(y{w)m(y,w) ð1Þ
Here F(y) denotes the magnitude of the force acting per microtubule
at the cortical angle y. The unit vector that points outwards in the
direction of the astral microtubules at cortical angle y if the spindle
axis is at an angle w relative to a reference axis (Fig. 1c) is denoted
m(y,w). The angular density of microtubules rMT(h) reaching the
cell cortex at angle h 5 y 2 w relative to the spindle axis depends on
the total number NMT of microtubules that emerge from one spindle
pole in the planar projection and on the spindle geometry (see
Supplementary Information).

Our key assumption, that retraction fibres locally activate cortical
force generators, implies that the force F(y) is proportional to rr(y),
where rr(y) denotes the angular density of retraction fibres reaching
the cortex at angle y. The strength of this coupling of retraction fibre

density to motor activation is characterized by the coefficient C,
which has units of force (see Supplementary Information). The den-
sity rr can be estimated using the pattern geometry (see Fig. 1d and
Supplementary Information). The net torque exerted on the spindle
is given by the vector

t(w)~

ðp

{p

dy R|f ð2Þ

where the vector R(y) points from the cell centre to the cortical
position with angle y (Fig. 1c). The torque t depends only on the
spindle orientation w. It is convenient to define the effective energy
landscape

W (w)~{

ðw

{p=2

tz(w0)dw0 ð3Þ

where tz is the component of t normal to the x–y plane. Stable spindle
orientations correspond to minima of the potential W(w). Taking
into account fluctuations as additional random torques with zero
average, the system exhibits a distribution of spindle orientations
that depends on the strength D of fluctuations. In our simple model,
we find that the angular distribution of spindle orientations is of the
form (see Supplementary Information)

P(w)~Nexp {w(w)=dð Þ ð4Þ

where N is a normalization factor, w(w)~ 2p=(CNMTR)½ $W (w)
is a dimensionless energy landscape, R is the cell radius and
d~(2pD)=(CNMTR) is a dimensionless coefficient, which combines
the effects of the noise strength and the strength of the coupling of
retraction fibres to the activity of force generators as well as the
numbers of force generators and microtubules.
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Figure 2 | Spindle orientation on
adhesive micropatterns, showing
theoretical results and
experimental data. a, Mitotic cells
on different fibronectin micro-
patterns (red, first row). Retraction
fibres (green, second row), spindle
poles (red) and the chromosomes
(blue) were labelled. Scale bar,
10mm. b, Top row, schematic
representation of micro-patterns
(orange), the zones of anchorage of
retraction fibres (dark orange
outline), and of the corresponding
distributions of force generators
(blue dots). The theoretical
potential energy landscape w(w)
(blue, middle row) and the angular
probability density of spindle
orientation P(w) (red, bottom row)
were calculated. A single fit
parameter d was used to fit the
experimentally measured
histograms of spindle orientations
(grey, n measures on each pattern;
bottom row).
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microtubule3,12 and is proportional to the local density of retraction
fibres ending at the cell cortex (Fig. 1a). Using this assumption, we
calculate the torques that govern spindle rotation, provided that the
geometry of the spindle and the spatial distribution of retraction
fibres are known. We use a simplified two-dimensional geometric
representation of the spindle, which neglects microtubule bending
and spindle deformations. Furthermore, we use the following assump-
tions, which are based on our experimental observations: (1) cells
round up during division and attain a spherical shape (Fig. 1b); (2)
retraction fibres emerge radially from the spherical cell body and
extend to the convex hull of the adhesive pattern (Fig. 1b); (3) the
density of retraction fibres along the pattern outline is constant
(Fig. 1b); (4) the cell centre during division is located near the centre
of mass of the pattern (Supplementary Fig. S1); and (5) displacement
of the spindle away from the cell centre can be neglected (Sup-
plementary Fig. S2).

The cortical force exerted per angular element on the spindle in a
direction tangential to the astral microtubules is then given by:

f(y,w)~F(y)rMT(y{w)m(y,w) ð1Þ
Here F(y) denotes the magnitude of the force acting per microtubule
at the cortical angle y. The unit vector that points outwards in the
direction of the astral microtubules at cortical angle y if the spindle
axis is at an angle w relative to a reference axis (Fig. 1c) is denoted
m(y,w). The angular density of microtubules rMT(h) reaching the
cell cortex at angle h 5 y 2 w relative to the spindle axis depends on
the total number NMT of microtubules that emerge from one spindle
pole in the planar projection and on the spindle geometry (see
Supplementary Information).

Our key assumption, that retraction fibres locally activate cortical
force generators, implies that the force F(y) is proportional to rr(y),
where rr(y) denotes the angular density of retraction fibres reaching
the cortex at angle y. The strength of this coupling of retraction fibre

density to motor activation is characterized by the coefficient C,
which has units of force (see Supplementary Information). The den-
sity rr can be estimated using the pattern geometry (see Fig. 1d and
Supplementary Information). The net torque exerted on the spindle
is given by the vector

t(w)~

ðp

{p

dy R|f ð2Þ

where the vector R(y) points from the cell centre to the cortical
position with angle y (Fig. 1c). The torque t depends only on the
spindle orientation w. It is convenient to define the effective energy
landscape

W (w)~{

ðw

{p=2

tz(w0)dw0 ð3Þ

where tz is the component of t normal to the x–y plane. Stable spindle
orientations correspond to minima of the potential W(w). Taking
into account fluctuations as additional random torques with zero
average, the system exhibits a distribution of spindle orientations
that depends on the strength D of fluctuations. In our simple model,
we find that the angular distribution of spindle orientations is of the
form (see Supplementary Information)

P(w)~Nexp {w(w)=dð Þ ð4Þ

where N is a normalization factor, w(w)~ 2p=(CNMTR)½ $W (w)
is a dimensionless energy landscape, R is the cell radius and
d~(2pD)=(CNMTR) is a dimensionless coefficient, which combines
the effects of the noise strength and the strength of the coupling of
retraction fibres to the activity of force generators as well as the
numbers of force generators and microtubules.
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Figure 2 | Spindle orientation on
adhesive micropatterns, showing
theoretical results and
experimental data. a, Mitotic cells
on different fibronectin micro-
patterns (red, first row). Retraction
fibres (green, second row), spindle
poles (red) and the chromosomes
(blue) were labelled. Scale bar,
10mm. b, Top row, schematic
representation of micro-patterns
(orange), the zones of anchorage of
retraction fibres (dark orange
outline), and of the corresponding
distributions of force generators
(blue dots). The theoretical
potential energy landscape w(w)
(blue, middle row) and the angular
probability density of spindle
orientation P(w) (red, bottom row)
were calculated. A single fit
parameter d was used to fit the
experimentally measured
histograms of spindle orientations
(grey, n measures on each pattern;
bottom row).
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Mechanical decoding of cell & environment geometry

Mechanical model of environment geometry sensing
• Retraction fibers at mitosis produce orienting cues at cell cortex. 
• Role of cortical forces pulling on astral microtubules. 
• Force balance leads to equilibrium position of spindle that reflects the 

symmetry of adhesive clusters

M. Théry et al and M. Bornens and F. Jülicher. Nature 447: 493-496 (2007)
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Mechanical decoding of cell & environment geometry

• Epithelial cells tend to divide along the long axis in 
interphase. 

• Cells round up during division.  
• How do they keep a memory of cell long axis prior 

to division? 

What cellular feature orients epithelial cell division?

Floris Bosveld et al, and Y. Bellaiche. Nature 530: 495-498 (2016)

• Hypothesis: Cortical pulling forces orient the mitotic 
spindle and thereby cell division in epithelial cells. 

Finally, Bosveld et al. (2016) ad-
dressed the question of co-align-
ment of a cell’s long axis and TCJ
distribution. Using a mathematical
model that accounts for cell shape
in epithelia by cell adhesion and
cortical tension, the authors show
that as cell shape anisotropy in-
creases (i.e., cells becoming more
elongated) the long axis of the cell
aligns with TCJ bipolarity. More-
over, global anisotropic tissue
stresses result in the alignment of
TCJ bipolarity with the orientation
of stress (Figure 1D). This is consis-
tent with the previous observations
that anisotropic tissue stresses
orient cell divisions (Campinho
et al., 2013; Wyatt et al., 2015).
Thus, the alignment of TCJ distribu-
tion follows the long axis of a cell
and reflects the orientation of me-
chanical stress in the tissue.

The findings of Bosveld et al.
(2016) provide us with an exciting
novel understanding of how cell
division orientation is integrated
with cytoskeletal organization, cell
shape, and tissue stress. Local
force balances determine cell
shape and topology in epithelia
(Farhadifar et al., 2007) and, there-
fore, the distribution of TCJs on a
given cell. TCJs could thus consti-
tute a link between the forces
acting on the cell and the orienta-
tion of the mitotic spindle that
would ensure that cell division is
oriented to limit mechanical stress
in the tissue. Indeed, recent work
has shown that oriented cell divi-
sion minimizes anisotropic tissue

stress during cell spreading in zebra-
fish (Campinho et al., 2013) and in
suspended cell monolayers (Wyatt
et al., 2015). Bosveld et al. (2016)
have nicely combined experiment
and theory to provide us with a
mechanistic understanding of the
century-old Hertwig’s rule (Hertwig,
1884). Future work will show us
further how this memory mechanism
is molecularly implemented and em-
ployed to control tissue architecture
and shape during development. It is
not going to take another century.
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Figure 1. The Distribution of TCJs Directs Spindle
Orientation
(A) In a wild-type G2-interphase cell (left), Mud localizes
to TCJs. This localization is maintained during metaphase
(middle) and cytokinesis (right). In metaphase, Mud interacts
with astral microtubules and via the Dynein motor complex
exerts pulling forces (red arrows) on the spindle poles. The
pulling forces align the mitotic spindle such that the division
plane becomes orthogonal to the long axis of the cell during
cytokinesis.
(B) A truncated version of Mud (MudDCC) still localizes to
TCJs; however, pulling forces on the spindle poles are
reduced, and cell division axis is not properly oriented.
(C) TCJ bipolarity of the G2-interphase cells is maintained in
the rounded mitotic cell. Cell shape anisotropy is lost in the
mitotic cell.
(D) Global anisotropic tissue stresses can lead to cell elonga-
tion and, as a consequence, to oriented cell division.
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tissues, but GFP–Mud∆CC cannot restore astral pulling forces in mud 
tissue (Fig. 2i–k). Whereas the GFP–Mud∆CC cortical localization 
predicted spindle orientation in wild-type tissue (Extended Data  
Fig. 8d), planar mitotic spindles were not oriented according to the 
distribution of GFP–Mud∆CC in mud tissue (Fig. 2l). Collectively, 
these findings indicate that TCJs via Mud define the distribution  

of microtubule pulling forces, specifying the spindle orientation in 
epithelial tissues.

Our finding that in metaphase the Mud distribution at TCJs is a 
better predictor of spindle orientation than is cell shape argues 
against a model where incomplete cell rounding ensures interphase 
cell shape ‘memorization’. We therefore hypothesized that the 

Figure 1 | Mud localizes at TCJs. a, GFP–Mud  
from interphase to telophase (t = 0 min, 
anaphase). GFP–Mud at TCJs (arrows), spindle  
poles (arrowheads). n = 21 cells. b, GFP–Mud 
and Gli co-localization in interphase (top, n = 54 
cells) and metaphase (bottom, n = 8 cells).  
c, GFP–Mud localization in mud (n = 15), pins 
(n = 22), Gαi (n = 5) cells and GFP–Mud∆Pins 
in mud cells (n = 18). d, e, GFP–Mud distribution 
(d, images representative of quantifications 
shown in e) and TCJ intensities (e) in wild-type 
(WT), Gli, dlg and pins cells (mean ± s.e.m.). 
Fas3, cell contours. Student’s t-test; NS, not 
significant; ***P < 0.0005. Scale bars,  
1 µm (a–d).

Figure 2 | TCJs regulate Mud-dependent 
microtubule pulling forces to orient divisions. a, 
Ablation of astral microtubules (red line), n = 21 
cells quantified in b. b, Mean centrosome velocity 
relative to microtubule ablation site (left), mean 
velocity amplitude after ablation (mean ± s.e.m., 
right) in wild-type, mud, dlg and Gli cells at 25 °C 
and in wild-type and glDN cells at 29 °C. Student’s  
t-test; *P < 0.05. Orientations in mud, dlg and glDN 
differ from wild type (Watson’s U2 test; P < 0.01).  
c, d, Cell shape (c) and Mud intensity (d) models: 
pulling forces scale with microtubule length (blue 
arrows) or Mud cortical intensity (red arrows) to 
exert a torque (T, arrows). e–g, Experimental 
spindle orientation (green cross) and predictions 
based on cell shape (blue circles, f) or GFP–Mud 
intensity (red circles, g) potentials at t = −1 min for 
cell in e (n = 121 cells). AU, arbitrary units;  
WT, wild type. h, Difference between theoretically 
predicted (θtheory) (blue, shape; red, GFP–Mud 
intensity) and experimental (θdivision) spindle 
orientation. Data are duplicated in a lighter  
colour relative to 0° line in this and subsequent 
plots. Kolmogorov–Smirnov test (P value).  
i, Localizations of GFP–Mud in wild-type (n = 54) 
and mud (n = 15) cells as well as GFP–Mud∆CC in 
wild-type (n = 18) and mud (n = 67) cells. j, 
Quantifications (mean ± s.e.m.) of GFP–Mud or 
GFP–Mud∆CC co-localization with Gli in  
wild-type and mud cells. Student’s t-test; NS, not 
significant. k, Mean centrosome velocity relative to 
microtubule ablation (left), mean velocity 
amplitude after ablation (mean ± s.e.m., right) in 
wild-type and in mud tissues expressing GFP–Mud 
or GFP–Mud∆CC. Student’s t-test; **P < 0.005. 
Orientation in mud, GFP–Mud∆CC differs from 
wild type (Watson’s U2 test, P < 0.001). l, Difference 
between θtheory (from cortical GFP intensity) and 
θdivision in mud cells expressing GFP–Mud∆CC or 
GFP–Mud. GFP–Mud in mud and wild-type  
(h, red) tissue are similar (P = 0.12). Kolmogorov–
Smirnov test (P values). Scale bars, 1 µm (a, e, i).
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tissues, but GFP–Mud∆CC cannot restore astral pulling forces in mud 
tissue (Fig. 2i–k). Whereas the GFP–Mud∆CC cortical localization 
predicted spindle orientation in wild-type tissue (Extended Data  
Fig. 8d), planar mitotic spindles were not oriented according to the 
distribution of GFP–Mud∆CC in mud tissue (Fig. 2l). Collectively, 
these findings indicate that TCJs via Mud define the distribution  

of microtubule pulling forces, specifying the spindle orientation in 
epithelial tissues.

Our finding that in metaphase the Mud distribution at TCJs is a 
better predictor of spindle orientation than is cell shape argues 
against a model where incomplete cell rounding ensures interphase 
cell shape ‘memorization’. We therefore hypothesized that the 

Figure 1 | Mud localizes at TCJs. a, GFP–Mud  
from interphase to telophase (t = 0 min, 
anaphase). GFP–Mud at TCJs (arrows), spindle  
poles (arrowheads). n = 21 cells. b, GFP–Mud 
and Gli co-localization in interphase (top, n = 54 
cells) and metaphase (bottom, n = 8 cells).  
c, GFP–Mud localization in mud (n = 15), pins 
(n = 22), Gαi (n = 5) cells and GFP–Mud∆Pins 
in mud cells (n = 18). d, e, GFP–Mud distribution 
(d, images representative of quantifications 
shown in e) and TCJ intensities (e) in wild-type 
(WT), Gli, dlg and pins cells (mean ± s.e.m.). 
Fas3, cell contours. Student’s t-test; NS, not 
significant; ***P < 0.0005. Scale bars,  
1 µm (a–d).

Figure 2 | TCJs regulate Mud-dependent 
microtubule pulling forces to orient divisions. a, 
Ablation of astral microtubules (red line), n = 21 
cells quantified in b. b, Mean centrosome velocity 
relative to microtubule ablation site (left), mean 
velocity amplitude after ablation (mean ± s.e.m., 
right) in wild-type, mud, dlg and Gli cells at 25 °C 
and in wild-type and glDN cells at 29 °C. Student’s  
t-test; *P < 0.05. Orientations in mud, dlg and glDN 
differ from wild type (Watson’s U2 test; P < 0.01).  
c, d, Cell shape (c) and Mud intensity (d) models: 
pulling forces scale with microtubule length (blue 
arrows) or Mud cortical intensity (red arrows) to 
exert a torque (T, arrows). e–g, Experimental 
spindle orientation (green cross) and predictions 
based on cell shape (blue circles, f) or GFP–Mud 
intensity (red circles, g) potentials at t = −1 min for 
cell in e (n = 121 cells). AU, arbitrary units;  
WT, wild type. h, Difference between theoretically 
predicted (θtheory) (blue, shape; red, GFP–Mud 
intensity) and experimental (θdivision) spindle 
orientation. Data are duplicated in a lighter  
colour relative to 0° line in this and subsequent 
plots. Kolmogorov–Smirnov test (P value).  
i, Localizations of GFP–Mud in wild-type (n = 54) 
and mud (n = 15) cells as well as GFP–Mud∆CC in 
wild-type (n = 18) and mud (n = 67) cells. j, 
Quantifications (mean ± s.e.m.) of GFP–Mud or 
GFP–Mud∆CC co-localization with Gli in  
wild-type and mud cells. Student’s t-test; NS, not 
significant. k, Mean centrosome velocity relative to 
microtubule ablation (left), mean velocity 
amplitude after ablation (mean ± s.e.m., right) in 
wild-type and in mud tissues expressing GFP–Mud 
or GFP–Mud∆CC. Student’s t-test; **P < 0.005. 
Orientation in mud, GFP–Mud∆CC differs from 
wild type (Watson’s U2 test, P < 0.001). l, Difference 
between θtheory (from cortical GFP intensity) and 
θdivision in mud cells expressing GFP–Mud∆CC or 
GFP–Mud. GFP–Mud in mud and wild-type  
(h, red) tissue are similar (P = 0.12). Kolmogorov–
Smirnov test (P values). Scale bars, 1 µm (a, e, i).
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tissues, but GFP–Mud∆CC cannot restore astral pulling forces in mud 
tissue (Fig. 2i–k). Whereas the GFP–Mud∆CC cortical localization 
predicted spindle orientation in wild-type tissue (Extended Data  
Fig. 8d), planar mitotic spindles were not oriented according to the 
distribution of GFP–Mud∆CC in mud tissue (Fig. 2l). Collectively, 
these findings indicate that TCJs via Mud define the distribution  

of microtubule pulling forces, specifying the spindle orientation in 
epithelial tissues.

Our finding that in metaphase the Mud distribution at TCJs is a 
better predictor of spindle orientation than is cell shape argues 
against a model where incomplete cell rounding ensures interphase 
cell shape ‘memorization’. We therefore hypothesized that the 

Figure 1 | Mud localizes at TCJs. a, GFP–Mud  
from interphase to telophase (t = 0 min, 
anaphase). GFP–Mud at TCJs (arrows), spindle  
poles (arrowheads). n = 21 cells. b, GFP–Mud 
and Gli co-localization in interphase (top, n = 54 
cells) and metaphase (bottom, n = 8 cells).  
c, GFP–Mud localization in mud (n = 15), pins 
(n = 22), Gαi (n = 5) cells and GFP–Mud∆Pins 
in mud cells (n = 18). d, e, GFP–Mud distribution 
(d, images representative of quantifications 
shown in e) and TCJ intensities (e) in wild-type 
(WT), Gli, dlg and pins cells (mean ± s.e.m.). 
Fas3, cell contours. Student’s t-test; NS, not 
significant; ***P < 0.0005. Scale bars,  
1 µm (a–d).

