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Control and self-organisation during 
tissue morphogenesis



Morphogenesis: Space, Time, Information

Sea Urchin Zebrafish



• Information:
Where, When, Vector?

• Mechanics:
Forces, material response?

Mechanochemistry of development

— define Length and  
Time scales 



• hierarchy
• modularity
• long and short range interactions

• deterministic rules
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PROGRAM
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• statistical rules

• no hierarchy
• local interactions
• many feedbacks
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Morphogenesis as a Program: 
• positional information
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Genetically programmed positional information

Tissue morphogenesis

Cortical mechanics

Cell behaviour

Morphogenesis as a Program



Tissue invagination
requires cell apical constriction16 CHAPTER 1. A GALLERY OF SHAPES

tissue invagination(A)

apical constriction(B)

tensile forces

actomyosin
contraction

Figure 1.12: Tissue invagination.

elongation by stretching (elastic)

elongation by cell rearrangement (viscous)

Figure 1.13: Tissue viscoelasticity.
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The genetic program of tissue invagination
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• hierarchy
• modularity
• long and short range interactions

• deterministic rules
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Endoderm morphogenesis comprises 
Rotation - Invagination - Progression

Anais Bailles Claudio Collinet



MyoII activation

Endoderm genes
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An anterior wave of Myosin-II contraction



MyoII

F-Actin

Subcellular and tissue waves of Myosin-II activation

Myosin-II  E-cadherin



Rho1GTP Biosensor-GFP MyoII-Cherry

An anterior wave of Myosin-II & Rho1-GTP



Endoderm

Mesoderm 

Spatial control of MyosinII activation
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Model 1: Transcriptional wave of Fog expression



S3B). Comparison of this spatial profile to that obtained by
FISH counts of cytoplasmic transcripts confirms that the pat-
terns obtained with both methods are comparable within
experimental error (Figures S3D–S3H).

mRNA FISH also provides a control for the behavior of our
construct in terms of absolute counts of mRNA molecules.
We count an absolute number of (220 6 20) molecules pro-
duced per nucleus in the anterior region during n.c. 13 (Figures
S3D–S3H). Assuming uniform polymerase loading on the
gene and that each fluorescent spot contains two replicated
sister chromatids [17, 20], this number corresponds to an
average spacing of 150 6 30 bp per gene, and a loading rate

of one molecule every 6 6 1 s per promoter. These results
are consistent with absolute counts of endogenous hb
mRNAand themaximumestimated rate of polymerase loading
in fixed embryos [17, 21]. These numbers allow us to calibrate
the integrated profile (Figure 3A) and the fluorescent traces
(Figure 1D) in terms of the absolute number of mRNA mole-
cules produced and the number of actively transcribing poly-
merase molecules, respectively (Figure S3H).
Developmental boundaries are characterized by the width

of their transition region and their dynamic range of expres-
sion (Figure 3A and S1B). The width determines the spatial
resolution of adjacent developmental states [3, 22], while a
large dynamic range allows for deterministic downstream
decisions [23, 24]. Our obtained spatial profile displays a first
clear sign of a boundary during n.c. 13. The width of the
transition does not change significantly between n.c. 13
(21% 6 2% EL) and n.c. 14 (20% 6 2% EL). On the other
hand, the dynamic range of the boundary changes noticeably
between n.c. 13 and n.c. 14 from 5.86 0.8 to 266 2 (Figure 3A),
as confirmed by lacZ-mRNA FISH (Figure S3H).
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Figure 2. Rate of Transcript Elongation and Dynamics of Initiation and
Termination

(A) Comparison of expression dynamics of a single allele of the enhancer-
construct in two nuclei (different embryos) with stem loops located at the
50 end and the 30 end of the lacZ gene, respectively. Images (7 3 7 mm2)
show Histone-RFP (red) and MCP-GFP (green) fluorescence; time 0 min
corresponds to anaphase 13. The histogram shows the distribution of
times of first spot detection. The difference of the distribution means (i.e.,
5.4 6 0.1 min [red] and 7.6 6 0.2 min [blue]) is used to measure the rate
of transcript elongation relongation = 1.54 6 0.14 kb/min (difference between
50 and 30 stem loop locations is 3.4 kb; errors are propagated from the SE
of the distributions; number of nuclei, n50 = 34 and n30 = 22).
(B) Average fluorescence in n.c. 14 as measured by the 50 and 30 constructs.
The ratio between the maximum 50 and 30 fluorescence level is 3.3 6 0.5,
consistent with the predicted ratio of 3.6 based on gene length. The red
dashed line is the 50 signal rescaled by 3.6. The gray bar is the estimated
detection limit of 6 6 3 nascent mRNA molecules per spot (Figure S2H
and Movie S2).
See also Figures S2 and S3 and Movie S2.
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Figure 1. In Vivo Tracking of Transcriptional Activity using mRNA Stem
Loops