Figure 2 | TCJs regulate Mud-dependent 
microtubule pulling forces to orient divisions. a, 
Ablation of astral microtubules (red line), n = 21 
cells quantified in b. b, Mean centrosome velocity 
relative to microtubule ablation site (left), mean 
velocity amplitude after ablation (mean ± s.e.m., 
right) in wild-type, mud, dlg and Gli cells at 25 °C 
and in wild-type and glDN cells at 29 °C. Student’s  
t-test; *P < 0.05. Orientations in mud, dlg and glDN 
differ from wild type (Watson’s U2 test; P < 0.01).  
c, d, Cell shape (c) and Mud intensity (d) models: 
pulling forces scale with microtubule length (blue 
arrows) or Mud cortical intensity (red arrows) to 
exert a torque (T, arrows). e–g, Experimental 
spindle orientation (green cross) and predictions 
based on cell shape (blue circles, f) or GFP–Mud 
intensity (red circles, g) potentials at t = −1 min for 
cell in e (n = 121 cells). AU, arbitrary units;  
WT, wild type. h, Difference between theoretically 
predicted (θtheory) (blue, shape; red, GFP–Mud 
intensity) and experimental (θdivision) spindle 
orientation. Data are duplicated in a lighter  
colour relative to 0° line in this and subsequent 
plots. Kolmogorov–Smirnov test (P value).  
i, Localizations of GFP–Mud in wild-type (n = 54) 
and mud (n = 15) cells as well as GFP–Mud∆CC in 
wild-type (n = 18) and mud (n = 67) cells. j, 
Quantifications (mean ± s.e.m.) of GFP–Mud or 
GFP–Mud∆CC co-localization with Gli in  
wild-type and mud cells. Student’s t-test; NS, not 
significant. k, Mean centrosome velocity relative to 
microtubule ablation (left), mean velocity 
amplitude after ablation (mean ± s.e.m., right) in 
wild-type and in mud tissues expressing GFP–Mud 
or GFP–Mud∆CC. Student’s t-test; **P < 0.005. 
Orientation in mud, GFP–Mud∆CC differs from 
wild type (Watson’s U2 test, P < 0.001). l, Difference 
between θtheory (from cortical GFP intensity) and 
θdivision in mud cells expressing GFP–Mud∆CC or 
GFP–Mud. GFP–Mud in mud and wild-type  
(h, red) tissue are similar (P = 0.12). Kolmogorov–
Smirnov test (P values). Scale bars, 1 µm (a, e, i).
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• The protein Mud, which is known to bind the -end 
directed motor Dynein, is located at tri-cellular 
junctions. Through this association, Mud mediates 
pulling forces on microtubules who direct their 
+ends to the cell cortex. 
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Mechanical decoding of cell & environment geometry

• Models/hypothesis: 
• Shape model: the pulling forces exerted by astral 

microtubules scale with microtubule length and, as a 
consequence, the model predicts the preferred spindle 
orientation along the long axis of the cell. 

• Mud intensity model: astral microtubules pull with a 
force proportional to the cortical GFP–Mud intensity and 
independent of microtubule length.
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tissues, but GFP–Mud∆CC cannot restore astral pulling forces in mud 
tissue (Fig. 2i–k). Whereas the GFP–Mud∆CC cortical localization 
predicted spindle orientation in wild-type tissue (Extended Data  
Fig. 8d), planar mitotic spindles were not oriented according to the 
distribution of GFP–Mud∆CC in mud tissue (Fig. 2l). Collectively, 
these findings indicate that TCJs via Mud define the distribution  

of microtubule pulling forces, specifying the spindle orientation in 
epithelial tissues.

Our finding that in metaphase the Mud distribution at TCJs is a 
better predictor of spindle orientation than is cell shape argues 
against a model where incomplete cell rounding ensures interphase 
cell shape ‘memorization’. We therefore hypothesized that the 

Figure 1 | Mud localizes at TCJs. a, GFP–Mud  
from interphase to telophase (t = 0 min, 
anaphase). GFP–Mud at TCJs (arrows), spindle  
poles (arrowheads). n = 21 cells. b, GFP–Mud 
and Gli co-localization in interphase (top, n = 54 
cells) and metaphase (bottom, n = 8 cells).  
c, GFP–Mud localization in mud (n = 15), pins 
(n = 22), Gαi (n = 5) cells and GFP–Mud∆Pins 
in mud cells (n = 18). d, e, GFP–Mud distribution 
(d, images representative of quantifications 
shown in e) and TCJ intensities (e) in wild-type 
(WT), Gli, dlg and pins cells (mean ± s.e.m.). 
Fas3, cell contours. Student’s t-test; NS, not 
significant; ***P < 0.0005. Scale bars,  
1 µm (a–d).

Figure 2 | TCJs regulate Mud-dependent 
microtubule pulling forces to orient divisions. a, 
Ablation of astral microtubules (red line), n = 21 
cells quantified in b. b, Mean centrosome velocity 
relative to microtubule ablation site (left), mean 
velocity amplitude after ablation (mean ± s.e.m., 
right) in wild-type, mud, dlg and Gli cells at 25 °C 
and in wild-type and glDN cells at 29 °C. Student’s  
t-test; *P < 0.05. Orientations in mud, dlg and glDN 
differ from wild type (Watson’s U2 test; P < 0.01).  
c, d, Cell shape (c) and Mud intensity (d) models: 
pulling forces scale with microtubule length (blue 
arrows) or Mud cortical intensity (red arrows) to 
exert a torque (T, arrows). e–g, Experimental 
spindle orientation (green cross) and predictions 
based on cell shape (blue circles, f) or GFP–Mud 
intensity (red circles, g) potentials at t = −1 min for 
cell in e (n = 121 cells). AU, arbitrary units;  
WT, wild type. h, Difference between theoretically 
predicted (θtheory) (blue, shape; red, GFP–Mud 
intensity) and experimental (θdivision) spindle 
orientation. Data are duplicated in a lighter  
colour relative to 0° line in this and subsequent 
plots. Kolmogorov–Smirnov test (P value).  
i, Localizations of GFP–Mud in wild-type (n = 54) 
and mud (n = 15) cells as well as GFP–Mud∆CC in 
wild-type (n = 18) and mud (n = 67) cells. j, 
Quantifications (mean ± s.e.m.) of GFP–Mud or 
GFP–Mud∆CC co-localization with Gli in  
wild-type and mud cells. Student’s t-test; NS, not 
significant. k, Mean centrosome velocity relative to 
microtubule ablation (left), mean velocity 
amplitude after ablation (mean ± s.e.m., right) in 
wild-type and in mud tissues expressing GFP–Mud 
or GFP–Mud∆CC. Student’s t-test; **P < 0.005. 
Orientation in mud, GFP–Mud∆CC differs from 
wild type (Watson’s U2 test, P < 0.001). l, Difference 
between θtheory (from cortical GFP intensity) and 
θdivision in mud cells expressing GFP–Mud∆CC or 
GFP–Mud. GFP–Mud in mud and wild-type  
(h, red) tissue are similar (P = 0.12). Kolmogorov–
Smirnov test (P values). Scale bars, 1 µm (a, e, i).
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tissues, but GFP–Mud∆CC cannot restore astral pulling forces in mud 
tissue (Fig. 2i–k). Whereas the GFP–Mud∆CC cortical localization 
predicted spindle orientation in wild-type tissue (Extended Data  
Fig. 8d), planar mitotic spindles were not oriented according to the 
distribution of GFP–Mud∆CC in mud tissue (Fig. 2l). Collectively, 
these findings indicate that TCJs via Mud define the distribution  

of microtubule pulling forces, specifying the spindle orientation in 
epithelial tissues.

Our finding that in metaphase the Mud distribution at TCJs is a 
better predictor of spindle orientation than is cell shape argues 
against a model where incomplete cell rounding ensures interphase 
cell shape ‘memorization’. We therefore hypothesized that the 

Figure 1 | Mud localizes at TCJs. a, GFP–Mud  
from interphase to telophase (t = 0 min, 
anaphase). GFP–Mud at TCJs (arrows), spindle  
poles (arrowheads). n = 21 cells. b, GFP–Mud 
and Gli co-localization in interphase (top, n = 54 
cells) and metaphase (bottom, n = 8 cells).  
c, GFP–Mud localization in mud (n = 15), pins 
(n = 22), Gαi (n = 5) cells and GFP–Mud∆Pins 
in mud cells (n = 18). d, e, GFP–Mud distribution 
(d, images representative of quantifications 
shown in e) and TCJ intensities (e) in wild-type 
(WT), Gli, dlg and pins cells (mean ± s.e.m.). 
Fas3, cell contours. Student’s t-test; NS, not 
significant; ***P < 0.0005. Scale bars,  
1 µm (a–d).

Figure 2 | TCJs regulate Mud-dependent 
microtubule pulling forces to orient divisions. a, 
Ablation of astral microtubules (red line), n = 21 
cells quantified in b. b, Mean centrosome velocity 
relative to microtubule ablation site (left), mean 
velocity amplitude after ablation (mean ± s.e.m., 
right) in wild-type, mud, dlg and Gli cells at 25 °C 
and in wild-type and glDN cells at 29 °C. Student’s  
t-test; *P < 0.05. Orientations in mud, dlg and glDN 
differ from wild type (Watson’s U2 test; P < 0.01).  
c, d, Cell shape (c) and Mud intensity (d) models: 
pulling forces scale with microtubule length (blue 
arrows) or Mud cortical intensity (red arrows) to 
exert a torque (T, arrows). e–g, Experimental 
spindle orientation (green cross) and predictions 
based on cell shape (blue circles, f) or GFP–Mud 
intensity (red circles, g) potentials at t = −1 min for 
cell in e (n = 121 cells). AU, arbitrary units;  
WT, wild type. h, Difference between theoretically 
predicted (θtheory) (blue, shape; red, GFP–Mud 
intensity) and experimental (θdivision) spindle 
orientation. Data are duplicated in a lighter  
colour relative to 0° line in this and subsequent 
plots. Kolmogorov–Smirnov test (P value).  
i, Localizations of GFP–Mud in wild-type (n = 54) 
and mud (n = 15) cells as well as GFP–Mud∆CC in 
wild-type (n = 18) and mud (n = 67) cells. j, 
Quantifications (mean ± s.e.m.) of GFP–Mud or 
GFP–Mud∆CC co-localization with Gli in  
wild-type and mud cells. Student’s t-test; NS, not 
significant. k, Mean centrosome velocity relative to 
microtubule ablation (left), mean velocity 
amplitude after ablation (mean ± s.e.m., right) in 
wild-type and in mud tissues expressing GFP–Mud 
or GFP–Mud∆CC. Student’s t-test; **P < 0.005. 
Orientation in mud, GFP–Mud∆CC differs from 
wild type (Watson’s U2 test, P < 0.001). l, Difference 
between θtheory (from cortical GFP intensity) and 
θdivision in mud cells expressing GFP–Mud∆CC or 
GFP–Mud. GFP–Mud in mud and wild-type  
(h, red) tissue are similar (P = 0.12). Kolmogorov–
Smirnov test (P values). Scale bars, 1 µm (a, e, i).
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• Data: Measurement of orientation angle difference between 
data and predictions based on the specific models shows a 
better alignement with the Mud intensity per se than cell shape. 
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tissues, but GFP–Mud∆CC cannot restore astral pulling forces in mud 
tissue (Fig. 2i–k). Whereas the GFP–Mud∆CC cortical localization 
predicted spindle orientation in wild-type tissue (Extended Data  
Fig. 8d), planar mitotic spindles were not oriented according to the 
distribution of GFP–Mud∆CC in mud tissue (Fig. 2l). Collectively, 
these findings indicate that TCJs via Mud define the distribution  

of microtubule pulling forces, specifying the spindle orientation in 
epithelial tissues.

Our finding that in metaphase the Mud distribution at TCJs is a 
better predictor of spindle orientation than is cell shape argues 
against a model where incomplete cell rounding ensures interphase 
cell shape ‘memorization’. We therefore hypothesized that the 

Figure 1 | Mud localizes at TCJs. a, GFP–Mud  
from interphase to telophase (t = 0 min, 
anaphase). GFP–Mud at TCJs (arrows), spindle  
poles (arrowheads). n = 21 cells. b, GFP–Mud 
and Gli co-localization in interphase (top, n = 54 
cells) and metaphase (bottom, n = 8 cells).  
c, GFP–Mud localization in mud (n = 15), pins 
(n = 22), Gαi (n = 5) cells and GFP–Mud∆Pins 
in mud cells (n = 18). d, e, GFP–Mud distribution 
(d, images representative of quantifications 
shown in e) and TCJ intensities (e) in wild-type 
(WT), Gli, dlg and pins cells (mean ± s.e.m.). 
Fas3, cell contours. Student’s t-test; NS, not 
significant; ***P < 0.0005. Scale bars,  
1 µm (a–d).

Figure 2 | TCJs regulate Mud-dependent 
microtubule pulling forces to orient divisions. a, 
Ablation of astral microtubules (red line), n = 21 
cells quantified in b. b, Mean centrosome velocity 
relative to microtubule ablation site (left), mean 
velocity amplitude after ablation (mean ± s.e.m., 
right) in wild-type, mud, dlg and Gli cells at 25 °C 
and in wild-type and glDN cells at 29 °C. Student’s  
t-test; *P < 0.05. Orientations in mud, dlg and glDN 
differ from wild type (Watson’s U2 test; P < 0.01).  
c, d, Cell shape (c) and Mud intensity (d) models: 
pulling forces scale with microtubule length (blue 
arrows) or Mud cortical intensity (red arrows) to 
exert a torque (T, arrows). e–g, Experimental 
spindle orientation (green cross) and predictions 
based on cell shape (blue circles, f) or GFP–Mud 
intensity (red circles, g) potentials at t = −1 min for 
cell in e (n = 121 cells). AU, arbitrary units;  
WT, wild type. h, Difference between theoretically 
predicted (θtheory) (blue, shape; red, GFP–Mud 
intensity) and experimental (θdivision) spindle 
orientation. Data are duplicated in a lighter  
colour relative to 0° line in this and subsequent 
plots. Kolmogorov–Smirnov test (P value).  
i, Localizations of GFP–Mud in wild-type (n = 54) 
and mud (n = 15) cells as well as GFP–Mud∆CC in 
wild-type (n = 18) and mud (n = 67) cells. j, 
Quantifications (mean ± s.e.m.) of GFP–Mud or 
GFP–Mud∆CC co-localization with Gli in  
wild-type and mud cells. Student’s t-test; NS, not 
significant. k, Mean centrosome velocity relative to 
microtubule ablation (left), mean velocity 
amplitude after ablation (mean ± s.e.m., right) in 
wild-type and in mud tissues expressing GFP–Mud 
or GFP–Mud∆CC. Student’s t-test; **P < 0.005. 
Orientation in mud, GFP–Mud∆CC differs from 
wild type (Watson’s U2 test, P < 0.001). l, Difference 
between θtheory (from cortical GFP intensity) and 
θdivision in mud cells expressing GFP–Mud∆CC or 
GFP–Mud. GFP–Mud in mud and wild-type  
(h, red) tissue are similar (P = 0.12). Kolmogorov–
Smirnov test (P values). Scale bars, 1 µm (a, e, i).
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Tricellular junctions predict cell division orientation

Floris Bosveld et al, and Y. Bellaiche. Nature 530: 495-498 (2016)

• A mud mutant that cannot exert pulling forces leads to a 
lower alignement of spindle with Mud localisation at 
junctions
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tissues, but GFP–Mud∆CC cannot restore astral pulling forces in mud 
tissue (Fig. 2i–k). Whereas the GFP–Mud∆CC cortical localization 
predicted spindle orientation in wild-type tissue (Extended Data  
Fig. 8d), planar mitotic spindles were not oriented according to the 
distribution of GFP–Mud∆CC in mud tissue (Fig. 2l). Collectively, 
these findings indicate that TCJs via Mud define the distribution  

of microtubule pulling forces, specifying the spindle orientation in 
epithelial tissues.

Our finding that in metaphase the Mud distribution at TCJs is a 
better predictor of spindle orientation than is cell shape argues 
against a model where incomplete cell rounding ensures interphase 
cell shape ‘memorization’. We therefore hypothesized that the 

Figure 1 | Mud localizes at TCJs. a, GFP–Mud  
from interphase to telophase (t = 0 min, 
anaphase). GFP–Mud at TCJs (arrows), spindle  
poles (arrowheads). n = 21 cells. b, GFP–Mud 
and Gli co-localization in interphase (top, n = 54 
cells) and metaphase (bottom, n = 8 cells).  
c, GFP–Mud localization in mud (n = 15), pins 
(n = 22), Gαi (n = 5) cells and GFP–Mud∆Pins 
in mud cells (n = 18). d, e, GFP–Mud distribution 
(d, images representative of quantifications 
shown in e) and TCJ intensities (e) in wild-type 
(WT), Gli, dlg and pins cells (mean ± s.e.m.). 
Fas3, cell contours. Student’s t-test; NS, not 
significant; ***P < 0.0005. Scale bars,  
1 µm (a–d).

Figure 2 | TCJs regulate Mud-dependent 
microtubule pulling forces to orient divisions. a, 
Ablation of astral microtubules (red line), n = 21 
cells quantified in b. b, Mean centrosome velocity 
relative to microtubule ablation site (left), mean 
velocity amplitude after ablation (mean ± s.e.m., 
right) in wild-type, mud, dlg and Gli cells at 25 °C 
and in wild-type and glDN cells at 29 °C. Student’s  
t-test; *P < 0.05. Orientations in mud, dlg and glDN 
differ from wild type (Watson’s U2 test; P < 0.01).  
c, d, Cell shape (c) and Mud intensity (d) models: 
pulling forces scale with microtubule length (blue 
arrows) or Mud cortical intensity (red arrows) to 
exert a torque (T, arrows). e–g, Experimental 
spindle orientation (green cross) and predictions 
based on cell shape (blue circles, f) or GFP–Mud 
intensity (red circles, g) potentials at t = −1 min for 
cell in e (n = 121 cells). AU, arbitrary units;  
WT, wild type. h, Difference between theoretically 
predicted (θtheory) (blue, shape; red, GFP–Mud 
intensity) and experimental (θdivision) spindle 
orientation. Data are duplicated in a lighter  
colour relative to 0° line in this and subsequent 
plots. Kolmogorov–Smirnov test (P value).  
i, Localizations of GFP–Mud in wild-type (n = 54) 
and mud (n = 15) cells as well as GFP–Mud∆CC in 
wild-type (n = 18) and mud (n = 67) cells. j, 
Quantifications (mean ± s.e.m.) of GFP–Mud or 
GFP–Mud∆CC co-localization with Gli in  
wild-type and mud cells. Student’s t-test; NS, not 
significant. k, Mean centrosome velocity relative to 
microtubule ablation (left), mean velocity 
amplitude after ablation (mean ± s.e.m., right) in 
wild-type and in mud tissues expressing GFP–Mud 
or GFP–Mud∆CC. Student’s t-test; **P < 0.005. 
Orientation in mud, GFP–Mud∆CC differs from 
wild type (Watson’s U2 test, P < 0.001). l, Difference 
between θtheory (from cortical GFP intensity) and 
θdivision in mud cells expressing GFP–Mud∆CC or 
GFP–Mud. GFP–Mud in mud and wild-type  
(h, red) tissue are similar (P = 0.12). Kolmogorov–
Smirnov test (P values). Scale bars, 1 µm (a, e, i).
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Mechanical decoding of cell & environment geometry

• Measurement of two cell anisotropies: 
Cell shape anisotropy: ηshape 
TCJ distribution anisotropy: ηTCJ

• Orientation of anisotropy: θshape and θTCJ.  
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interphase TCJ distribution might account for the Hertwig rule in 
tissues. Since our theoretical analysis indicated that spindle orienta-
tion is mainly dictated by the anisotropy of the TCJ distribution 
(Extended Data Fig. 6h, i), we introduced a TCJ bipolarity quantity 
characterized by an anisotropy (ηTCJ) and orientation (θTCJ) to 
describe the TCJ angular distribution in a given cell (Fig. 3a and 
Extended Data Fig. 6j). The TCJ bipolarity anisotropy and orienta-
tion can be similar to or distinct from the cell shape anisotropy (or 
elongation, ηshape) and long-axis orientation (θshape  ; Fig. 3a). We 
found that the anisotropy of TCJ bipolarity decreases much less than 
cell shape anisotropy during mitotic cell rounding (Fig. 3b). Also, 
division orientation predictions based on the TCJ distribution, 
unlike those based on cell shape, were similar in interphase and 
mitosis (Fig. 3c). These findings support the notion that TCJ bipo-
larity is a persistent marker of the interphase cell elongation axis 
during mitotic rounding. We then measured each cell’s average shape 
(θshape ) and TCJ bipolarity (θTCJ) from 60 to 30 minutes before mito-
sis (from late G2 interphase to before mitotic rounding) as well as its 
division orientation (θdivision). Apart from cases where TCJ and shape 
orientation are aligned ( θ θ| − | < !10TCJ shape ), TCJ gives better divi-
sion orientation predictions than cell shape does, and this improve-
ment increases as the difference between shape and TCJ orientation 
increases (Fig. 3d, e, g and Extended Data Fig. 9a). This finding applies 
for both rounded cells (low ηshape ) and elongated cells (high  
ηshape) (Extended Data Fig. 9b, c) and thus raises the question of  
why cells tend to divide according to their interphase cell long axis. 
The distribution of the angular difference between TCJ and shape ori-
entation is broad in rounded cells (low ηshape) but narrow in elongated  
cells (high ηshape) (Fig. 3h). Accordingly, cell shape does not predict 
the cell division axis in rounded cells, and as cell shape anisotropy 
increases, the predictions based on cell shape agree more and more 
with the predictions based on TCJ bipolarity (Fig. 3f, g and Extended 
Data Fig. 9b, c). Hence, in rounded cells TCJ bipolarity and cell shape 
orientations may be misaligned and division orientation follows TCJ 

bipolarity, whereas in elongated cells TCJ bipolarity and cell shape 
orientations are aligned in most cases, and the TCJ distribution 
ensures that cell division occurs along the former interphase cell long 
axis. Lastly, cell division orientation along the interphase cell long 
axis and TCJ distribution was strongly reduced in mud mutant tissue 
(Fig. 3i and Extended Data Fig. 5f, g). Altogether, we propose that 
TCJs, via Mud, constitute the dominant mechanism of division  
orientation along the interphase cell long axis.

Why are the orientations of cell long axes and TCJ distributions 
aligned? This can be understood by picturing regular hexagonal cells, 
which are then pulled. The cell elongation leads to the alignments 
of cell shape and TCJ bipolarity orientations with the pulling direc-
tion (Fig. 4a). Computer simulation can then be used to model the 
disordered case of epithelial cells whose shapes depend on adhesion 
and cortical tension19. The simulations reproduce the alignment 
between cell shape long axis and TCJ bipolarity orientations as cell 
shape anisotropy increases, as well as the average alignment of the 
TCJ bipolarity and mechanical strain orientation (Fig. 4b, c, Extended 
Data Fig. 10d and Supplementary Video 4). Therefore, generic prop-
erties of epithelial cells, adhesion and cortical tension, are sufficient 
to reproduce the alignment of TCJ bipolarity and cell shape as their 
anisotropy increases. Furthermore, in agreement with the fact that 
global mechanical stress tends to elongate cells8,12, the alignment of 
TCJ bipolarity with mechanical stress increases as tissue stress ani-
sotropy increases, thus accounting for orientation of divisions along 
the global mechanical stress direction (Fig. 4d and Extended Data  
Fig. 10c). Our findings indicate that the alignment of TCJ distribution 
with cell elongation and mechanical stress axis is a core geometric 
property of epithelial tissues and accounts for a role of TCJs as spatial 
landmarks that provide the information needed for cell shape and 
mechanical strain orientation sensing.

Altogether our findings provide evidence that TCJs can serve as 
built-in interphase shape sensors to orient division when the inter-
phase cell shape is well defined. This mechanism is distinct from others  
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Figure 3 | TCJ distribution accounts for division 
orientation along the interphase cell shape.  
a, TCJ (red dots) bipolarity and cell shape (blue) 
anisotropies η and orientations θ represented  
by the length and orientation of red and blue bars. 
b, ηTCJ and ηshape from interphase to anaphase 
(mean ± s.e.m.). Insets, time-lapse images of a cell 
from interphase to mitotic rounding (n = 249 cells). 
Student’s t-test; *P < 0.05, ***P < 0.0005. c, 
Difference between experimental (θdivision) and 
predicted division orientations by the average  
(−20 to −10 min interphase, −4 to −3 min 
metaphase) cell long axis (θshape) (left) or TCJ 
bipolarity (θTCJ) (right). Kolmogorov–Smirnov test 
(P values). d, Top, θshape and θTCJ align with θdivision. 
Bottom, only θTCJ aligns with θdivision. Time-lapse 
images of 2 cells out of the 29,388 cells analysed.  
e, f, Difference between experimental (θdivision) and 
predicted division orientations based on interphase 
TCJ bipolarity (θTCJ) or cell long axis (θshape) for 
θ θ| − |TCJ shape intervals (e) and indicated ηshape 
intervals (f). Kolmogorov–Smirnov test (P values), 
percentage of 29,388 cells. g, TCJ bipolarity (θTCJ) 
prediction improvement over cell long axis (θshape) 
versus θ θ| − |TCJ shape . Mean ± s.e.m. of three  
movies for a total of n = 29,388 cells analysed.  
h, Differences (green bars, mean ± s.d.) between 
θshape and θTCJ versus ηshape. 4,505 cells (grey dots) 
randomly picked from the 29,388 cells analysed. 
Correlation coefficient = .A 0 88experiment .  
i, Difference between experimental (θdivision) and 
predicted division orientations based on interphase 
cell long axis (θshape) (left) or TCJ bipolarity (θTCJ) 
(right) in wild-type and mud cells. Kolmogorov–
Smirnov test (P values). Scale bars, 1 µm (a, d).
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Encoding of cell shape by tricellular junctions

Floris Bosveld et al, and Y. Bellaiche. Nature 530: 495-498 (2016)

• During division, cell shape anisotropy reduces 
significantly, while TCJ anisotropy remains relatively 
unchanged, suggesting that TCJ retain more 
information for the positioning of the mitotic spindle. 

• When  shape and TCJ anisotropies have very similar 
orientations, they predict equally well cell division axis. 

• When shape and TCJ anisotropies have different 
orientations, TCJ anisotropy predicts very well division 
orientation, but not shape anisotropy.  

• When cells are more round (ie. low shape anisotropy 
ηshape), TCJ anisotropy predicts cell division orientation 
better than shape. 
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interphase TCJ distribution might account for the Hertwig rule in 
tissues. Since our theoretical analysis indicated that spindle orienta-
tion is mainly dictated by the anisotropy of the TCJ distribution 
(Extended Data Fig. 6h, i), we introduced a TCJ bipolarity quantity 
characterized by an anisotropy (ηTCJ) and orientation (θTCJ) to 
describe the TCJ angular distribution in a given cell (Fig. 3a and 
Extended Data Fig. 6j). The TCJ bipolarity anisotropy and orienta-
tion can be similar to or distinct from the cell shape anisotropy (or 
elongation, ηshape) and long-axis orientation (θshape  ; Fig. 3a). We 
found that the anisotropy of TCJ bipolarity decreases much less than 
cell shape anisotropy during mitotic cell rounding (Fig. 3b). Also, 
division orientation predictions based on the TCJ distribution, 
unlike those based on cell shape, were similar in interphase and 
mitosis (Fig. 3c). These findings support the notion that TCJ bipo-
larity is a persistent marker of the interphase cell elongation axis 
during mitotic rounding. We then measured each cell’s average shape 
(θshape ) and TCJ bipolarity (θTCJ) from 60 to 30 minutes before mito-
sis (from late G2 interphase to before mitotic rounding) as well as its 
division orientation (θdivision). Apart from cases where TCJ and shape 
orientation are aligned ( θ θ| − | < !10TCJ shape ), TCJ gives better divi-
sion orientation predictions than cell shape does, and this improve-
ment increases as the difference between shape and TCJ orientation 
increases (Fig. 3d, e, g and Extended Data Fig. 9a). This finding applies 
for both rounded cells (low ηshape ) and elongated cells (high  
ηshape) (Extended Data Fig. 9b, c) and thus raises the question of  
why cells tend to divide according to their interphase cell long axis. 
The distribution of the angular difference between TCJ and shape ori-
entation is broad in rounded cells (low ηshape) but narrow in elongated  
cells (high ηshape) (Fig. 3h). Accordingly, cell shape does not predict 
the cell division axis in rounded cells, and as cell shape anisotropy 
increases, the predictions based on cell shape agree more and more 
with the predictions based on TCJ bipolarity (Fig. 3f, g and Extended 
Data Fig. 9b, c). Hence, in rounded cells TCJ bipolarity and cell shape 
orientations may be misaligned and division orientation follows TCJ 

bipolarity, whereas in elongated cells TCJ bipolarity and cell shape 
orientations are aligned in most cases, and the TCJ distribution 
ensures that cell division occurs along the former interphase cell long 
axis. Lastly, cell division orientation along the interphase cell long 
axis and TCJ distribution was strongly reduced in mud mutant tissue 
(Fig. 3i and Extended Data Fig. 5f, g). Altogether, we propose that 
TCJs, via Mud, constitute the dominant mechanism of division  
orientation along the interphase cell long axis.

Why are the orientations of cell long axes and TCJ distributions 
aligned? This can be understood by picturing regular hexagonal cells, 
which are then pulled. The cell elongation leads to the alignments 
of cell shape and TCJ bipolarity orientations with the pulling direc-
tion (Fig. 4a). Computer simulation can then be used to model the 
disordered case of epithelial cells whose shapes depend on adhesion 
and cortical tension19. The simulations reproduce the alignment 
between cell shape long axis and TCJ bipolarity orientations as cell 
shape anisotropy increases, as well as the average alignment of the 
TCJ bipolarity and mechanical strain orientation (Fig. 4b, c, Extended 
Data Fig. 10d and Supplementary Video 4). Therefore, generic prop-
erties of epithelial cells, adhesion and cortical tension, are sufficient 
to reproduce the alignment of TCJ bipolarity and cell shape as their 
anisotropy increases. Furthermore, in agreement with the fact that 
global mechanical stress tends to elongate cells8,12, the alignment of 
TCJ bipolarity with mechanical stress increases as tissue stress ani-
sotropy increases, thus accounting for orientation of divisions along 
the global mechanical stress direction (Fig. 4d and Extended Data  
Fig. 10c). Our findings indicate that the alignment of TCJ distribution 
with cell elongation and mechanical stress axis is a core geometric 
property of epithelial tissues and accounts for a role of TCJs as spatial 
landmarks that provide the information needed for cell shape and 
mechanical strain orientation sensing.

Altogether our findings provide evidence that TCJs can serve as 
built-in interphase shape sensors to orient division when the inter-
phase cell shape is well defined. This mechanism is distinct from others  
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Figure 3 | TCJ distribution accounts for division 
orientation along the interphase cell shape.  
a, TCJ (red dots) bipolarity and cell shape (blue) 
anisotropies η and orientations θ represented  
by the length and orientation of red and blue bars. 
b, ηTCJ and ηshape from interphase to anaphase 
(mean ± s.e.m.). Insets, time-lapse images of a cell 
from interphase to mitotic rounding (n = 249 cells). 
Student’s t-test; *P < 0.05, ***P < 0.0005. c, 
Difference between experimental (θdivision) and 
predicted division orientations by the average  
(−20 to −10 min interphase, −4 to −3 min 
metaphase) cell long axis (θshape) (left) or TCJ 
bipolarity (θTCJ) (right). Kolmogorov–Smirnov test 
(P values). d, Top, θshape and θTCJ align with θdivision. 
Bottom, only θTCJ aligns with θdivision. Time-lapse 
images of 2 cells out of the 29,388 cells analysed.  
e, f, Difference between experimental (θdivision) and 
predicted division orientations based on interphase 
TCJ bipolarity (θTCJ) or cell long axis (θshape) for 
θ θ| − |TCJ shape intervals (e) and indicated ηshape 
intervals (f). Kolmogorov–Smirnov test (P values), 
percentage of 29,388 cells. g, TCJ bipolarity (θTCJ) 
prediction improvement over cell long axis (θshape) 
versus θ θ| − |TCJ shape . Mean ± s.e.m. of three  
movies for a total of n = 29,388 cells analysed.  
h, Differences (green bars, mean ± s.d.) between 
θshape and θTCJ versus ηshape. 4,505 cells (grey dots) 
randomly picked from the 29,388 cells analysed. 
Correlation coefficient = .A 0 88experiment .  
i, Difference between experimental (θdivision) and 
predicted division orientations based on interphase 
cell long axis (θshape) (left) or TCJ bipolarity (θTCJ) 
(right) in wild-type and mud cells. Kolmogorov–
Smirnov test (P values). Scale bars, 1 µm (a, d).
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interphase TCJ distribution might account for the Hertwig rule in 
tissues. Since our theoretical analysis indicated that spindle orienta-
tion is mainly dictated by the anisotropy of the TCJ distribution 
(Extended Data Fig. 6h, i), we introduced a TCJ bipolarity quantity 
characterized by an anisotropy (ηTCJ) and orientation (θTCJ) to 
describe the TCJ angular distribution in a given cell (Fig. 3a and 
Extended Data Fig. 6j). The TCJ bipolarity anisotropy and orienta-
tion can be similar to or distinct from the cell shape anisotropy (or 
elongation, ηshape) and long-axis orientation (θshape  ; Fig. 3a). We 
found that the anisotropy of TCJ bipolarity decreases much less than 
cell shape anisotropy during mitotic cell rounding (Fig. 3b). Also, 
division orientation predictions based on the TCJ distribution, 
unlike those based on cell shape, were similar in interphase and 
mitosis (Fig. 3c). These findings support the notion that TCJ bipo-
larity is a persistent marker of the interphase cell elongation axis 
during mitotic rounding. We then measured each cell’s average shape 
(θshape ) and TCJ bipolarity (θTCJ) from 60 to 30 minutes before mito-
sis (from late G2 interphase to before mitotic rounding) as well as its 
division orientation (θdivision). Apart from cases where TCJ and shape 
orientation are aligned ( θ θ| − | < !10TCJ shape ), TCJ gives better divi-
sion orientation predictions than cell shape does, and this improve-
ment increases as the difference between shape and TCJ orientation 
increases (Fig. 3d, e, g and Extended Data Fig. 9a). This finding applies 
for both rounded cells (low ηshape ) and elongated cells (high  
ηshape) (Extended Data Fig. 9b, c) and thus raises the question of  
why cells tend to divide according to their interphase cell long axis. 
The distribution of the angular difference between TCJ and shape ori-
entation is broad in rounded cells (low ηshape) but narrow in elongated  
cells (high ηshape) (Fig. 3h). Accordingly, cell shape does not predict 
the cell division axis in rounded cells, and as cell shape anisotropy 
increases, the predictions based on cell shape agree more and more 
with the predictions based on TCJ bipolarity (Fig. 3f, g and Extended 
Data Fig. 9b, c). Hence, in rounded cells TCJ bipolarity and cell shape 
orientations may be misaligned and division orientation follows TCJ 

bipolarity, whereas in elongated cells TCJ bipolarity and cell shape 
orientations are aligned in most cases, and the TCJ distribution 
ensures that cell division occurs along the former interphase cell long 
axis. Lastly, cell division orientation along the interphase cell long 
axis and TCJ distribution was strongly reduced in mud mutant tissue 
(Fig. 3i and Extended Data Fig. 5f, g). Altogether, we propose that 
TCJs, via Mud, constitute the dominant mechanism of division  
orientation along the interphase cell long axis.

Why are the orientations of cell long axes and TCJ distributions 
aligned? This can be understood by picturing regular hexagonal cells, 
which are then pulled. The cell elongation leads to the alignments 
of cell shape and TCJ bipolarity orientations with the pulling direc-
tion (Fig. 4a). Computer simulation can then be used to model the 
disordered case of epithelial cells whose shapes depend on adhesion 
and cortical tension19. The simulations reproduce the alignment 
between cell shape long axis and TCJ bipolarity orientations as cell 
shape anisotropy increases, as well as the average alignment of the 
TCJ bipolarity and mechanical strain orientation (Fig. 4b, c, Extended 
Data Fig. 10d and Supplementary Video 4). Therefore, generic prop-
erties of epithelial cells, adhesion and cortical tension, are sufficient 
to reproduce the alignment of TCJ bipolarity and cell shape as their 
anisotropy increases. Furthermore, in agreement with the fact that 
global mechanical stress tends to elongate cells8,12, the alignment of 
TCJ bipolarity with mechanical stress increases as tissue stress ani-
sotropy increases, thus accounting for orientation of divisions along 
the global mechanical stress direction (Fig. 4d and Extended Data  
Fig. 10c). Our findings indicate that the alignment of TCJ distribution 
with cell elongation and mechanical stress axis is a core geometric 
property of epithelial tissues and accounts for a role of TCJs as spatial 
landmarks that provide the information needed for cell shape and 
mechanical strain orientation sensing.

Altogether our findings provide evidence that TCJs can serve as 
built-in interphase shape sensors to orient division when the inter-
phase cell shape is well defined. This mechanism is distinct from others  

0

20

40

60

80

100

0–5 5–15 15–25 25–50 50–90

n = 29,388

P
re

di
ct

io
n 

im
pr

ov
em

en
t (

%
) 

| TTCJ – Tshape | (°) Anisotropy (Kshape)

n = 4,505
–90

–60

–30

0

30

60

90

T s
ha

pe
 –

 T
TC

J 
(°

)

0.2 0.4 0.6 0.8 10

Aexperiment = 0.88

a

Dlg–GFP

Dlg–GFP

Shape

Dlg–GFP

Dlg–GFP

Shape

TCJTCJ

g h

mud n = 7770Wild type n = 4860

  25

  50

30°

30°

60°

60°

90°

90°

60°

60°

30°

30°

0° 0°

  %

P < 10–29

| Tshape – Tdivision |

  50

30°

30°

60°

60°

90°

90°

60°

60°

30°

30°

0° 0°

  %

P < 10–81

  25

| TTCJ – Tdivision |

b

Interphase n = 251 Metaphase n = 251

  10

  20

  30

  40

30°

30°

60°

60°

90°

90°

60°

60°

30°

30°

0° 0°

  %

P = 0.024
| Tshape – Tdivision |

  10

  20

  30

  40

30°

30°

60°

60°

90°

90°

60°

60°

30°

30°

0° 0°

  %

P = 0.45
| TTCJ – Tdivision |

*
*

*********

n = 249

–30 –15 –2

–30 –20 –10 0
0.4

0.6

0.8

1.0

1.2

1.4

Time to anaphase (min)

TCJ
Shape

N
or

m
al

iz
ed

 a
ni

so
tr

op
y

c

i

E-Cad–GFP

–30 min

E-Cad–GFP

E-Cad–GFP

5 min

5 min

E-Cad–GFP

–30 min

TCJShape Tdivision

d

  10
  20
  30
  40

30°

30°

60°

60°

90°

90°

60°

60°

30°

30°

0° 0°

56%

  %

P = 0.7
90°

5%

10

  20

 30

30°

30°

60°

60°

90°
60°

60°

30°

30°

0° 0°

  %

P < 10–9

60°

  25

  50
  %

30°

30°

60°

90°

90°

60°

60°

30°

30°

0° 0°

50% P = 0.014

  30

  10

  20  %

30°

30°

60°

60°

90°

90°

60°

60°

30°

30°

0° 0°

7% P < 2.10–3

0°< | TTCJ – Tshape | ≤ 10° 45°< | TTCJ – Tshape | ≤ 90° 0.5 < Kshape ≤ 1.00.0 < Kshape ≤ 0.2

TTCJ – TdivisionTshape – Tdivision

e f

TTCJ – TdivisionTshape – Tdivision

Figure 3 | TCJ distribution accounts for division 
orientation along the interphase cell shape.  
a, TCJ (red dots) bipolarity and cell shape (blue) 
anisotropies η and orientations θ represented  
by the length and orientation of red and blue bars. 
b, ηTCJ and ηshape from interphase to anaphase 
(mean ± s.e.m.). Insets, time-lapse images of a cell 
from interphase to mitotic rounding (n = 249 cells). 
Student’s t-test; *P < 0.05, ***P < 0.0005. c, 
Difference between experimental (θdivision) and 
predicted division orientations by the average  
(−20 to −10 min interphase, −4 to −3 min 
metaphase) cell long axis (θshape) (left) or TCJ 
bipolarity (θTCJ) (right). Kolmogorov–Smirnov test 
(P values). d, Top, θshape and θTCJ align with θdivision. 
Bottom, only θTCJ aligns with θdivision. Time-lapse 
images of 2 cells out of the 29,388 cells analysed.  
e, f, Difference between experimental (θdivision) and 
predicted division orientations based on interphase 
TCJ bipolarity (θTCJ) or cell long axis (θshape) for 
θ θ| − |TCJ shape intervals (e) and indicated ηshape 
intervals (f). Kolmogorov–Smirnov test (P values), 
percentage of 29,388 cells. g, TCJ bipolarity (θTCJ) 
prediction improvement over cell long axis (θshape) 
versus θ θ| − |TCJ shape . Mean ± s.e.m. of three  
movies for a total of n = 29,388 cells analysed.  
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randomly picked from the 29,388 cells analysed. 
Correlation coefficient = .A 0 88experiment .  
i, Difference between experimental (θdivision) and 
predicted division orientations based on interphase 
cell long axis (θshape) (left) or TCJ bipolarity (θTCJ) 
(right) in wild-type and mud cells. Kolmogorov–
Smirnov test (P values). Scale bars, 1 µm (a, d).
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involving extracellular matrix retraction fibres or signalling17,20–23. It 
accounts for the integration of two properties of epithelial division: 
orientation along the interphase cell shape and mitotic rounding 
(Fig. 4e). The packing of tissue promotes contacts between three (or 
more) cells and the formation of TCJs. TCJs are implicated in epi-
thelial barrier function24,25 and are the sites of enrichment of several 
proteins including adhesion molecules, cytoskeleton regulators and 
Hippo pathway components25–29. The alignment of TCJs with cell 
shape or mechanical strain being a geometrical property of epithelia, 
TCJs might therefore provide epithelial cells with an axial polarity (or 
bipolarity) to couple cell shape and tissue mechanics with adhesion, 
cytoskeleton organization and signalling.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Geometrical information during development

When the production of molecular species is coupled 
to their diffusion, striking spatial–temporal molecular 
patterns can emerge. Reaction–diffusion systems such 
as Turing instabilities21 produce patterns with length 
scales that depend on the details of activator–inhibitor 
interactions22 (BOX 2). Excitable systems manifest charac-
teristic temporal dynamics, in which, for instance, trigger 
wave velocities depend on diffusion and positive feedback 
timescales23. Concentration gradients of molecules where 
the local concentration depends on the production–
degradation rates and on the diffusion/transport  

constants24, define time and length scales of morphogenetic  
fields. The emergent biochemical patterns are read 
and interpreted by cells via cell signalling and direct a 
sequence of downstream cellular decisions. For instance, 
the concentration-dependent activity of morphogens 
transforms a homogeneous field of cells into discrete 
regions of defined length, each with its own morpho-
genetic and differentiation programmes driven by the 
induction of specific changes in gene expression25,26. 
As another example, Turing instabilities control pal-
ate ridges27 and digit number in growing limbs28 in the 