(A) The hb P2 enhancer controlling the hb P2 promoter transcribes a lacZ
gene with 24 MS2 stem loops located at its 50 end. The MCP-GFP protein
that binds to the stem loops is provided maternally.
(B) Snapshots (263 26 mm2) of the anterior region of an embryo expressing
the MS2-MCP system in nuclear cycles 9 through 14, showing MCP-GFP
(green) and Histone-RFP (red) fluorescence. Brightness and contrast of
each time point were adjusted independently.
(C) Typical field of view of an embryo between 30%–50% egg length (EL),
anterior facing left. The scale bar represents 10 mm. See also Movie S1.
(D) Fluorescence traces corresponding to individual spots of transcription
(thin lines) color-coded by their nuclear position along the embryo as shown
in (B) and corresponding mean fluorescence over position-binned nuclei
(thick lines).
See also Figure S1 and Movie S1.
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S3B). Comparison of this spatial profile to that obtained by
FISH counts of cytoplasmic transcripts confirms that the pat-
terns obtained with both methods are comparable within
experimental error (Figures S3D–S3H).

mRNA FISH also provides a control for the behavior of our
construct in terms of absolute counts of mRNA molecules.
We count an absolute number of (220 6 20) molecules pro-
duced per nucleus in the anterior region during n.c. 13 (Figures
S3D–S3H). Assuming uniform polymerase loading on the
gene and that each fluorescent spot contains two replicated
sister chromatids [17, 20], this number corresponds to an
average spacing of 150 6 30 bp per gene, and a loading rate

of one molecule every 6 6 1 s per promoter. These results
are consistent with absolute counts of endogenous hb
mRNAand themaximumestimated rate of polymerase loading
in fixed embryos [17, 21]. These numbers allow us to calibrate
the integrated profile (Figure 3A) and the fluorescent traces
(Figure 1D) in terms of the absolute number of mRNA mole-
cules produced and the number of actively transcribing poly-
merase molecules, respectively (Figure S3H).
Developmental boundaries are characterized by the width

of their transition region and their dynamic range of expres-
sion (Figure 3A and S1B). The width determines the spatial
resolution of adjacent developmental states [3, 22], while a
large dynamic range allows for deterministic downstream
decisions [23, 24]. Our obtained spatial profile displays a first
clear sign of a boundary during n.c. 13. The width of the
transition does not change significantly between n.c. 13
(21% 6 2% EL) and n.c. 14 (20% 6 2% EL). On the other
hand, the dynamic range of the boundary changes noticeably
between n.c. 13 and n.c. 14 from 5.86 0.8 to 266 2 (Figure 3A),
as confirmed by lacZ-mRNA FISH (Figure S3H).
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Figure 2. Rate of Transcript Elongation and Dynamics of Initiation and
Termination

(A) Comparison of expression dynamics of a single allele of the enhancer-
construct in two nuclei (different embryos) with stem loops located at the
50 end and the 30 end of the lacZ gene, respectively. Images (7 3 7 mm2)
show Histone-RFP (red) and MCP-GFP (green) fluorescence; time 0 min
corresponds to anaphase 13. The histogram shows the distribution of
times of first spot detection. The difference of the distribution means (i.e.,
5.4 6 0.1 min [red] and 7.6 6 0.2 min [blue]) is used to measure the rate
of transcript elongation relongation = 1.54 6 0.14 kb/min (difference between
50 and 30 stem loop locations is 3.4 kb; errors are propagated from the SE
of the distributions; number of nuclei, n50 = 34 and n30 = 22).
(B) Average fluorescence in n.c. 14 as measured by the 50 and 30 constructs.
The ratio between the maximum 50 and 30 fluorescence level is 3.3 6 0.5,
consistent with the predicted ratio of 3.6 based on gene length. The red
dashed line is the 50 signal rescaled by 3.6. The gray bar is the estimated
detection limit of 6 6 3 nascent mRNA molecules per spot (Figure S2H
and Movie S2).
See also Figures S2 and S3 and Movie S2.
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Figure 1. In Vivo Tracking of Transcriptional Activity using mRNA Stem
Loops