λ = √D/k 
τ = λ2/D 

Biochemistry Geometry

Mechanics

BiochemistryGenes Biochemistry

Geometry

Geometry

Morphogenesis Morphogenesis

Information

Information

Programmed Self-organizedModules of 
morphogenesis

a

b

Diffusion D

Applied 
stress Strain propagation

σ

Time

Time

ε
More viscous

Elastic Viscoelastic

Applied stress (σ)

Induced strain (ε)

Biochemistry Mechanics

Strain propagation

τ = η/E
λ = √η/γ

Timescale
Length scale

Actin cortex viscosity/stiffness
Activation of motors

Degradation k
Length scale
Timescale

Stiffness E
Viscosity η
Friction γ

Production
zone

DistanceC
on

ce
nt

ra
ti

on

C(x) = C0e–x/λ

x

Cx

C0

Mechanics

Mechanics

Geometry

Gradient

Molecule transport (advection)
Mechanotransduction

Fig. 1 | Programme versus self-organization in the flow of morphogenetic 
information. a | Length and timescales of morphogenetic information can 
be defined by biochemical (in red on the left) or mechanical (in blue on the 
right) interactions occurring within the given geometry of the tissue (in grey). 
On the left: the constant of effective diffusion (D) of a molecular species (red 
star) from a spatially restricted production zone and its rate of degradation 
(k) define the local concentration and thus the length scale (λ) and timescale 
(τ) of the cellular and tissue level processes driving shape changes. These 
length and timescales can be quantitatively estimated by measuring D and 
k (equations in the yellow quadrant). The graph on the left illustrates the 
spatial decay of the concentration of a molecular species following an 
exponential decay with length scale λ. On the right: the propagation of 
deformation due to an applied stress can define the length scale (λ) and 
timescale (τ) of morphogenetic events in a tissue. Strain propagation 
depends on the elastic modulus (stiffness) E, the viscosity η and the friction 
coefficient γ . The length (λ) and timescales (τ) are defined quantitatively as 
in the yellow quadrant at the bottom left. The graph illustrates how the 
viscosity of a material impacts on the timescale of deformation following an 
applied stress. A fully elastic material has a coefficient of viscosity equal to 0 
and never dissipates the elastic energy due to the applied stresses (that is, 
they can return to their initial configuration when the stress is released) while 

a viscoelastic material dissipates the elastic energy (that is, it cannot return 
to the initial configuration upon stress release) when the stress is applied for 
long enough beyond a certain timescale. The applied stress is indicated by σ 
and the induced strain by ε. Of note, biochemical interactions and cell and 
tissue mechanics can regulate each other. For instance, biochemical 
signalling can regulate the stiffness/viscosity of the actin cortex or may 
activate force-generating molecular motors. Mechanics can regulate local 
protein concentrations by advection or elicit biochemical signalling via 
mechanotransduction. b | Idealized information flows illustrating how 
morphogenesis could be executed as a programme (middle) or emerge in a 
self-organized fashion (right). Biochemistry, mechanics and geometry are the 
key modules of morphogenesis (as illustrated in part a). In programmed 
morphogenesis the information is fully encapsulated in the initial patterning 
(that is, biochemistry) and geometry of the tissue. This determines fully the 
execution of cell and tissue mechanical operations and the final outcome  
of morphogenesis. The strict hierarchy and the unidirectional flow of 
information are represented by single-headed arrows. In the case of self- 
organized morphogenesis biochemistry, mechanics and geometry  
can regulate each other as a result of multiple feedbacks and thus  
the information emerges and is continuously modulated during the 
morphogenetic process.

Strain
A measure of deformation  
of an object with respect to  
a reference length upon 
application of a mechanical 
stress. This is a dimensionless 
parameter

NATURE REVIEWS | MOLECULAR CELL BIOLOGY

REV IEWS

Guidance Feedback

Geometry specifies: initial and boundary conditions that could affect signalling and mechanics



Active viscous cell flows driven by anisotropic cell contractility

Rozbicki, E. et al. C.  Nat. Cell Biol. 17, 
397–408 (2015). 
Saadaoui, M., et al, Corson, F. & Gros, J.. 
Science 367, 453–458 (2020).  

Bertet, C., Sulak, L. & Lecuit, T. Nature 429, 
667–671 (2004). 
Blankenship, J. T., et al. & Zallen, J. A. Dev. 
Cell 11, 459–470 (2006). 
Rauzi, M, et al, T. Lecuit and PF Lenne, Nat. 
Cell Biol. 10, 1401-1410 (2008)

anisotropic cortical tension138–141 while medial MyoII 
undergoes planar polarized flows that increase the 
speed of shrinkage of dorsal–ventral junctions77,135 and 
extend new antero-posterior junctions136,137. Similar 
junction remodelling by actomyosin contractions 
drives cell intercalation in vertebrates, such as during 
primitive streak formation142 and neural tube closure in 
chick embryos69,143. Remarkably, mesenchymal cells of 
the dorsal marginal zone in frog embryos present sim-
ilarities to the epithelial cells of the D. melanogaster 
germband144,145. Also here, phosphorylated MyoII 

accumulates at mediolateral cell–cell contacts inducing 
anisotropic cortical tension144, and actomyosin pulses 
correlate with steps of cell–cell contact shrinkage144,145.

Thus, the extension of actin-rich membrane protru-
sion and remodelling of cell–cell contacts by actomyosin 
contraction are complementary strategies to produce 
local active forces required for cell intercalation.

The proper orientation of cell processes driving 
tissue extension requires that global tissue polarity is 
read out locally. In D. melanogaster embryos, the global 
polarity is encoded in the gradients of the anterior and 

a  Tissue convergence–extension

b  Intercalation by cell motility
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d  Intercalation by polarized junction remodelling
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Geometry constrains tissue flow 

• Geometry defines boundary conditions and constrains tissue flow

M. Merkel, R Etournay et al 2015

incorporating the mechanical forces within cells and the cell
intercalation between cells (see Supplementary Notes for the
details of this model). The basic assumptions of the vertex model
are as follows. Epithelial cells and their motions are represented
by polygons and displacements of the vertices, respectively. Cell
intercalation is represented as junctional remodelling that is
implemented as reconnections of the line segments. The
dynamics of the vertex positions are given by the balance
between mechanical forces and frictional resistance representing
the attachments with adjacent cells. The mechanical forces have
the following four contributions: the hydrostatic pressure acting
on cytoplasm in the cells, the tendency of the cell perimeter to be
conserved, the boundary conditions of the cell sheet and the
contraction force acting on each cell boundary. Although the first
three contributions are defined essentially the same as in previous
studies30,33, the last one includes novel aspects, as explained
below. (For a more detailed explanation of our model, see the
Supplementary Notes, in which all of the parameters we used in
these simulations are indicated.)

To simulate the LR asymmetric polarity of Myo-II accumula-
tion, we introduced a directional dependency to the strength gij
of the boundary contraction, such that the contractile force

was strengthened specifically on the cell boundaries that
inclined clockwise from the AP axis. Specifically, we set gij as
gij¼ 0.5 (1þ cos 2(yij–45!)) in which angle yij was between the
cell boundary ij and the AP axis (see Supplementary Notes for
details). This setup for gij implies that the contraction force is
maximal when the segment is tilted þ 45! around the AP axis,
whereas no contraction is imposed when it is tilted # 45! around
the AP axis. Numerical simulations showed that this enhance-
ment of contraction on the inclined boundaries enables the
cells to execute repeated junction remodelling and perpetual
shear motion, with appropriate parameter values (Fig. 5a,
Supplementary Fig. 8 and Supplementary Movie 6). Furthermore,
if the frictional coefficient of the cell edges attached to the upper
plate is very high compared with that of the lower plate,
which represents the situation where the length of cell interfaces
hardly changes in the upper region of the upper cells, the upper
cells will not move, and only the lower cells will move to the
right (Fig. 5b and Supplementary Movie 7). In mathematical
terms, if each element in the system has some LR asymmetry and
there is spatial inhomogeneity in some direction, the entire
system can move in the direction perpendicular to that of the
inhomogeneity34.

We next tested whether our numerical simulation accurately
reflected the in vivo situation. To do this, we first rebuilt the
model to include the circular cell boundary condition (Fig. 1b)
and fluctuating junctional shrinkage, which are conditions found
in vivo (Fig. 4n and Supplementary Fig. 4). The former was
implemented by using two circles of different radii, which confine
the virtual A8 epithelial cells (Fig. 5c). The outer circle
represented the outer edge of the innermost layer of A7 cells,
that is, the cells coloured grey in Fig. 5c and Supplementary
Movie 8 are A7 cells. The inner circle represented the boundary
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Figure 3 | Myo-II-related LR asymmetric cell intercalation in A8a
epithelial cells. (a) DE-Cad::GFP was observed at all the cell boundaries at
21 h APF. Yellow-boxed region was magnified in b. Scale bar, 50mm. (b)
Time-lapse images of epithelial cell rearrangement and migration in the
A8a, visualized with DE-Cad::GFP. Schematic drawing represents the cell
intercalation observed in the upper panels (b’). Scale bar, 10mm. (c)
Schematic drawing of the procedure for analysing the angle (y) between
the line formed by each cell boundary and the AP axis. The AP axis of A8a
radiates in all directions from the centre of A9 to the A7 epidermis. Because
the A8 tergite forms a ring-like structure surrounding the A9 genitalia at the
pupal stage, the AP axis of A8 radiates in all directions from the centre of
A9 to the A7 epidermis. The cell boundary angles were classified as being
in the # 90! to 0! (blue arc) or the 0! to 90! (red arc) range. (d) The angle
(y) formed between each cell boundary undergoing cell intercalation and
the AP axis before remodelling was measured. (e,g) Cell boundaries
visualized with DE-Cad::GFP in control (e) and sqh knockdown flies (g). The
AP axis of the A8 (yellow arrow) was defined as the line from the A7
epidermis to the A9 genitalia. The angle (y) formed between each cell
boundary undergoing junction remodelling, followed by cell intercalation
and the AP axis was measured. The cell boundary angles were classified as
ranging from # 90! to 0! (cyan) or 0! to 90! (magenta). Scale bar, 10mm.
(f,h) Rose diagrams depicting the percentage of cell intercalation axes in
the A8a of control flies (f) and sqh dsRNA-expressing flies (h) at 30!
intervals of the angle y during cell movement. The percentage of cell
boundaries (showing junction remodelling) with angle y in the ranges
indicated are determined. The frequency of cell intercalation was 13.7%
(83/607 in five samples) in the control, and 7.3% (53/726 in six samples)
in the sqh dsRNA-expressing flies. Right histograms show the percentage of
cell intercalation axes in the ranges indicated. Bars indicate s.d. The
numbers of flies and cell boundaries analysed are indicated as N and n,
respectively. Fly genotype: DE-Cad::GFP (a,b,e,f), DE-Cad::GFP; AbdB-GAL4
UAS-RedStinger/UAS-sqh dsRNA (g,h).
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Genitalia rotation
Sato et al, 2015

Chick gastrulation
Saadaoui M et al 2020

and fig. S20B). To connect tissue-scale motion
and cellular-scale behaviors, we analyzed em-
bryos that were fixed after live imaging for
different time intervals (Fig. 3, D to O, and
figs. S8 to S13). Cell segmentation of entire
embryos showed a gradual increase in cell
areas in the EE tissue, likely contributing to its
expansion (Fig. 3, E, I, K, and O). Cell shapes,
which initially had an isotropic distribution,
became elongated along the margin, consistent
with a state of tension (Fig. 3, F, I, L, and O).
Quantification of junctional phosphorylated
myosin II revealed localized myosin anisot-
ropy, a correlate of active force generation
(9), at the margin (Fig. 3, G to I and M to O).
The location of this large-scale supracellular

ring aligned with the location of the embryo
margin determined from the motion of the
tissue before fixation, and its width agreed
with that inferred from themodel (fig. S13, sup-
plementary text, and fig. S6). High-resolution
live imaging of transgenic embryos expressing
a tdTomato-myosin II reporter revealed the
progressive formation of dynamic, tangential
actomyosin supracellular cables spanning five
to 20 cells at the margin (fig. S14A and movie
S8), coincident with the site of apparent forces
inferred from tissue motion (fig. S15). In the
posterior margin, these cables contracted, driv-
ing oriented intercalations (2). In the anterior,
supracellular cables were also visible but ex-
tended tangentially, concomitant with cell elon-

gation and oriented divisions (fig. S14, B and
C, and movie S9)—indicative of stress dissipa-
tion (10). Thus, the margin exerts active ten-
sion in the posterior and passive tension in the
anterior.
Second, we sought to identify the cellular

basis of tissue fluidity. Because cell rearrange-
ments contribute to stress relaxation in epithelial
tissues (11), and most cell rearrangements in
the early avian embryo are associated with cell
division (12), we reasoned that cell division
may be required for a fluid-like behavior. Treat-
ment with hydroxyurea (HU) efficiently sup-
pressed cell division (fig. S16A) but induced
apoptosis in the long term (fig. S16B).WhenHU
was combined with the apoptosis inhibitor

Saadaoui et al., Science 367, 453–458 (2020) 24 January 2020 3 of 5
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Fig. 2. Quantitative fluid-mechanical model for gastrulation. (A) Apparent
forces (negative of the Laplacian of the velocity field; averages over n = 6
embryos; magenta, presumptive primitive streak). (B) Diagram illustrating
how apparent forces (black) arise from graded tensions along the margin
(magenta). (C to E) Quantitative model for gastrulation movements. (C)
Tension/viscosity profiles (millimeters per hour; averages over 1-hour
intervals) from a fit to the reference average embryo (n = 6 embryos).

(D and E) Tissue flows in the model as the resultant of area changes
(taken from experiment) plus an incompressible flow driven by tension
along the margin [magenta line in (D)]. (D) Velocity fields (colors as
in Fig. 1I). (E) Deformation maps from each source term taken separately
and together. (F and G) Velocity field (F) and deformation map (G)
for the average embryo (right panels show deviation between model
and experiment). Scale bars, 1 mm.
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Geometry guides tissue flow 
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Polarized tissue flow requires contractility 
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Fig. 2. Impact of apical and basal myosin on tissue flow. (A) Sagittal plane of an embryo imaged with 2 

Myosin-II (myosin) marker spaghetti squash (sqh)::GFP at 9 minutes and 17 minutes after Tcell = 0 for (top) 3 

wildtype, (middle) toll vl mutant, and (bottom) cta mutant embryos. The arrows show the tangential velocity 4 

of the tissue along the midline. The panels on the right show a zoomed view of the posterior at Tcell = 17 5 

min with apical myosin indicated with green arrows. (B) Spatial profile of basal myosin intensity at Tcell = 9 6 

min for wildtype (black) and toll vl mutant (blue) embryos. Average performed over 5 wildtype and 6 toll vl 7 
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Localized friction or adhesion is not required for flow
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Fig. 4. Adhesion (or heterogeneous friction)-active tension coupling based model cannot explain 2 

the polarized flow. (A) Schematic representation of our model, equation (2), which is similar to equation 3 

(1) in Fig. 3 A, but with an additional domain G (magenta) of localized increase in friction by a factor g. (B, 4 

C) Elliptic model simulation (Fig. S5 A, B): (B) temporal profile of the spatially averaged velocity (!̅$'() 5 

when myosin intensity (4$'() ) is constant over time, shown for three different values of g, (C) Dependence 6 

of  !̅$'( on temporal increase in  4$'() , shown for three different values of g. (D) Experimentally measured 7 

temporal profile of spatially averaged velocity !̅ (black) and fit of equation (2) (blue), using the same 8 

procedure as described in Fig. 3. (E) Spatial fit curve corresponding to the panel D at a presentative time 9 
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Flow emerges from interaction between egg curvature gradient and contractility 

• When apical MyosinII is at higher level than basally, a 
positive active moment emerges that creates torque 
on neighboring tissue 

• Positive active moment in region of apical contractility 
acts to decrease curvature 
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• The egg shell imposes a positive curvature to 
the tissue 

• Flow arises from reduction of curvature away 
from embryo pole

Geometry guides tissue flow 
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Key parameters in the model: 
• curvature profile   
• offset between curvature and contractility gradients (soff)
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Fig. 6. Experimental perturbations to challenge model predictions. (A) Sagittal section of wildtype (top) 2 

and fat2 (bottom) embryos at Tcell = 0, imaged for sqh::GFP. Scale bar is 50 μm. (B) Quantification of aspect 3 

ratio, defined as the length of the major embryo axis divided by the maximal height of the embryo for 8 4 

wildtype and 8 fat2 embryos. (C) Average velocity of tissue flow resulting from simulations using our elliptic 5 

model with different aspect ratios (AR). In the simulations (Fig. S5 E), the position and extent of the myosin 6 

domain was initialized consistent with the experimental data. (D) Experimental spatially averaged tangential 7 

velocity as a function of time after symmetry breaking for 5 wildtype, 4 fat2, and 6 toll vl embryos. (E) Pole 8 

cell position (pospc) as a function of time for 6 wildtype, 5 fat 2, and 7 toll vl embryos. (F) View of the posterior 9 

of a wildtype (left) and toll vl (right) embryo imaged for sqh::GFP. Scale bar is 10 μm. (G) Quantification of 10 

the offset between the position of maximum curvature and the center of the patch of posterior myosin (Myo-11 
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Flow emerges from interaction between egg curvature gradient and contractility 

Geometry guides tissue flow 
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Tissue curvature translates in plane tension into invagination force 

Geometry guides tissue infolding 
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out-of-plane displacements are generated, and whether and how
homeotic genes are tied up with morphogenesis. We thereby describe
how, by taking advantage of our imaging setup, we serendipitously
uncovered that body curvature combined with in-plane tension con-
trolled by the Deformed (Dfd) homeotic gene promotes tissue
invagination.

Results
The invagination of the pupal Dfd homeotic domain is
associated with adult neck formation
As in all Diptera, theDrosophila adult is characterized by a head-thorax
regionalization manifested by a deep inter-segmental invagination
where the neck is located32 (Fig. 1a). In contrast, the Drosophila pupa
does not harbor such a fold at 14 h after pupa formation (14 hAPF,
Fig. 1a). To understand when and how the neck fold is formed, we
performed time-lapse imaging using the E-Cadherin::3xGFP
(Ecad::3xGFP) adherens junction (AJ) marker, focusing on a region
covering the dorsal part of the thorax and the head (Fig. 1b). Time-
lapse imaging revealed that the presumptive neck tissue starts to
gradually invaginate at 18 hAPF forming a fold that progressively
deepens at the head–thorax interface. This invagination is accom-
panied by convergent tissue flows from the head and thorax toward
the presumptive neck; the head and thorax tissues thus form the flanks
of the neck fold (Fig. 1b and Supplementary Movie 1). Even prior to its
folding, the presumptive neck region can be identified by the presence
of cells elongated along the medial-lateral (ML) axis (Fig. 1b and Sup-
plementary Fig. 1a). We found that these cells, hereafter referred to as
neck cells, are marked by the expression of the homeotic gene Dfd,

which also labels the adult neck (Fig. 1c, d, Supplementary Fig. 1b and
Supplementary Movie 2a). To quantitatively characterize the folding
dynamics,we trackedneck folding onML transverse sections along the
neck fold using Ecad::3xGFP (Fig. 1e). This enabled us to follow the
successive positions of the apical fold front along the ML axis, and to
precisely quantify the stereotypical tissue deepening dynamics for 8 h
and up to 40 µm below the initial tissue plane (Fig. 1f, Supplementary
Fig. 1c–i and Supplementary Note). We conclude that neck folding is
initiated during early pupal morphogenesis by the invagination of the
Dfd homeotic compartment.

Apical and basal actomyosin-dependent regulation of in-plane
ML tension controls neck folding dynamics
To investigate whether and how the homeotic Dfd compartment
invagination drives neck folding, we first characterized the organiza-
tion of the actomyosin cytoskeleton and themechanical stresses in the
presumptive neck region. This revealed the presence of apical and
basal actomyosin structures in the neck region (Supplementary
Movie 2b, c) and we further described these structures at 18 hAPF and
21 hAPF. In the apical domain, we observed the presence of supracel-
lular apicalMyosin light chain (MyoII) enrichment in theDfd neck cells,
as compared to the flanking tissues, as well as an apical actomyosin
cable at the interface between the Dfd homeotic domain and the
thorax cells marked by Antennapedia (Antp) expression (Fig. 2a and
SupplementaryMovie 2). While we imagedMyoII and F-actin along the
apical-basal axis of the neck cells, we noticed that MyoII and F-actin
fibers are present basally, being well aligned with the ML axis from
21 hAPF onwards (Fig. 2b and Supplementary Movie 2c). This basal
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SupplementaryMovie 4). Furthermore, the deepening speed is linearly
correlated with the product of tension and curvature, suggesting that
coverslip flattening modulates the invagination dynamics per se,
rather than the underlying mechanisms (Fig. 6e and Supplementary
Fig. 11c, d). If curvature modulates folding dynamics, reducing curva-
ture in any region of the fold should locally reduce deepening speed.
We thus flattened the lateral side of the neck region by mounting the
pupa on its side; and used the contralateral non-flattened side as an
internal control (Fig. 6f and Supplementary Movie 4). In these
experimental conditions, theflattened lateral side behaves like animals
imaged with coverslip flattening in the medial domain, while the
control non-flattened lateral side deepens with faster dynamics
(Fig. 6g–i and Supplementary Fig. 11c). Altogether, we conclude that
modulating the curvature led to changes in deepening speed that is
predicted by the product of the curvature and the tension (Fig. 6e, j).
Interestingly, we also noticed that independently of the initial curva-
ture heterogeneity imposed by the coverslip, the tissue shape, with flat
and curved regions, converged to a more homogenous curved geo-
metry during invagination (Fig. 5a, Fig. 6g and Supplementary
Movie 4). In fact, since the velocity is proportional to curvature, amore
curved region tends to shrinkmore quickly (Fig. 5a), thuswith time the
curvature increases and becomes more homogeneous (Supplemen-
tary Fig. 11e and Supplementary Note). This purely geometrical prop-
erty may therefore account for a robust neck invagination process,
independent of the initial heterogeneities in curvature due to our
imaging set-up.

Having found that Dfd homeotic compartment curvature impacts
the spatiotemporal dynamics of neck invagination, we aimed at ana-
lyzing whether the presence of a curved region is necessary to pro-
mote folding. Prior to neck folding, we used a UV laser to ablate the
tissue across its whole thickness to mechanically isolate the medial
region from the lateral curved regions (Supplementary Fig. 11f). We
then imaged neck folding while repeating the tissue severing ablations
every3 h (Fig. 7 andSupplementaryMovie5).When the isolatedmedial
region was initially flattened by the coverslip, the tissue deepening
speed was drastically reduced, while the tissue remained under ML
tension (Fig. 7a–c and Supplementary Fig. 11g, h). Strikingly, without
flattening, the isolated curved tissue initially deepened, and as it
became flatter its deepening speed reduced (Fig. 7d–f). These
experiments agree with the hypothesis that an initial curvature within
the fold plane promotes folding and that a flat region can deepen if
mechanically coupled to a curved one; thus, confirming the role of
curvature in controlling the spatiotemporal dynamics of neck folding.

Discussion
The morphogenetic and functional specification of tissue compart-
ments is a major trait of animal development. As such, the exploration
of tissue morphogenesis and homeotic gene function is key to unra-
veling the conserved mechanisms driving development. Here we
uncovered that the function of Dfd homeotic gene in folding mor-
phogenesis can be understood by integrating its activitywith the initial
animal geometry upon which it acts on. Accordingly, we propose that
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zigzag pattern that presage the formation of villi
(Fig. 1D). The coincident emergence of luminal
ridges, zigzags, and villi with the sequential forma-
tion of smooth muscle layers suggests that smooth
muscle differentiation and epithelial morphogenesis
might be linked.

Ridges Form Because of Muscle-
Constrained Azimuthal Growth of the
Endoderm-Mesenchyme Composite
The notion that differential growth of layered
tissues can lead to epithelial buckling is classical
(7, 8) and has been evoked, for example, to ex-
plain longitudinal ridge formation in healthy and
diseased adult trachea and esophagus (4, 9). To
investigate the tissue interactions that lead to
the ridge patterns in the embryonic gut, we sur-
gically separated the layers and observed the ef-
fects on their respective morphologies. When the
muscle was separated from the combined mesen-
chymal and epithelial layers at different stages
from E8, when the circular muscle layer first
forms, to E12 just before the first longitudinal
muscle layer forms, we found that the mesen-
chyme and attached epithelium unfold (Fig. 2A).
This indicates that relative growth of these layers
leads to reversible elastic compression when con-
strained within the muscle layer; indeed the ratio
of the inner circumference of the once-attached
muscle layer to the outer circumference of the
separated mesenchyme and endoderm, the cir-
cumferential stretch ratio, consistently averages
to 0.55 across the developmental stages from E8
to E12 (Fig. 2B). However, the separation of the
endoderm from the composite of mesenchyme
and muscle does not abolish ridge pattern in the
mesenchyme (Fig. 2C).

Taken together, these results support a model
that the circular muscle layer, once differentiated,
forms a stiff constraint mechanically preventing
the free azimuthal expansion of the mesenchyme
and endoderm; further growth of these tissues
relative to the muscle layer leads to azimuthal
compression and buckling. This suggests that
absent muscle differentiation, the gut tube would
expand freely radially without ridge formation.
To test this, we developed an in vitro culture sys-
tem for gut growth. When segments of E6 guts
with smooth lumens and no muscle layers were
cultured for 48 hours in vitro, they differentiated
to form a ring of circumferential smooth muscle
and parallel luminal folds, indistinguishable from
in ovo E8 guts (Fig. 2D). When E6 guts were
cultured in the presence of 10 mM AG1295 or
FK506, drugs known to block the differentiation
of smooth muscle but that act through distinct
signaling pathways (10, 11), they did not form a
smooth muscle layer and concomitantly did not
form luminal folds (Fig. 2D). Importantly, these
compounds did not influence proliferation or
lead to an increase in cell death when compared
with guts grown with the vehicle (dimethyl sulf-
oxide, DMSO) alone (fig. S1); indeed there was a
significant increase in the outer circumference of
guts lacking circular smooth muscle when com-

pared with control gut samples, confirming that
blocking smoothmuscle differentiation eliminates
circumferential restriction of the outward expan-
sion of the gut tube. As a control, gut segments
grown in vehicle alone developed a layer of cir-
cular smooth muscle and formed luminal folds.
Quantifying the constraint provided by the mus-
cle, we find that the ratio of inner circumference
of the muscle layer in the control samples to the
outer circumference of the gut segments cultured

with either compound to be 0.53 on average (Fig.
2D), a ratio that agrees closely with the stretch ratio
obtained from surgical separation of the layers, in-
dicating that tissue differentiation into smooth mus-
cle providesmost of the circumferential constraint.

Because smooth muscle begins active peri-
stalsis once it forms, the contractility of muscle
could drive epithelial buckling in addition to, or
instead of, functioning as a passive barrier to ex-
pansion. To test this, we cultured E6 gut segments

Fig. 2. Differentiation of circularly oriented smooth
muscle is necessary for maintenance and develop-
ment of ridges. (A) Transverse slices from E8, E10, and
E12 whole guts (left) are surgically separated along the
junction of the mesenchyme and the circular smooth

muscle (dotted line). When separated from themuscle, the luminal ridges in the mesenchyme and attached
endoderm unfold (middle) and expand, whereas the detached muscle remains invariant (right). The outer
circumference of the unfolded mesenchyme and endoderm (blue arrowhead) is larger than the inner
circumference of the separated muscle layer (green arrowhead). (B) Inner circumference of muscle layer
(green line) compared with outer circumference of mesenchyme and endoderm (blue line) over time, along
with the compression ratio (bar graph). (C) Surgical separation of endoderm frommesenchyme andmuscle
at E10 does not abolish ridge pattern. (D) (Top left) Experiment schematic of E6 gut cultured for 48 hours.
(Bottom) Transverse sections of a fresh E8 gut or E6 guts cultured in DMSO alone or with either 10 mm
AG1295 or 10 mm FK506 for 48 hours and labeled with DAPI (blue) and SMA (green). (Top right)
Quantification of compression from E8 muscle shows the ratio of the inner circumference of the circular
muscle at E8 (green arrowhead) to the resulting mesenchyme outer circumference (blue arrowhead). (E)
Transverse sections of guts labeled as in (D); culturing E6 guts in the presence of either SNP or motilin does
not affect ridge formation. (F) Transverse sections of guts labeled as in (D), cultured in silk tubes of 380-mm
inner diameter (top) or 300-mm inner diameter (middle) or cultured in 300 mm and extracted before
fixation (bottom). n > 3 for all culture experiments; error bars represent one SD. Scale bars = 100 mm.
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(Fig. 1D). The coincident emergence of luminal
ridges, zigzags, and villi with the sequential forma-
tion of smooth muscle layers suggests that smooth
muscle differentiation and epithelial morphogenesis
might be linked.

Ridges Form Because of Muscle-
Constrained Azimuthal Growth of the
Endoderm-Mesenchyme Composite
The notion that differential growth of layered
tissues can lead to epithelial buckling is classical
(7, 8) and has been evoked, for example, to ex-
plain longitudinal ridge formation in healthy and
diseased adult trachea and esophagus (4, 9). To
investigate the tissue interactions that lead to
the ridge patterns in the embryonic gut, we sur-
gically separated the layers and observed the ef-
fects on their respective morphologies. When the
muscle was separated from the combined mesen-
chymal and epithelial layers at different stages
from E8, when the circular muscle layer first
forms, to E12 just before the first longitudinal
muscle layer forms, we found that the mesen-
chyme and attached epithelium unfold (Fig. 2A).
This indicates that relative growth of these layers
leads to reversible elastic compression when con-
strained within the muscle layer; indeed the ratio
of the inner circumference of the once-attached
muscle layer to the outer circumference of the
separated mesenchyme and endoderm, the cir-
cumferential stretch ratio, consistently averages
to 0.55 across the developmental stages from E8
to E12 (Fig. 2B). However, the separation of the
endoderm from the composite of mesenchyme
and muscle does not abolish ridge pattern in the
mesenchyme (Fig. 2C).

Taken together, these results support a model
that the circular muscle layer, once differentiated,
forms a stiff constraint mechanically preventing
the free azimuthal expansion of the mesenchyme
and endoderm; further growth of these tissues
relative to the muscle layer leads to azimuthal
compression and buckling. This suggests that
absent muscle differentiation, the gut tube would
expand freely radially without ridge formation.
To test this, we developed an in vitro culture sys-
tem for gut growth. When segments of E6 guts
with smooth lumens and no muscle layers were
cultured for 48 hours in vitro, they differentiated
to form a ring of circumferential smooth muscle
and parallel luminal folds, indistinguishable from
in ovo E8 guts (Fig. 2D). When E6 guts were
cultured in the presence of 10 mM AG1295 or
FK506, drugs known to block the differentiation
of smooth muscle but that act through distinct
signaling pathways (10, 11), they did not form a
smooth muscle layer and concomitantly did not
form luminal folds (Fig. 2D). Importantly, these
compounds did not influence proliferation or
lead to an increase in cell death when compared
with guts grown with the vehicle (dimethyl sulf-
oxide, DMSO) alone (fig. S1); indeed there was a
significant increase in the outer circumference of
guts lacking circular smooth muscle when com-

pared with control gut samples, confirming that
blocking smoothmuscle differentiation eliminates
circumferential restriction of the outward expan-
sion of the gut tube. As a control, gut segments
grown in vehicle alone developed a layer of cir-
cular smooth muscle and formed luminal folds.
Quantifying the constraint provided by the mus-
cle, we find that the ratio of inner circumference
of the muscle layer in the control samples to the
outer circumference of the gut segments cultured

with either compound to be 0.53 on average (Fig.
2D), a ratio that agrees closely with the stretch ratio
obtained from surgical separation of the layers, in-
dicating that tissue differentiation into smooth mus-
cle providesmost of the circumferential constraint.

Because smooth muscle begins active peri-
stalsis once it forms, the contractility of muscle
could drive epithelial buckling in addition to, or
instead of, functioning as a passive barrier to ex-
pansion. To test this, we cultured E6 gut segments

Fig. 2. Differentiation of circularly oriented smooth
muscle is necessary for maintenance and develop-
ment of ridges. (A) Transverse slices from E8, E10, and
E12 whole guts (left) are surgically separated along the
junction of the mesenchyme and the circular smooth

muscle (dotted line). When separated from themuscle, the luminal ridges in the mesenchyme and attached
endoderm unfold (middle) and expand, whereas the detached muscle remains invariant (right). The outer
circumference of the unfolded mesenchyme and endoderm (blue arrowhead) is larger than the inner
circumference of the separated muscle layer (green arrowhead). (B) Inner circumference of muscle layer
(green line) compared with outer circumference of mesenchyme and endoderm (blue line) over time, along
with the compression ratio (bar graph). (C) Surgical separation of endoderm frommesenchyme andmuscle
at E10 does not abolish ridge pattern. (D) (Top left) Experiment schematic of E6 gut cultured for 48 hours.
(Bottom) Transverse sections of a fresh E8 gut or E6 guts cultured in DMSO alone or with either 10 mm
AG1295 or 10 mm FK506 for 48 hours and labeled with DAPI (blue) and SMA (green). (Top right)
Quantification of compression from E8 muscle shows the ratio of the inner circumference of the circular
muscle at E8 (green arrowhead) to the resulting mesenchyme outer circumference (blue arrowhead). (E)
Transverse sections of guts labeled as in (D); culturing E6 guts in the presence of either SNP or motilin does
not affect ridge formation. (F) Transverse sections of guts labeled as in (D), cultured in silk tubes of 380-mm
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fixation (bottom). n > 3 for all culture experiments; error bars represent one SD. Scale bars = 100 mm.
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zigzag pattern that presage the formation of villi
(Fig. 1D). The coincident emergence of luminal
ridges, zigzags, and villi with the sequential forma-
tion of smooth muscle layers suggests that smooth
muscle differentiation and epithelial morphogenesis
might be linked.

Ridges Form Because of Muscle-
Constrained Azimuthal Growth of the
Endoderm-Mesenchyme Composite
The notion that differential growth of layered
tissues can lead to epithelial buckling is classical
(7, 8) and has been evoked, for example, to ex-
plain longitudinal ridge formation in healthy and
diseased adult trachea and esophagus (4, 9). To
investigate the tissue interactions that lead to
the ridge patterns in the embryonic gut, we sur-
gically separated the layers and observed the ef-
fects on their respective morphologies. When the
muscle was separated from the combined mesen-
chymal and epithelial layers at different stages
from E8, when the circular muscle layer first
forms, to E12 just before the first longitudinal
muscle layer forms, we found that the mesen-
chyme and attached epithelium unfold (Fig. 2A).
This indicates that relative growth of these layers
leads to reversible elastic compression when con-
strained within the muscle layer; indeed the ratio
of the inner circumference of the once-attached
muscle layer to the outer circumference of the
separated mesenchyme and endoderm, the cir-
cumferential stretch ratio, consistently averages
to 0.55 across the developmental stages from E8
to E12 (Fig. 2B). However, the separation of the
endoderm from the composite of mesenchyme
and muscle does not abolish ridge pattern in the
mesenchyme (Fig. 2C).

Taken together, these results support a model
that the circular muscle layer, once differentiated,
forms a stiff constraint mechanically preventing
the free azimuthal expansion of the mesenchyme
and endoderm; further growth of these tissues
relative to the muscle layer leads to azimuthal
compression and buckling. This suggests that
absent muscle differentiation, the gut tube would
expand freely radially without ridge formation.
To test this, we developed an in vitro culture sys-
tem for gut growth. When segments of E6 guts
with smooth lumens and no muscle layers were
cultured for 48 hours in vitro, they differentiated
to form a ring of circumferential smooth muscle
and parallel luminal folds, indistinguishable from
in ovo E8 guts (Fig. 2D). When E6 guts were
cultured in the presence of 10 mM AG1295 or
FK506, drugs known to block the differentiation
of smooth muscle but that act through distinct
signaling pathways (10, 11), they did not form a
smooth muscle layer and concomitantly did not
form luminal folds (Fig. 2D). Importantly, these
compounds did not influence proliferation or
lead to an increase in cell death when compared
with guts grown with the vehicle (dimethyl sulf-
oxide, DMSO) alone (fig. S1); indeed there was a
significant increase in the outer circumference of
guts lacking circular smooth muscle when com-

pared with control gut samples, confirming that
blocking smoothmuscle differentiation eliminates
circumferential restriction of the outward expan-
sion of the gut tube. As a control, gut segments
grown in vehicle alone developed a layer of cir-
cular smooth muscle and formed luminal folds.
Quantifying the constraint provided by the mus-
cle, we find that the ratio of inner circumference
of the muscle layer in the control samples to the
outer circumference of the gut segments cultured

with either compound to be 0.53 on average (Fig.
2D), a ratio that agrees closely with the stretch ratio
obtained from surgical separation of the layers, in-
dicating that tissue differentiation into smooth mus-
cle providesmost of the circumferential constraint.

Because smooth muscle begins active peri-
stalsis once it forms, the contractility of muscle
could drive epithelial buckling in addition to, or
instead of, functioning as a passive barrier to ex-
pansion. To test this, we cultured E6 gut segments

Fig. 2. Differentiation of circularly oriented smooth
muscle is necessary for maintenance and develop-
ment of ridges. (A) Transverse slices from E8, E10, and
E12 whole guts (left) are surgically separated along the
junction of the mesenchyme and the circular smooth

muscle (dotted line). When separated from themuscle, the luminal ridges in the mesenchyme and attached
endoderm unfold (middle) and expand, whereas the detached muscle remains invariant (right). The outer
circumference of the unfolded mesenchyme and endoderm (blue arrowhead) is larger than the inner
circumference of the separated muscle layer (green arrowhead). (B) Inner circumference of muscle layer
(green line) compared with outer circumference of mesenchyme and endoderm (blue line) over time, along
with the compression ratio (bar graph). (C) Surgical separation of endoderm frommesenchyme andmuscle
at E10 does not abolish ridge pattern. (D) (Top left) Experiment schematic of E6 gut cultured for 48 hours.
(Bottom) Transverse sections of a fresh E8 gut or E6 guts cultured in DMSO alone or with either 10 mm
AG1295 or 10 mm FK506 for 48 hours and labeled with DAPI (blue) and SMA (green). (Top right)
Quantification of compression from E8 muscle shows the ratio of the inner circumference of the circular
muscle at E8 (green arrowhead) to the resulting mesenchyme outer circumference (blue arrowhead). (E)
Transverse sections of guts labeled as in (D); culturing E6 guts in the presence of either SNP or motilin does
not affect ridge formation. (F) Transverse sections of guts labeled as in (D), cultured in silk tubes of 380-mm
inner diameter (top) or 300-mm inner diameter (middle) or cultured in 300 mm and extracted before
fixation (bottom). n > 3 for all culture experiments; error bars represent one SD. Scale bars = 100 mm.

www.sciencemag.org SCIENCE VOL 342 11 OCTOBER 2013 213

RESEARCH ARTICLE

on July 12, 2018
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

A. Shyer et al, C. Tabin and L. Mahadevan. 
Science 342: 212-218 (2013)

Growth induced mechanical instabilities: Gut vilification

Villi arise from mechanical instability caused by differential growth and constraints
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When the production of molecular species is coupled 
to their diffusion, striking spatial–temporal molecular 
patterns can emerge. Reaction–diffusion systems such 
as Turing instabilities21 produce patterns with length 
scales that depend on the details of activator–inhibitor 
interactions22 (BOX 2). Excitable systems manifest charac-
teristic temporal dynamics, in which, for instance, trigger 
wave velocities depend on diffusion and positive feedback 
timescales23. Concentration gradients of molecules where 
the local concentration depends on the production–
degradation rates and on the diffusion/transport  

constants24, define time and length scales of morphogenetic  
fields. The emergent biochemical patterns are read 
and interpreted by cells via cell signalling and direct a 
sequence of downstream cellular decisions. For instance, 
the concentration-dependent activity of morphogens 
transforms a homogeneous field of cells into discrete 
regions of defined length, each with its own morpho-
genetic and differentiation programmes driven by the 
induction of specific changes in gene expression25,26. 
As another example, Turing instabilities control pal-
ate ridges27 and digit number in growing limbs28 in the 

λ = √D/k 
τ = λ2/D 

Biochemistry Geometry

Mechanics

BiochemistryGenes Biochemistry

Geometry

Geometry

Morphogenesis Morphogenesis

Information

Information

Programmed Self-organizedModules of 
morphogenesis

a

b

Diffusion D

Applied 
stress Strain propagation

σ

Time

Time

ε
More viscous

Elastic Viscoelastic

Applied stress (σ)

Induced strain (ε)

Biochemistry Mechanics

Strain propagation

τ = η/E
λ = √η/γ

Timescale
Length scale

Actin cortex viscosity/stiffness
Activation of motors

Degradation k
Length scale
Timescale

Stiffness E
Viscosity η
Friction γ

Production
zone

DistanceC
on

ce
nt

ra
ti

on

C(x) = C0e–x/λ

x

Cx

C0

Mechanics

Mechanics

Geometry

Gradient

Molecule transport (advection)
Mechanotransduction

Fig. 1 | Programme versus self-organization in the flow of morphogenetic 
information. a | Length and timescales of morphogenetic information can 
be defined by biochemical (in red on the left) or mechanical (in blue on the 
right) interactions occurring within the given geometry of the tissue (in grey). 
On the left: the constant of effective diffusion (D) of a molecular species (red 
star) from a spatially restricted production zone and its rate of degradation 
(k) define the local concentration and thus the length scale (λ) and timescale 
(τ) of the cellular and tissue level processes driving shape changes. These 
length and timescales can be quantitatively estimated by measuring D and 
k (equations in the yellow quadrant). The graph on the left illustrates the 
spatial decay of the concentration of a molecular species following an 
exponential decay with length scale λ. On the right: the propagation of 
deformation due to an applied stress can define the length scale (λ) and 
timescale (τ) of morphogenetic events in a tissue. Strain propagation 
depends on the elastic modulus (stiffness) E, the viscosity η and the friction 
coefficient γ . The length (λ) and timescales (τ) are defined quantitatively as 
in the yellow quadrant at the bottom left. The graph illustrates how the 
viscosity of a material impacts on the timescale of deformation following an 
applied stress. A fully elastic material has a coefficient of viscosity equal to 0 
and never dissipates the elastic energy due to the applied stresses (that is, 
they can return to their initial configuration when the stress is released) while 

a viscoelastic material dissipates the elastic energy (that is, it cannot return 
to the initial configuration upon stress release) when the stress is applied for 
long enough beyond a certain timescale. The applied stress is indicated by σ 
and the induced strain by ε. Of note, biochemical interactions and cell and 
tissue mechanics can regulate each other. For instance, biochemical 
signalling can regulate the stiffness/viscosity of the actin cortex or may 
activate force-generating molecular motors. Mechanics can regulate local 
protein concentrations by advection or elicit biochemical signalling via 
mechanotransduction. b | Idealized information flows illustrating how 
morphogenesis could be executed as a programme (middle) or emerge in a 
self-organized fashion (right). Biochemistry, mechanics and geometry are the 
key modules of morphogenesis (as illustrated in part a). In programmed 
morphogenesis the information is fully encapsulated in the initial patterning 
(that is, biochemistry) and geometry of the tissue. This determines fully the 
execution of cell and tissue mechanical operations and the final outcome  
of morphogenesis. The strict hierarchy and the unidirectional flow of 
information are represented by single-headed arrows. In the case of self- 
organized morphogenesis biochemistry, mechanics and geometry  
can regulate each other as a result of multiple feedbacks and thus  
the information emerges and is continuously modulated during the 
morphogenetic process.
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mechanisms to sculpt epithelial layers in complex 3D shapes
include differential constriction of cells along their apicobasal
axis—for instance, duringDrosophila gastrulation and vertebrate
neural tube formation (Heisenberg and Bellaı̈che, 2013).
Interestingly, epithelial layers are typically polarized along their

apicobasal axis, so that they can distinguish ‘‘top’’ versus ‘‘bot-
tom’’ in a flat configuration. Consequently, these tissues are ex-
pected theoretically to be able to distinguish between regions of
positive and negative curvatures, which translate in different ra-

tios of apical versus basal area. Such properties suggest a po-
tential feedback loop, where mechanical properties of an initially
flat layer of cells would determine the three-dimensional (3D)
structure it takes during buckling (breaking symmetry via a purely
mechanical instability), and in turn, the acquired curvature of this
3D structure would feed back on local cellular identities and
mechanical properties within the sheet (see Figure 3A for a sche-
matic of this process). Experimental evidence for such curva-
ture-sensing mechanism has recently been obtained by in vitro

Figure 3. Mechanochemical Feedback
Loops via Tissue Geometry
(A) Symmetry breaking of a growing epithelial
sheet on an ECM substrate, which can happen via
two complementary feedback loops:
Left (changes in tissue morphogenesis precede
changes in cell fate specification): an initially flat
layer of identical progenitors P1, such as the
mouse intestinal epithelium undergoing vilification,
or lung and kidney epithelium undergoing
branching morphogenesis, can undergo sponta-
neous symmetry breaking—a so-called buckling
instability—when experiencing differential growth
or stresses compared to its surroundings (orange
mesh; e.g., mesenchymal tissues, ECM, smooth
muscle layers), causing three-dimensional tissue
folding. Such deformations result in changes in
tissue curvature, which can be actively sensed
within the epithelium (e.g., via YAP and/or TAZ
nuclear localization) or cause local modulation in
the concentration of diffusing biochemical species
(e.g., Shh, BMP, FGF; drawn in shades of orange)
from passive geometrical effects. This results in a
feedback loop inducing different cell fates (P1 and
P2) in different regions of the epithelium, which
themselves can subsequently affect local force
production and further morphogenetic events.
Right (changes in cell fate specification precede
changes in tissue morphogenesis): in a layer con-
taining pre-patterned domains of distinct cell types
(P1 and P2, for instance during ventral furrow for-
mation in Drosophila gastrulation), both cell types
will typically have different mechanical properties.
Higher apical contractility and/or larger division
rates in the P1 cells will cause local tissue bending,
which can then be further refined via feedbacks on
cell fate specification as outlined in the left panel.
(B) Interplay between luminal expansion, epithelial
mechanics, and morphogen diffusion. The forma-
tion of luminal cavities during embryo development
can provide a signaling center for diffusive
biochemical signals, which can feed back on tissue
contractility and thussubsequent lumenpositioning
and expansion but also providemechanical signals
via fluid pressure (DP). Epithelial tissues are typi-
cally polarized along their apicobasal axis, resulting
indifferential positioningofmorphogen receptors to
either the apical or basolateral areas. The ratio of
apico-basolateral cell areas in turn depends on
force balance within the epithelium, allowing for
differential feedback loops to emerge as a result of
changes in tissue and/or lumen geometry. For
instance, apically secreted morphogens cannot
activate basolateral receptors unless they diffuse
through the epithelium, which could occur via
growth-induced leakages or morphogenetically
specified gaps in the epithelium. Furthermore,
different cell types contribute indifferentways to ion
pumping and morphogen production, providing an
additional feedback from cell fate specification to
cell and tissue mechanics via tissue geometry.
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RESULTS

Intestinal StemCell Markers Are Expressed Uniformly in
the Early Mammalian Gut and Are Refined during Villus
Formation
Although the definitive ISCs of the postnatal intestine are derived
from the endoderm of the primitive gut tube and the early gut
epithelium has been hypothesized to be a uniform stem-cell-
like pool (Crosnier et al., 2006), it has remained unclear whether
ISCmarkers are expressed at these early stages. To test this, we
took advantage of a murine GFP knock-in allele of the best-stud-

ied ISCmarker, Lgr5 (EGFP-IRES-creERT2) (Barker et al., 2007).
Strikingly, Lgr5-expressing cells are found throughout the
epithelium in the embryonic day 12.5 (E12.5) small intestine,
just prior to villus formation (Figure 1A). Over the following days
of development, Lgr5 expression is lost in the forming villus
tip and is progressively restricted to the space between villi as
they form (Figure 1A). A second ISC marker, CD44 (Itzkovitz
et al., 2012), follows a similar progression albeit with slightly
delayed kinetics (Figure 1B).
In the adult intestine, canonical Wnt signaling is essential for

maintaining ISCs. In previous studies, markers for active Wnt
signaling, such as Sox9, have been reported to be initially ex-
pressed uniformly throughout the embryonic gut but are then
restricted to the intervillous space as villi form (Blache et al.,
2004; Formeister et al., 2009; Furuyama et al., 2011). Moreover,
previous reports have shown that epithelial proliferation follows
the same progressive restriction from the tip of forming villi
(Crosnier et al., 2006).
Thesedata suggest that the ISCs localizedat thebaseof the villi

at birth are remnants of a broader precursor stem cell population
found throughout theearly gut endoderm. Todirectly testwhether
this is the case, we made use of the inducible Cre present in the
Lgr5 knock-in allele and crossed it into the background of a
Rosa26-tdTomato floxed reporter that is irreversibly activated in
the presence of Cre recombinase, marking the cells in which
Cre is expressed and also their descendants. We labeled cells
by inducing Cre activity at E13.5, a stage when the entire epithe-
lium isproliferativeandexpressesLgr5.We thensectionedgutsof
postnatal animals, a timewhenstemcells are localized to thebase
of the villi and to the inter-villus regions, and examined them for
tdTomato expression.Weobserved staining at the base of the villi
that colocalized with Lgr5 expression and, in many cases, also
saw staining along the sides of the villi (Figure 1C) even though,
at this stage, the epithelial cells of the villi do not actively express
Lgr5. As the epithelial cells of the villi at this stage are known to be
derived from the stem cells at their base, these data indicate that
the embryonically labeled Lgr5-positive cells are indeed the pro-
genitors of the post-natal intestinal stem cells.
Although the villi in mouse appear to be established through

similar compressive forces as in the chick (Shyer et al., 2013),
they arisemuchmore quickly andwithout the clear stepwise pro-
gression seen in the chick (Figure S1B). To investigate when in
this process the stem cells are localized, we therefore switched
systems to the chick.

Stem Cells Are Restricted Late in Chick Endodermal
Morphogenesis as Zigzags Become Compact and Begin
to Morph into Pre-villus Bulges
As Lgr5 expression is difficult to detect in the developing chick
midgut, we utilized single-molecule fluorescent in situ hybridiza-
tion (FISH) to locate Lgr5-expressing cells across chick intestinal
development. Lgr5 is expressed uniformly throughout the early
embryonic intestinal epithelium and continues as such through
the early stages of epithelial morphogenesis into ridges and
zigzags (Figures 2A and S2A). However, by E15, as the zigzags
attain their maximal compaction just before they begin to morph
into the bulges that will give rise to villi, Lgr5 expression is dimin-
ished in the tip of the epithelial fold. By hatching, expression is

Figure 1. Intestinal Stem Cell Markers Are Expressed Uniformly in
the Early Mammalian Embryo and Are Refined during Development
(A) Lgr5-EGFP-positive cells in heterozygous mouse intestines from E12.5

to E15.5. High-magnification views (below) show progressive restriction of

expression from the villus tip. Sections from a littermate control lacking the

knock-in allele (right column) show no GFP expression.

(B) CD44 immunohistochemistry in mouse intestines from E12.5 to E15.5.

High-magnification views (below) show similar progressive restriction of

expression from the villus tip.

(C) Sections of the intestine from two different P0 mice that resulted from

crossing the Lgr5 knock-in allele containing an inducible Cre with a Rosa26-

TdTomato floxed reporter after tamoxifen induction at E13.5. GFP represents

Lgr5 expression at P0, and tdTomato indicates the location of cells and their

descendants that expressed Lgr5 during induction at E13.5. Scale bars,

50 mm.
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In principle, cell junction remodeling and
intercalation could be controlled by external
constraints acting on the tissue. In the Drosoph-
ila pupal wing, this is likely to be the case, as
hinge contraction drives cell rearrangements
(38). However, in several systems, cells locally
produce the energy used to remodel contacts by
forming planar-polarized actomyosin cables con-
necting two or more vertices together (Fig. 5, A
and B). This process is both active and to a cer-
tain degree collective, as it involves a minimum
of four cells, and as many as seven or eight
cells, connected by supracellular contractile ca-
bles (Fig. 2B).

Studies in Drosophila and chicken delineate
a similar pathway for polarized regulation of
actomyosin contractility by the Rho1 pathway
(Fig. 5D). RhoGEFs (35, 39), ROCK (40, 41),
and myosin II regulatory light chain (35–37) are
recruited and activated in a planar-polarized
manner by surface receptors. Although these re-
main unknown in Drosophila, in the chick, PDZ-
RhoGEF is activated by the planar cell polarity

pathway, namely Celsr2, the ortholog of Dro-
sophila Fmi (35). The increased bond tension
at cell interfaces (42, 43) could explain cell con-
tact remodeling as shown using computational
methods (35, 43). Adhesion is also likely lower
in anteroposterior contacts of the Drosophila
germ band, because there are fewer and smaller
E-cadherin adhesion clusters in these contacts
(37, 39). Cell intercalation was recently shown
to depend on interfacial tension controlled by
another myosin called Dachs, which is involved
in planar cell polarization (44).

Cell intercalation drives tissue extension when
the process is planar-polarized. The polarity is
imposed by the orientation of interfacial stresses
controlled by actomyosin networks. It is unclear
how extension of the new junction occurs and
whether this is an active or a passive process.

Toward a Multiscale Model of
Tissue Dynamics
General principles of tissue homeostasis and
morphogenesis emerge from the comparison of

how junctions are formed, removed, or exchanged
in epithelia. Junction dynamics is not a passive
response to external and internal forces; it is an
active process at cell contacts whereby cells act
collectively to remodel the junctions. On long
time scales, junction dynamics confer fluid be-
havior through the dissipation of active stresses
propagating in the tissue from its boundaries
or internally controlled. This fluid behavior may
explain how large-scale deformations, such as
morphogenesis, arise. In some cases, junction
remodeling is prevented and cells are stretched
by multicellular actomyosin cables. This is the
case at compartment boundaries, which prevent
miscibility between two large groups of cells
(45, 46). In the chick neural tube, similar large-
scale supracellular cables may allow tissue buck-
ling by accumulating stress in the tissue as it
closes (35). It will be important to investigate
the cellular mechanisms controlling whether a
cell can or cannot remodel cell contacts in re-
sponse to internal stresses and the compressive
forces acting from the tissue boundaries into
the whole tissue. The adaptive response of E-
cadherin adhesive complexes to actomyosin
stresses, namely their ability to remodel or to
reinforce, is likely an important area of future
study. Cell junction dynamics requires dynamics
of vertices where interplay occurs between acto-
myosin tension and adhesive clusters. Whether
vertices are subject to a specific regulation rela-
tive to junctions will be an important consider-
ation in determining how cell mechanics drives
tissue dynamics.

Cell division, cell death, and cell intercalation
modify the distribution of cell stresses in an epi-
thelium. It is unclear how these local phenomena
affect the global properties of the tissue (such
as its global stress pattern), or how changes in
global properties may in turn affect these local
processes (47, 48). For instance, polarized cell
division would result in an effective polarized
growth and stress that could potentially affect
tissue organization. Whether cells can dissipate
this stress by live cell extrusion or intercalation
will have a profound impact on tissue organiza-
tion and morphogenesis. Likewise, an overgrowth
could affect the accumulation of stress in a tis-
sue depending on whether cells can extrude. We
are just beginning to see what sort of mechan-
ical interplay exists between local and tissue
scales in epithelia, and this will be an important
avenue of investigation.

As we have seen, cell and tissue behaviors
are also controlled by biochemical signals that
control, for instance, actomyosin network dynam-
ics and contractility. Biomechanical feedbacks
operate on two different scales. At the cellular
scale, cell deformation and actomyosin flows in
cells transport polarity proteins and regulators
of actomyosin contractility, thereby explaining
to some extent how cell deformations and po-
larization are self-organized (49). At the tissue
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• Proliferating intestinal stem cells (ISC) 
form a niche at the base of villi (crypt). 

• Lgr5, a marker of ISC, is first expressed 
in the entire epithelium, and is later 
restricted to regions at the base of villi.

Lgr5

• Shh, is expressed uniformly in the intestine epithelium 
during formation of the villi. 

• BMP4, another growth factor expressed in the underlying 
mesenchyme, is first expressed uniformly, but later on is 
restricted to the distal tip of the villi.  

• BMP4 subsequently represses ISC induction at the villi tip. 

lower half of the villi (Figure 4D). Conversely, in explants cultured
in the presence of Shh or Bmp4, Sox9 is absent in the endo-
dermal layer (Figure 4D).

To directly verify that this signaling cascade regulates ISC
restriction, we assessed the expression of the ISC marker Lgr5
in the presence of repressed Shh activity. As anticipated, when
cyclopamine is added, abolishing villus cluster gene expression,
the resulting intestine segments maintain expression of Lgr5
throughout the folded epithelium, whereas expression is lost at
the tip in control segments (Figures 4E and S2B).

Together, these results support a model in which Shh activity
in the gut endoderm induces villus cluster gene expression in the
subadjacent mesenchyme at the tips of the villi. This signal cen-
ter then produces Bmp4, which reciprocally feeds back on the
endoderm to block Wnt activity and hence repress ISC identity
and cell proliferation at the distal end of the growing villi.

Physical Changes in the Morphology of the Lining of the
Gut Create Local Maxima of Signaling Activity to Induce
the Villus Cluster
There is, however, an obvious problem with this model: we have
shown that Shh is expressed uniformly throughout the gut endo-

Figure 3. As the Proto-villi Form from E13 to
E15, the Villus Cluster Signaling Center
Forms in the Mesenchyme at the Distal Tip
(A) Luminal views of the zigzag topography from

E13 to E15, and expression of cluster genes goes

from uniform under thewide folds of the epithelium

at E13 (left) to predominantly localized to the

mesenchyme under the forming villi at E15 (right).

(B) PhophoSMAD staining demonstrates high

BMP activity in the villus cluster and the adjacent

epithelium. Close-up views (below) of a single fold

at E15 highlight epithelial staining (arrowhead),

which is less intense than staining in the mesen-

chymal cluster. Scale bars, 50 mm.

derm at the stages of development under
consideration (Figures 3B and 4A), yet the
putatively Shh-dependent villus cluster
genes are only induced at the distal tips
of the villi. A plausible model explaining
this localized, elevated response to Shh
takes note of the fact that a uniformly
secreted protein will be at a higher con-
centration in locations where the target
tissue is surrounded by morphogen-pro-
ducing tissue (e.g., at the curved tip of
the highly folded epithelium) than where
it is only adjacent to the source of the
morphogen on one side (e.g., at the
base of the folds). This is supported by
computational modeling, which shows
that a highly folded epithelium, or finger-
like pocket, indeed results in both an in-
crease in a morphogen concentration
gradient and a greater depth of high-level
signaling below the endoderm, relative to

a similarly scaled, wider fold (Figure S3 and Extended Experi-
mental Procedures). The slow, stepwise nature of villi formation
in chick allows for a detailed investigation of this hypothesis for
how the villus cluster arises. During the stages in which the
lumen takes on an increasingly compact zigzag topography
(E13, E14, and E15) we find that the cross-sectional shape of
these structures changes in concert (low peak, narrow peak,
and rounded tip, respectively) (Figures 5A and 5B). This would
be predicted to lead to increasingly concentrated gradients
of endodermally derived signaling at the tip (schematized in
Figure 5B).
To directly test this idea, we examined the distribution of Shh

with an antibody directed against this protein. Anti-Shh staining
intensity was plotted along a line from the tip of the folded epithe-
lium and orthogonal to it (Figure 5D). Prior to E15, anti-Shh reac-
tivity is identified in the epithelium and themesenchyme just sub-
jacent to the endoderm. However, at the transition from zigzags
to bulges, the mesenchyme in the distal domain of the folded tis-
sue showed significantly elevated Shh protein accumulation. In
addition, the shape of the gradient tapers off much more slowly
within the highly folded epithelium of the E15 gut than within the
broader fold seen at E13. This is consistent with expectations,
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lower half of the villi (Figure 4D). Conversely, in explants cultured
in the presence of Shh or Bmp4, Sox9 is absent in the endo-
dermal layer (Figure 4D).

To directly verify that this signaling cascade regulates ISC
restriction, we assessed the expression of the ISC marker Lgr5
in the presence of repressed Shh activity. As anticipated, when
cyclopamine is added, abolishing villus cluster gene expression,
the resulting intestine segments maintain expression of Lgr5
throughout the folded epithelium, whereas expression is lost at
the tip in control segments (Figures 4E and S2B).

Together, these results support a model in which Shh activity
in the gut endoderm induces villus cluster gene expression in the
subadjacent mesenchyme at the tips of the villi. This signal cen-
ter then produces Bmp4, which reciprocally feeds back on the
endoderm to block Wnt activity and hence repress ISC identity
and cell proliferation at the distal end of the growing villi.
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derm at the stages of development under
consideration (Figures 3B and 4A), yet the
putatively Shh-dependent villus cluster
genes are only induced at the distal tips
of the villi. A plausible model explaining
this localized, elevated response to Shh
takes note of the fact that a uniformly
secreted protein will be at a higher con-
centration in locations where the target
tissue is surrounded by morphogen-pro-
ducing tissue (e.g., at the curved tip of
the highly folded epithelium) than where
it is only adjacent to the source of the
morphogen on one side (e.g., at the
base of the folds). This is supported by
computational modeling, which shows
that a highly folded epithelium, or finger-
like pocket, indeed results in both an in-
crease in a morphogen concentration
gradient and a greater depth of high-level
signaling below the endoderm, relative to

a similarly scaled, wider fold (Figure S3 and Extended Experi-
mental Procedures). The slow, stepwise nature of villi formation
in chick allows for a detailed investigation of this hypothesis for
how the villus cluster arises. During the stages in which the
lumen takes on an increasingly compact zigzag topography
(E13, E14, and E15) we find that the cross-sectional shape of
these structures changes in concert (low peak, narrow peak,
and rounded tip, respectively) (Figures 5A and 5B). This would
be predicted to lead to increasingly concentrated gradients
of endodermally derived signaling at the tip (schematized in
Figure 5B).
To directly test this idea, we examined the distribution of Shh

with an antibody directed against this protein. Anti-Shh staining
intensity was plotted along a line from the tip of the folded epithe-
lium and orthogonal to it (Figure 5D). Prior to E15, anti-Shh reac-
tivity is identified in the epithelium and themesenchyme just sub-
jacent to the endoderm. However, at the transition from zigzags
to bulges, the mesenchyme in the distal domain of the folded tis-
sue showed significantly elevated Shh protein accumulation. In
addition, the shape of the gradient tapers off much more slowly
within the highly folded epithelium of the E15 gut than within the
broader fold seen at E13. This is consistent with expectations,
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lower half of the villi (Figure 4D). Conversely, in explants cultured
in the presence of Shh or Bmp4, Sox9 is absent in the endo-
dermal layer (Figure 4D).

To directly verify that this signaling cascade regulates ISC
restriction, we assessed the expression of the ISC marker Lgr5
in the presence of repressed Shh activity. As anticipated, when
cyclopamine is added, abolishing villus cluster gene expression,
the resulting intestine segments maintain expression of Lgr5
throughout the folded epithelium, whereas expression is lost at
the tip in control segments (Figures 4E and S2B).

Together, these results support a model in which Shh activity
in the gut endoderm induces villus cluster gene expression in the
subadjacent mesenchyme at the tips of the villi. This signal cen-
ter then produces Bmp4, which reciprocally feeds back on the
endoderm to block Wnt activity and hence repress ISC identity
and cell proliferation at the distal end of the growing villi.

Physical Changes in the Morphology of the Lining of the
Gut Create Local Maxima of Signaling Activity to Induce
the Villus Cluster
There is, however, an obvious problem with this model: we have
shown that Shh is expressed uniformly throughout the gut endo-

Figure 3. As the Proto-villi Form from E13 to
E15, the Villus Cluster Signaling Center
Forms in the Mesenchyme at the Distal Tip
(A) Luminal views of the zigzag topography from

E13 to E15, and expression of cluster genes goes

from uniform under thewide folds of the epithelium

at E13 (left) to predominantly localized to the

mesenchyme under the forming villi at E15 (right).

(B) PhophoSMAD staining demonstrates high

BMP activity in the villus cluster and the adjacent

epithelium. Close-up views (below) of a single fold

at E15 highlight epithelial staining (arrowhead),

which is less intense than staining in the mesen-

chymal cluster. Scale bars, 50 mm.

derm at the stages of development under
consideration (Figures 3B and 4A), yet the
putatively Shh-dependent villus cluster
genes are only induced at the distal tips
of the villi. A plausible model explaining
this localized, elevated response to Shh
takes note of the fact that a uniformly
secreted protein will be at a higher con-
centration in locations where the target
tissue is surrounded by morphogen-pro-
ducing tissue (e.g., at the curved tip of
the highly folded epithelium) than where
it is only adjacent to the source of the
morphogen on one side (e.g., at the
base of the folds). This is supported by
computational modeling, which shows
that a highly folded epithelium, or finger-
like pocket, indeed results in both an in-
crease in a morphogen concentration
gradient and a greater depth of high-level
signaling below the endoderm, relative to

a similarly scaled, wider fold (Figure S3 and Extended Experi-
mental Procedures). The slow, stepwise nature of villi formation
in chick allows for a detailed investigation of this hypothesis for
how the villus cluster arises. During the stages in which the
lumen takes on an increasingly compact zigzag topography
(E13, E14, and E15) we find that the cross-sectional shape of
these structures changes in concert (low peak, narrow peak,
and rounded tip, respectively) (Figures 5A and 5B). This would
be predicted to lead to increasingly concentrated gradients
of endodermally derived signaling at the tip (schematized in
Figure 5B).
To directly test this idea, we examined the distribution of Shh

with an antibody directed against this protein. Anti-Shh staining
intensity was plotted along a line from the tip of the folded epithe-
lium and orthogonal to it (Figure 5D). Prior to E15, anti-Shh reac-
tivity is identified in the epithelium and themesenchyme just sub-
jacent to the endoderm. However, at the transition from zigzags
to bulges, the mesenchyme in the distal domain of the folded tis-
sue showed significantly elevated Shh protein accumulation. In
addition, the shape of the gradient tapers off much more slowly
within the highly folded epithelium of the E15 gut than within the
broader fold seen at E13. This is consistent with expectations,
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various villus cluster probes (Ptc1, Bmp4, PDGFRa, and Foxf1).
Each of these was strongly expressed at the fold tips of the
control ringlets, but all were expressed uniformly at a lower level
under the epithelium in the inside-out ringlets (Figure 6B). More-
over, phospho-SMAD staining, indicative of Bmp upregulation in
villus clusters, is also greatly diminished in the inside-out ringlets
relative to control cultures (Figure 6B). These results suggest that
the villus cluster forms in the mesenchyme at the tip of the fold
because those cells are almost completely encapsulated by
Shh-expressing epithelium, allowing high threshold responses
to be activated.

Preventing villus cluster formation by flipping the intestines
inside out results in an absence of the localized Bmp signal
that we demonstrated is responsible for restricting ISC localiza-
tion within the gut epithelium. Thus, the inside-out ringlets of guts
would be expected to maintain stem cell properties and prolifer-
ation throughout their epithelium. Indeed, such manipulations

Figure 5. Non-uniform Mesenchymal Sig-
nals Are Downstream of Uniform Epithelial
Signal
(A) Luminal views of the chick intestine from E13 to

E15, as progenitor identity is lost from the tips of

the folds (also shown in Figure 3A). Dotted lines

represent the plane of section for transverse views

in (B)–(D).

(B) Schematic of diffusion of signal from an

epithelium of the particular shape at each

stage; darker color represents more signal.

Note the increasing signal overlap in the underly-

ing mesenchyme as the fold narrows. See also

Figure S3.

(C) In situ hybridization for Bmp4 (above) PDGFRa

(below) expression from E13 to E15 matches the

predicted pattern in (B) (also shown in Figure 3A).

(D) Distribution of Shh protein in folded tips of the

chick intestine at E13 and E15 (left). Antibody

staining intensity across the 100 mm region boxed

on the left was quantified using the Plot Profile

function in Fiji (right). Brightness values were

normalized to background levels for each image.

A comparison of Shh staining intensity in E13

(graphed in blue) versus E15 (graphed in red)

shows increased Shh staining in the E15 mesen-

chyme (dotted line denotes epithelial-mesen-

chymal border). The staining intensities across the

E13 and E15 epithelia are not significantly different

(p < 0.08). Three different z slices from each of

three samples were averaged for each stage.

Below, the staining intensity found in a 5 mm by

5 mm region that is 5 mm from the E15 tip epithe-

lium (pink) is significantly brighter than in the

same-sized region 5 mm from the E15 base

epithelium (yellow) (p < 0.001). Measurements

from two different z slices from each of three

samples were averaged for each E15 region. Data

are represented as mean ± 1 SD. Scale bars,

25 mm.

lead to maintenance of uniform prolifera-
tion throughout the epithelium, whereas
proliferation is lost in the epithelium sur-

rounding the cluster that forms in control rings (Figure 6B). Simi-
larly, uniform expression of the Wnt target Sox9 and the ISC
marker Lgr5 is maintained in the inside-out guts lacking villus
cluster gene expression, whereas it is restricted from the folded
tips in controls (Figures 6B and S2C).
As a second way of preventing late stages of epithelial

morphogenesis, we took advantage of a drug, FK506, that has
been shown to block smooth muscle differentiation (Fukuda
et al., 1998). As we previously showed (Shyer et al., 2013), differ-
entiation of smooth muscle layers is necessary for generation of
the compressive forces that buckle the endoderm into ridges,
zigzags, and then villi. We cultured guts in vitro from ridge stage
to late zigzag stage, with or without the presence of FK506.
Consistent with the results described above, without longitudinal
muscle differentiation, and hence without progressing beyond
parallel ridges, the entire endoderm remains proliferative, and
villus cluster genes are never upregulated. As in vivo, control
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• The concentration profile of Shh 
changes as the tissue folds and [Shh] 
increases at the tip.  

Geometric feedback: how tissue folding affects signalling

• Hypothesis: Impact of surface to volume ratio 
on concentration of Shh. Shh concentrates in 
mesenchyme surrounded by a higher surface 
of epithelium. 

Figure 6. Epithelial Shape Directs Cluster Formation
(A) Experimental schematic: a ring of E14 intestine (left) is cultured for 36 hr either as a control segment or after first being flipped inside out (right).

(B) After 36 hr in culture, the cluster signal arises in the control rings (top), similar to what would be found in an E15 intestine. The rings that were flipped inside

out before culture have an epithelial shape similar to E13 intestine and, concomitantly, an in situ pattern and phosphoSMAD staining that matches expression at

E13. Proliferation (quantified as in Figure 4), Sox9 expression, and Lgr5 expression are all lost from the tips of folds that form in the control rings. See also

Figure S2.

(C) Experimental schematic: a slab of E10 intestine (left) is cultured for 36 hr either as a control segment (where wide ridges will be maintained) or under a fine grid

that induces many small villi-like bumps (right).

(legend continued on next page)
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• Testing the role of tissue curvature:  
Necessity: Inversion of gut curvature flattens the villi 
and causes loss of BMP signal and of the restriction of 
ISC induction at base of villi. 
Sufficiency: induction of premature folding with a grid 
causes earlier BPM signalling and ISC induction at 
base of villi. 
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• Spontaneous formation of crypt and villi in intestinal organoids (ie. derived from stem cells) 
• This is characterised by a lack of reproducibility in terms of cell proportions, size and 

number of crypts and villi. 
• Organoids are embedded in Matrigel, in an isotropic environment. 
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did not change in a region-specific manner (Fig. 3a,b). These 
Myh9–GFP patterns are in agreement with region-specific tension  
changes predicted by the spontaneous curvature mechanism 
(Supplementary Note).

We next tested whether actomyosin is functionally required 
for crypt morphogenesis. In mouse intestinal organoids, although 
inhibiting myosin increases organoid survival31, blocking acto-
myosin contractility at day 3 before bulging prevents crypt mor-
phogenesis10 (Extended Data Fig. 4c). Moreover, inhibiting myosin 

activity after budding disrupted the crypt morphology (Extended 
Data Fig. 4f and Supplementary Videos 3 and 4), whereas block-
ing cell division (through aphidicolin) did not (Extended Data 
Fig. 4f and Supplementary Videos 3 and 5). This is consistent with 
actomyosin-driven γ-driven crypt morphogenesis, rather than 
residual stresses from crypt cell proliferation (Supplementary 
Note). Nonetheless, as myosin IIA exhibits a differential pattern 
in crypts and villi, we validated the involvement of myosin IIA in 
the generation of spontaneous curvature. We constructed mosaic 
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did not change in a region-specific manner (Fig. 3a,b). These 
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changes predicted by the spontaneous curvature mechanism 
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• Hypothesis: geometric and associated mechanical constraints could guide morphogenesis

Geometric control of organoid patterning
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were preferentially localized to the same end-
locations as the ISCs (Fig. 2, F and G), whereas
the latter were on average excluded from the
ends and confined to themiddle of the tissue
(Fig. 2, H and I). These findings suggest that
the spatial distribution of ISCs and differen-
tiated cells within the engineeredmicrotissues
reflects the patterning of the crypt-villus axis
in vivo (23). Thus, we could predict and con-
trol the site of budding and crypt formation
within the organoids bymerely manipulating
their initial geometry.

Mechanism of geometry-controlled
epithelial patterning

To elucidate how the initial epithelial geom-
etry might dictate the patterning of intestinal
tissue, we monitored the process using time-

lapse microscopy (Fig. 3, A to D, andmovie S2).
Lgr5 expression at the time of seeding and
shortly thereafter (<2 hours) appeared uni-
formly low. As the organoids formed in the
crypt-like space, Lgr5was reexpressed strongly
at the ends of tissues, remaining low else-
where (Fig. 3, C and D). Before the Lgr5 re-
gionalization, we observed a morphological
difference between the curved end regions
and the flat sides. Within 24 hours of culture,
and owing likely to crowding due to prolifer-
ation within a limited space at the ends, the
cells in these regions became more packed,
whereas cells in the lateral regions remained
spread and flattened (Fig. 3E). Indeed, mea-
surement of the internuclear distance at the
different regions revealed a significant differ-
ence in cell packing (Fig. 3F).

Yes-associated protein 1 (YAP) is a regulator
of ISC fate (24–27), which is strongly influ-
enced by cell shape and mechanics (28, 29).
To ascertain whether the differences in cell
morphology between the different regions
correlated with differences in YAP activity,
we analyzed the subcellular distribution of
YAP. Shortly after seeding, YAP was uniformly
nuclear throughout the tissue, except in some
cases where cell crowding was observed early
in the curved regions as a result of (stochastic)
variations in cell density (fig. S4A). Between 12
and 24 hours after seeding, corresponding to
the time when spatial differences in cell shape
appear (and preceding the patterning of Lgr5),
nuclear YAP localization became restricted to
the lateral regions of the tissues. At the ends
of the tissues, cytoplasmic translocation, and

Gjorevski et al., Science 375, eaaw9021 (2022) 7 January 2022 3 of 9

N
uc

le
i  

 E
-c

ad
he

rin
   

Al
do

B

  L
gr

5-
eG

FP
E-

ca
dh

er
in

   
Ly

so
zy

m
e

A

Tips Sides

D EB

F G H

# 
of

 b
ud

s 
pe

r l
oc

at
io

n

Ly
so

zy
m

e 
fre

qu
en

cy

min

max

C

Lg
r5

-e
G

FP
 fr

eq
ue

nc
y

min

max

I

L-
FA

BP
 fr

eq
ue

nc
y

min

max

3

2

1

0

Fig. 2. Geometrically controlled symmetry breaking and epithelial patterning
within intestinal organoids. (A) Schematic depicting the generation of
microfabricated tissues of controlled size and shape. (B) An array of intestinal
organoids formed from engineered intestinal tissues of rodlike geometry
and magnification. (C) Frequency map showing average Lgr5 expression over
~80 tissues. (D and E) An array of intestinal organoids at day 5 (D) and

quantification of the average number of buds per location (E) within tubular
intestinal tissues. ***P < 0.001. (F and G) Paneth cell staining by lysozyme
in the array of intestinal organoids (F) and average Paneth cell distribution (G). (H and
I) AldoB-expressing enterocytes within rod-shaped organoids (H) and average
enterocyte distribution (I). The dashed lines indicate the average contour of
the tissues. Scale bars, 100 mm [(B), (D), (F), (H)], 25 mm [(C), (G), (I)].
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were preferentially localized to the same end-
locations as the ISCs (Fig. 2, F and G), whereas
the latter were on average excluded from the
ends and confined to themiddle of the tissue
(Fig. 2, H and I). These findings suggest that
the spatial distribution of ISCs and differen-
tiated cells within the engineeredmicrotissues
reflects the patterning of the crypt-villus axis
in vivo (23). Thus, we could predict and con-
trol the site of budding and crypt formation
within the organoids bymerely manipulating
their initial geometry.

Mechanism of geometry-controlled
epithelial patterning

To elucidate how the initial epithelial geom-
etry might dictate the patterning of intestinal
tissue, we monitored the process using time-

lapse microscopy (Fig. 3, A to D, andmovie S2).
Lgr5 expression at the time of seeding and
shortly thereafter (<2 hours) appeared uni-
formly low. As the organoids formed in the
crypt-like space, Lgr5was reexpressed strongly
at the ends of tissues, remaining low else-
where (Fig. 3, C and D). Before the Lgr5 re-
gionalization, we observed a morphological
difference between the curved end regions
and the flat sides. Within 24 hours of culture,
and owing likely to crowding due to prolifer-
ation within a limited space at the ends, the
cells in these regions became more packed,
whereas cells in the lateral regions remained
spread and flattened (Fig. 3E). Indeed, mea-
surement of the internuclear distance at the
different regions revealed a significant differ-
ence in cell packing (Fig. 3F).

Yes-associated protein 1 (YAP) is a regulator
of ISC fate (24–27), which is strongly influ-
enced by cell shape and mechanics (28, 29).
To ascertain whether the differences in cell
morphology between the different regions
correlated with differences in YAP activity,
we analyzed the subcellular distribution of
YAP. Shortly after seeding, YAP was uniformly
nuclear throughout the tissue, except in some
cases where cell crowding was observed early
in the curved regions as a result of (stochastic)
variations in cell density (fig. S4A). Between 12
and 24 hours after seeding, corresponding to
the time when spatial differences in cell shape
appear (and preceding the patterning of Lgr5),
nuclear YAP localization became restricted to
the lateral regions of the tissues. At the ends
of the tissues, cytoplasmic translocation, and
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Fig. 2. Geometrically controlled symmetry breaking and epithelial patterning
within intestinal organoids. (A) Schematic depicting the generation of
microfabricated tissues of controlled size and shape. (B) An array of intestinal
organoids formed from engineered intestinal tissues of rodlike geometry
and magnification. (C) Frequency map showing average Lgr5 expression over
~80 tissues. (D and E) An array of intestinal organoids at day 5 (D) and

quantification of the average number of buds per location (E) within tubular
intestinal tissues. ***P < 0.001. (F and G) Paneth cell staining by lysozyme
in the array of intestinal organoids (F) and average Paneth cell distribution (G). (H and
I) AldoB-expressing enterocytes within rod-shaped organoids (H) and average
enterocyte distribution (I). The dashed lines indicate the average contour of
the tissues. Scale bars, 100 mm [(B), (D), (F), (H)], 25 mm [(C), (G), (I)].

RESEARCH | RESEARCH ARTICLE

D
ow

nloaded from
 https://w

w
w

.science.org at bibCN
RS IN

SB on February 02, 2022

were preferentially localized to the same end-
locations as the ISCs (Fig. 2, F and G), whereas
the latter were on average excluded from the
ends and confined to themiddle of the tissue
(Fig. 2, H and I). These findings suggest that
the spatial distribution of ISCs and differen-
tiated cells within the engineeredmicrotissues
reflects the patterning of the crypt-villus axis
in vivo (23). Thus, we could predict and con-
trol the site of budding and crypt formation
within the organoids bymerely manipulating
their initial geometry.

Mechanism of geometry-controlled
epithelial patterning

To elucidate how the initial epithelial geom-
etry might dictate the patterning of intestinal
tissue, we monitored the process using time-

lapse microscopy (Fig. 3, A to D, andmovie S2).
Lgr5 expression at the time of seeding and
shortly thereafter (<2 hours) appeared uni-
formly low. As the organoids formed in the
crypt-like space, Lgr5was reexpressed strongly
at the ends of tissues, remaining low else-
where (Fig. 3, C and D). Before the Lgr5 re-
gionalization, we observed a morphological
difference between the curved end regions
and the flat sides. Within 24 hours of culture,
and owing likely to crowding due to prolifer-
ation within a limited space at the ends, the
cells in these regions became more packed,
whereas cells in the lateral regions remained
spread and flattened (Fig. 3E). Indeed, mea-
surement of the internuclear distance at the
different regions revealed a significant differ-
ence in cell packing (Fig. 3F).

Yes-associated protein 1 (YAP) is a regulator
of ISC fate (24–27), which is strongly influ-
enced by cell shape and mechanics (28, 29).
To ascertain whether the differences in cell
morphology between the different regions
correlated with differences in YAP activity,
we analyzed the subcellular distribution of
YAP. Shortly after seeding, YAP was uniformly
nuclear throughout the tissue, except in some
cases where cell crowding was observed early
in the curved regions as a result of (stochastic)
variations in cell density (fig. S4A). Between 12
and 24 hours after seeding, corresponding to
the time when spatial differences in cell shape
appear (and preceding the patterning of Lgr5),
nuclear YAP localization became restricted to
the lateral regions of the tissues. At the ends
of the tissues, cytoplasmic translocation, and
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Fig. 2. Geometrically controlled symmetry breaking and epithelial patterning
within intestinal organoids. (A) Schematic depicting the generation of
microfabricated tissues of controlled size and shape. (B) An array of intestinal
organoids formed from engineered intestinal tissues of rodlike geometry
and magnification. (C) Frequency map showing average Lgr5 expression over
~80 tissues. (D and E) An array of intestinal organoids at day 5 (D) and

quantification of the average number of buds per location (E) within tubular
intestinal tissues. ***P < 0.001. (F and G) Paneth cell staining by lysozyme
in the array of intestinal organoids (F) and average Paneth cell distribution (G). (H and
I) AldoB-expressing enterocytes within rod-shaped organoids (H) and average
enterocyte distribution (I). The dashed lines indicate the average contour of
the tissues. Scale bars, 100 mm [(B), (D), (F), (H)], 25 mm [(C), (G), (I)].

RESEARCH | RESEARCH ARTICLE

D
ow

nloaded from
 https://w

w
w

.science.org at bibCN
RS IN

SB
 on February 02, 2022

were preferentially localized to the same end-
locations as the ISCs (Fig. 2, F and G), whereas
the latter were on average excluded from the
ends and confined to themiddle of the tissue
(Fig. 2, H and I). These findings suggest that
the spatial distribution of ISCs and differen-
tiated cells within the engineeredmicrotissues
reflects the patterning of the crypt-villus axis
in vivo (23). Thus, we could predict and con-
trol the site of budding and crypt formation
within the organoids bymerely manipulating
their initial geometry.

Mechanism of geometry-controlled
epithelial patterning

To elucidate how the initial epithelial geom-
etry might dictate the patterning of intestinal
tissue, we monitored the process using time-

lapse microscopy (Fig. 3, A to D, andmovie S2).
Lgr5 expression at the time of seeding and
shortly thereafter (<2 hours) appeared uni-
formly low. As the organoids formed in the
crypt-like space, Lgr5was reexpressed strongly
at the ends of tissues, remaining low else-
where (Fig. 3, C and D). Before the Lgr5 re-
gionalization, we observed a morphological
difference between the curved end regions
and the flat sides. Within 24 hours of culture,
and owing likely to crowding due to prolifer-
ation within a limited space at the ends, the
cells in these regions became more packed,
whereas cells in the lateral regions remained
spread and flattened (Fig. 3E). Indeed, mea-
surement of the internuclear distance at the
different regions revealed a significant differ-
ence in cell packing (Fig. 3F).

Yes-associated protein 1 (YAP) is a regulator
of ISC fate (24–27), which is strongly influ-
enced by cell shape and mechanics (28, 29).
To ascertain whether the differences in cell
morphology between the different regions
correlated with differences in YAP activity,
we analyzed the subcellular distribution of
YAP. Shortly after seeding, YAP was uniformly
nuclear throughout the tissue, except in some
cases where cell crowding was observed early
in the curved regions as a result of (stochastic)
variations in cell density (fig. S4A). Between 12
and 24 hours after seeding, corresponding to
the time when spatial differences in cell shape
appear (and preceding the patterning of Lgr5),
nuclear YAP localization became restricted to
the lateral regions of the tissues. At the ends
of the tissues, cytoplasmic translocation, and
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Fig. 2. Geometrically controlled symmetry breaking and epithelial patterning
within intestinal organoids. (A) Schematic depicting the generation of
microfabricated tissues of controlled size and shape. (B) An array of intestinal
organoids formed from engineered intestinal tissues of rodlike geometry
and magnification. (C) Frequency map showing average Lgr5 expression over
~80 tissues. (D and E) An array of intestinal organoids at day 5 (D) and

quantification of the average number of buds per location (E) within tubular
intestinal tissues. ***P < 0.001. (F and G) Paneth cell staining by lysozyme
in the array of intestinal organoids (F) and average Paneth cell distribution (G). (H and
I) AldoB-expressing enterocytes within rod-shaped organoids (H) and average
enterocyte distribution (I). The dashed lines indicate the average contour of
the tissues. Scale bars, 100 mm [(B), (D), (F), (H)], 25 mm [(C), (G), (I)].
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N. Gjorevski et al. and M. Lutolf, Science 375, 40 (2022)

• Use of in geometric moulds to constrain and 
guide the self-organisation of intestinal organoids

• Hypothesis: geometric and associated mechanical constraints guides morphogenesis

• This gives rise to reproducible localisation of 
cell fate markers: 

Stem cells at the tip (Lgr5+) 
Paneth cells at the tip (Lysozyme+) 
Enterocytes on the sides (AldoB+)

Geometric control of organoid patterning
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therefore inactivation, was observed (Fig. 3,
E and G). This geometry-dependent region-
alization of YAP activity was again lost at later
time points (>36 hours) when cells throughout
the tissue became uniformly packed (fig. S4A).
To test whether differential cell spreading (and,
conversely, cell crowding) is sufficient to drive
differences in YAP activity, we cultured ISCs at
equal cell-seeding density in microcavities of

small (50 mm) and large (100 mm) diameter,
resulting in a packed or a spread system (fig.
S4B). YAP activity strongly correlated with
cell spreading: Nuclear translocation was sig-
nificantly more frequent within 100-mm wells
than in 50-mm wells, which suggests that tissue
geometry per se controls the spatially patterned
activation of YAP through differential cell
spreading (fig. S4, C and D).

Several recent studies have implicated YAP
activation in the repression of canonical ISC
signatures, including Lgr5, Olfm4, and EphB3,
during intestinal regeneration and cancer
(24, 27, 30, 31). Given the spatial and temporal
correlation between YAP induction and Lgr5
suppression, we hypothesized that the pattern-
ing of this system is driven by geometrically
and mechanically established gradients in
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Fig. 3. Tissue geometry controls organoid
patterning through cell shape–mediated
regulation of YAP and Notch signaling.
(A and B) Bright-field and Lgr5-eGFP time-lapse
imaging of the representative organoid development
(A) and frequency maps showing average Lgr5
expression over ~80 tissues (B). (C and D) Relative
changes in the Lgr5-eGFP expression in curved
ends and flat sides of the organoids over time
(C) and Lgr5-eGFP localization along length of the
averaged tissue over time (D). (E) Immuno-
fluorescence images showing the difference in
internuclear distance, cell shape, and subcellular
distribution of YAP between cells of the end
and the side regions, 24 hours after cell loading.
(F) Quantification of internuclear distance within
the end and side regions of the tissues. Individual
points, which represent the distance between
neighboring nuclei, and means are shown.
(G) Quantification of the nuclear localization of
YAP within cells of the different organoid regions.
Individual points and means are shown.
(H) Immunofluorescence images showing the
difference in the subcellular distribution of YAP cells
between cells of the end and the side regions
and appearance of the first DLL+, 36 hours after
cell loading. Arrowheads denote adjacent pairs of
YAP-ON/OFF cells; the YAP-ON cell expresses DLL1.
(I) Quantification of DLL+ cell localization. (J and
K) Immunofluorescence images showing YAP
expression and localization of the enterocytes
(AldoB), Paneth cells (Lys), and DLL+ cells in the
representative organoids. (L) Schematic illustration
summarizing the proposed mechanism of the
geometry-driven organoid patterning. Scale bars,
25 mm. ****P < 0.0001 [(F), (G), (I)].
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therefore inactivation, was observed (Fig. 3,
E and G). This geometry-dependent region-
alization of YAP activity was again lost at later
time points (>36 hours) when cells throughout
the tissue became uniformly packed (fig. S4A).
To test whether differential cell spreading (and,
conversely, cell crowding) is sufficient to drive
differences in YAP activity, we cultured ISCs at
equal cell-seeding density in microcavities of

small (50 mm) and large (100 mm) diameter,
resulting in a packed or a spread system (fig.
S4B). YAP activity strongly correlated with
cell spreading: Nuclear translocation was sig-
nificantly more frequent within 100-mm wells
than in 50-mm wells, which suggests that tissue
geometry per se controls the spatially patterned
activation of YAP through differential cell
spreading (fig. S4, C and D).

Several recent studies have implicated YAP
activation in the repression of canonical ISC
signatures, including Lgr5, Olfm4, and EphB3,
during intestinal regeneration and cancer
(24, 27, 30, 31). Given the spatial and temporal
correlation between YAP induction and Lgr5
suppression, we hypothesized that the pattern-
ing of this system is driven by geometrically
and mechanically established gradients in
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Fig. 3. Tissue geometry controls organoid
patterning through cell shape–mediated
regulation of YAP and Notch signaling.
(A and B) Bright-field and Lgr5-eGFP time-lapse
imaging of the representative organoid development
(A) and frequency maps showing average Lgr5
expression over ~80 tissues (B). (C and D) Relative
changes in the Lgr5-eGFP expression in curved
ends and flat sides of the organoids over time
(C) and Lgr5-eGFP localization along length of the
averaged tissue over time (D). (E) Immuno-
fluorescence images showing the difference in
internuclear distance, cell shape, and subcellular
distribution of YAP between cells of the end
and the side regions, 24 hours after cell loading.
(F) Quantification of internuclear distance within
the end and side regions of the tissues. Individual
points, which represent the distance between
neighboring nuclei, and means are shown.
(G) Quantification of the nuclear localization of
YAP within cells of the different organoid regions.
Individual points and means are shown.
(H) Immunofluorescence images showing the
difference in the subcellular distribution of YAP cells
between cells of the end and the side regions
and appearance of the first DLL+, 36 hours after
cell loading. Arrowheads denote adjacent pairs of
YAP-ON/OFF cells; the YAP-ON cell expresses DLL1.
(I) Quantification of DLL+ cell localization. (J and
K) Immunofluorescence images showing YAP
expression and localization of the enterocytes
(AldoB), Paneth cells (Lys), and DLL+ cells in the
representative organoids. (L) Schematic illustration
summarizing the proposed mechanism of the
geometry-driven organoid patterning. Scale bars,
25 mm. ****P < 0.0001 [(F), (G), (I)].
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Geometric control of organoid patterning

N. Gjorevski et al. and M. Lutolf, Science 375, 40 (2022)

• Hypothesis: geometric and associated mechanical constraints guide tissue morphogenesis

• The transcription factor YAP, which is also known to 
translocate in the nuclei of cells under tension, eg.via ECM 
or cell cell contacts, localises to the nucleus on the sides of 
organoids and remain cytoplasmic at the tips. 

•  This results in repression of ISC on the side due to YAP 
activity and induction of Paneth cells at the tips. 
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Conclusions - Perspectives

• Structural cellular heredity and cellular self-organisation 
The cells are not self-organised and require heredity of structures (organelles, 
membranes, cortical elements etc) to perpetuate their organisation at cell division.  
« Rehabilitation » of heredity beyond genomes. 

• Geometric information in cells:  
decoding cell shape via signalling: surface to volume ratio and diffusion/reaction coupling 
decoding cell shape via mechanics: memory of cell shape during division. Begs the 
question of structural memory. 

• Geometric information in development  and morphogenesis 
Serves as initial and boundary conditions that constrain mechanochemical processes.  
Geometric guidance 
Geometric feedback
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R E C O N S T R U C T I O N  E T  S T I G M E R G I E  65 

critique ; les situations des ouvriers, sur Fun et sur l 'autre, sont identiques : 
ils sont soumis ~ la double stimulation du pilier qui les porte et du pilier 
voisin. L 'un incite ~ d@oser la boulette sur le bord du sommet du pilier 
support, l 'autre ~ l'orienter vers l'autre pilier. Bien que les travaux soient 
accomplis par des ou~riers qui changent d tout instant, qui n 'oat  pas de 
rapports entre eux, du fair m~me de la qualit6 des stimuli, les construe- 
tions, areeaux ou lames, convergent exactement Fun vers l'autre. La 
mat~rialit~ des faits est tr~s ais6e ~ v~rifier et l 'ajustement des lames et 
des arceaux s'effectue avec precision et apparemment sans difficult~ 
(voir notamment la planehe VII). 

La consgquence de ce type de stimulation est de rdgler automatiquement la 
marche de l'ou~rage. 

La coordination des tfiehes, la r~gulation des constructions ne d@endent 
pus directement des ouvriers, mais des constructions elles-m~mes. L'ou~rier 
ne dirige pas son travail, il est guidg par lui. C'est h cette stimulation d'un 
type particulier que nous donnons le nora de STIGMERGIE (stigma, piqfire ; 
ergon, travail, oeuvre=oeuvre stimulante). 

Ce qui complique les choses, mais conditionne la construction et la 
reconstruction du nid dans le cadre d'un complet automatisme, c'est bien 
l'influence simultange de plusieurs stimuli significatifs. Nous en avons 
montr6 deux jouant ensemble et nous sommes stir qu'il y e n  a parfois 
davantage ~ agir, au m~me instant, sur l'ouvrier. 

Une autre preuve ~ l'appui de notre explication par la stigmergie du 
comportement bfitisseur a ~t6 fournie par l'observation de la conduite 
individuelle des ouvriers magons. Elle nous a rd~dld, sans contestation 
possible, que ceux-ci ne bdtissent pus en constituant dquipes. L'ouvrier 
se contente de r@ondre individuellement et automatiquement aux stimuli 
qui s'exercent sur lui. 

L'influence de deux stimuli a parfois des consequences inattendues. 
Soient deux piliers voisins, Fun est ~difi~ sur une surface plane horizontale, 
l 'autre au sommet d'un monticule d'humus (eette circonstance se pr~sente 
souvent dans nos boites d'exp~rience). Lorsque ces deux piliers ont atteint 
la hauteur critique normale, leurs sommets se situent h des niveaux bien 
diff~rents. Dans ce cas, la mont~e du pilier sur le monticule s'arr~te, tandis 
que celle du pilier ~rig6 sur le plan se poursuit. La construction des arceaux 
sur le pilier du bas ne se fera que lorsque celui-ci aura atteint une hauteur 
faiblement inf~rieure ~ celle du pilier du haut. Dans une telle ~ventualit~, 
est-on autoris~ ~ parler de r~gulation ? Nous ne le pensons pas: selon nous, 
il n 'y  a qu'une influence pr6pond~rante de Faction orientante (forme- 
odeur, voir p. 66) du pilier voisin ; Ie stimulus daas ce cas l'emporte sur 
l'arr~t de la construction en hauteur et du d@St lateral des boulettes. Tout 
tient aux propri~t~s stimulantes des constructions mais non ~ l 'adaptation 
des Termites ~ une situation particuli~re. L~ encore l'observation de la 
confection de tels piliers sur~lev~s par des ouvriers se met tant  au travail 
seulement quand la hauteur critique ~tait atteinte montre qu'il s'agit 
de r@onses automatiques aux deux stimuli consid~r6s ici. 
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In t roduc t ion .  

Nombreux sort  les Termites qui construisent des nids en terre ou en car- 
ton stercoral. Les uns ~l~vent leurs ~difices au-dessus du sol, les autres les 
laissent enfouis dans la profondeur. 

Certaines de leurs constructions passent par une succession de stades cor- 
respondant aux degr~s du d6veloppement de la soci~t~ ; tel est le cas de 
Bellicositermes natalensis, d'Acanthotermes acanthothorax et probabtement 
de bien d'autres (Grass~ et Noirot, i95i,  c). 
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nuit6 du travail, il faut un changement de stimulation par la cr6ation de 
nouveaux stimuli, en l'esp~ce de nouvelles constructions modifi6es par le 
travail qu'aceomplissent les ouvriers. Cela fait bien comprendre le r61e 
et la signification de ce que nous nommons plus loin la stigmergie. 

Tout change lorsque les boulettes sont assez nombreuses, en un point 
donn~ de l'espaee, pour devenir, par elles-mdmes, des stimuli significati]s (i). 
A la stimulation vague, diffuse, du d~but se substitue une excitation infi- 
niment plus pr6cise. Nous avons observd, en toute certitude, qu'un tas de 
boulettes de terre agit sur les ouvriers constructeurs d la maniire d'un centre 
attractif : il constitue un stimulus vraiment social. 

B.  - -  L a  s t i g m e r g i e  e t  l e s  s t i m u l a t i o n s  s i m u l t a n d e s .  - - M a i s  il y a 
plus encore. Selon que les boulettes sont rassembl~es en tas ou dispos~es 
en ligae, elles ne d~clenchent pas la m~me r6ponse. La forme du stimulus 
acquiert le pouvoir, signifieatif, d'orien~er la construction. Elle tient done 
un r61e capital pour le devenir de l'~difice. 

a. Les boulettes d~pos~es cSte ~ c5te et les unes sur les autres de mani~re 
former un petit tas, sur une ~l~vation du sol ou sur une surface horizon- 

tale (~ proximit~ de la reine, duns le cas de Bellicositermes), sont le point 
de d~part de piliers, et ceux-ci, ~ leur tour, comme le montre l'~tude de 
leur construction, de~,iennent le stimulus directeur de l'actir des ouvriers. 
Voici un fait qui le prouve : tels individus qui, auparavant, ne travaillaient 
pas ~ l'~rection d'un pilier, arrives au voisinage de celui-ci, y grimpent et, 
jueh~s au sommet, y d6posent leur boulette ou une goutte de mortier 
f~cal. 

b. DSs que les boulettes sont pros les unes des autrcs et dessinent une 
ligne h peu pros droite, elles ddclenchent une nouvelle acti~itd constructrice : 

savoir la confection d'une lame horizontale, verticale ou oblique en 
fonction de la position de la ligne. Si le support de la ligne est vertical (cas 
des patois lat~rales de la bolte de Petri), la lame sera horizontale ou oblique; 
si le support est horizontal, la lame sera verticale. Deux~'stimuli orientent 
alors et simultandment l'activit~ de l'ouvrier : i o l'ceuvre aceomplie par 
ses semblables ; 2o la position du support materiel de cette oeuvre. 

Lorsque les lames et les piliers ont atteint une certaine taille, ils 
acqui~rent de nouvelles qualit~s stimulantes, particuli~rement manifestes 
dans le cas des seconds. 

Lorsque le pilier mesure 4 ~ 5 mm ( +  l) de haut chez Cubitermes, 
de 5 ~ 6 mm (-~ i) chez Bellieositermes [aupr~s de la reine], les ouvriers 
arr~tent sa mont~e (sauf dans des circonstances ~tudi~es plus 10in). Cette 
hauteur, que nous qualifierons de critique, marque le virage de la stimula- 

(1) Tous l e s  s t imul i  enregistr~s par les organes sensoriels ne sont  pas 6galement ,( r6actog~nes ),. 
Un petit  nombre d 'entre  eux jouissent  de la propri6t6 de provoquer une r~action sp~cifique, qui 
g6n~ralement s ' int~gre dans le compor tement  normal. A c e s  st imuli  privil~gi~s, nous avons donn~ le 
nom de stimuli significati/s (GrassY, i944). 

Comme nous l 'avons montr~, ils d~clenchent les r~actions caract6ristiques de l'esp6ce. Ils 
correspondent  aux  s t imul i -s ignaux de l'6cole objectiviste (Lorenz-Tinbergen), mais  d~bordent 
largement  cette cat6gorie par trop restreinte. 

DU 

LA RECONSTRUCTION DU NID 
ET LES COORDINATIONS I N T E R I N D I V I D U E L L E S  

C H E Z  B E L L I C O S I T E R M E S  N A T A L E N S I S  
ET C U B I T E R M E S  SP.  

LA THt~ORIE DE LA S T I G M E R G I E  : 

ESSAI D ' INTERPR]~TATION 
C O M P O R T E M E N T  DES T E R M I T E S  CONSTRUCTEURS.  

par Plerre-P. GRASSE 

SOMMAIRE 

I. - -  INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  41 
~I. - -  ]:~.ECONSTRUCTION PAR LES Cubi termes  sp  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  43 

I .  La  r e c o n s t r u c t i o n  p r o p r e m e n t  dire, p. 43. - -  2. Le c o m p o r t e m e n t  en 
fonc t ion  du  groupe ,  p. 46. - -  3. Les condui tes  individuel les ,  p. 49. - -  
4. Les ac t iv i t4s  au t r e s  que la r econs t ruc t i on ,  p. 51. 

I I [ .  - -  RECONSTRUCTION PAR Bell icosi termes natalensis  . . . . . . . . . . . . . . . . . . . . .  53 
I V . -  ~V[]~CANISME DE LA CORRELATION DES TACIIES INDIVIDUELLES ET DE 

LA PRETENDUE REGULATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  57 
I .  L a  phase  d ' incoordinat ion,  p. 57. A. La  s i tua t ion  s t i m u l a n t e ,  p. 57 ; 
B. Les act iv i t~s  incoordonn~es ,  p. 59 ; C. La  local isa t ion des d~p6ts  de 
t e r re ,  p. 60. - -  2. L a  phase  de coordination,  p. 61. A. La  densi t6  cr i t ique  
des bou le t t e s  de te r re  et l ' o r i en ta t ion  du c o m p o r t e m e n t ,  p. 61 ; B. La  
s t i g m e r g i e  et  les s t i m u l a t i o n s  s imul tan6es ,  p. 62 ; C. N a t u r e  des s t imu l i  
a g i s s a n t  s u r  les c o n s t r u c t e u r s  : les odeurs - fo rmes ,  p. 66 ; D. La  t endance  

l ' un i t4 ,  p. 67 ; E, R61e de la m~moi re  d a n s  ia cons t ruc t ion ,  p. 67 ; F. Essa i  
de s y n t h ~ s e ,  p. 68. 

V. - -  COMPORTEMENT DES TERMITES COMPARE A CELUI D'ANIMAUX SOLITAIRES. 73 
VI .  - -  CARACTERISTIQUES FONDAMENTALES DU COMPORTEMENT DES INSECTES 

SOCIAUX . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  76 
V I I .  - -  AUTEURS CIT#.S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  80 
L~.CENDES ~)ES PLANC~ES I A V I I  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8'1 

In t roduc t ion .  

Nombreux sort  les Termites qui construisent des nids en terre ou en car- 
ton stercoral. Les uns ~l~vent leurs ~difices au-dessus du sol, les autres les 
laissent enfouis dans la profondeur. 

Certaines de leurs constructions passent par une succession de stades cor- 
respondant aux degr~s du d6veloppement de la soci~t~ ; tel est le cas de 
Bellicositermes natalensis, d'Acanthotermes acanthothorax et probabtement 
de bien d'autres (Grass~ et Noirot, i95i,  c). 

I~SECTES SOClAUX, TOME u  n o 1, i959. 

Structural and geometric guidance



62
Thomas LECUIT   2024-2025

Conclusions - Perspectives

• Mechanochemical information is transmitted in a geometrically constrained 
channel that affects transmission per se.  

• Cell and tissue shape/geometry exerts a feedback on the mechanisms from 
which shape/geometry emerges: tissue geometry, cell geometry (eg. in 
epithelial cells)  

• Manifests during and tissue/organ/embryo morphogenesis:  

• Geometry specifies the initial and boundary conditions. 

• In development: inheritance of geometry and structures that are 
subsequently updated as morphogenesis progresses.  

• In self-organisation, emergent shape can be a new initial & boundary 
condition for next process which is then guided by it.  