(A) The hb P2 enhancer controlling the hb P2 promoter transcribes a lacZ
gene with 24 MS2 stem loops located at its 50 end. The MCP-GFP protein
that binds to the stem loops is provided maternally.
(B) Snapshots (263 26 mm2) of the anterior region of an embryo expressing
the MS2-MCP system in nuclear cycles 9 through 14, showing MCP-GFP
(green) and Histone-RFP (red) fluorescence. Brightness and contrast of
each time point were adjusted independently.
(C) Typical field of view of an embryo between 30%–50% egg length (EL),
anterior facing left. The scale bar represents 10 mm. See also Movie S1.
(D) Fluorescence traces corresponding to individual spots of transcription
(thin lines) color-coded by their nuclear position along the embryo as shown
in (B) and corresponding mean fluorescence over position-binned nuclei
(thick lines).
See also Figure S1 and Movie S1.
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Fog is not transcribed in propagation zone
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‣ α-amanitin is potent inhibitor of RNA Pol-II
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Model 2: Diffusion-based wave: 
Is Fog a morphogen?



D = 30 µm2s-1

Diffusion and deformation model:

Model 2: Diffusion-based wave: 
Is Fog a morphogen?
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Increasing Fog expression has no effect 
on wave dynamics
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Increasing Fog expression has no effect 
on wave dynamics

WT

hkb-fog

+Fog



Model 3: Self-organised mechanical propagation

MyosinII



Model 3: Self-organised mechanical propagation

No Fog diffusion
Feedback of stress onto MyoII activation

Predicts linear, sustained (un-damped) 
wave of MyoII activation
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Speed and range of Rho1GTP wave 
requires MyoII activation
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Mechanical trigger wave:
Positive feedback and spatial coupling

MyosinII

Rho1

with mechanical feedback

with Fog diffusion only



3D cell deformations associated with MyoII wave

Figure 5
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A mechanical travelling cycle



A mechanically driven travelling cycle

Figure 5
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Adhesion to the vitelline membrane

• cells just anterior to the furrow are in direct contact 
with the vitelline membrane

Dextran (15kD)

Posterior



Top view Side view

Adhesion to the vitelline membrane



requires Integrins
Adhesion to the vitelline membrane

alpha PS3 Integrin (Scab) is expressed in the dorsal posterior ectoderm
(ie. the propagation zone)

collagen IV mutant embryos, as compared to bPS! embryos
(Figure 2B), is consistent with a dual role for collagen IV in pro-
moting BMP signaling in the early embryo: to activate integrin
signaling and promote extracellular BMP gradient formation

(Sawala et al., 2012; Wang et al., 2008). In agreement with this,
a reduction in collagen IV leads to a more severe decrease in
BMP signaling than the loss of integrins, based on the width of
ush expression (Figure 3C).
To exclude the possibility that the loss of integrin signaling in

collagen IV mutants is due to a general loss of ECM integrity,
we examined BMP signaling in embryos lacking expression
of laminin, an ECM protein that interacts with the collagen IV
network and can act as an integrin ligand in Drosophila (Brown,
2000). In contrast to integrin and collagen IV mutants, embryos
lacking b-laminin show a variable expansion of the Race expres-
sion domain (Figure 3D). We speculate that this expanded Race
expression is due to competition between collagen IV and lami-
nin for binding to integrins, with only collagen IV interactions
leading to BMP-promoting signaling events. In support of this,
we find that addition of laminin to Drosophila cells plated on a
collagen IV substrate, but not when plated on plastic, inhibits
pMad accumulation in a dose-dependent manner following
pathway stimulation, and this effect is reduced by co-transfect-
ing additional bPS (Figure 3E, right panel). Together, these
results suggest that engagement of integrin receptors by
collagen IV, but not laminin, promotes BMP responses in the
early Drosophila embryo.

Integrin Signaling Acts Downstream of BMP Receptor
Activation to Enhance pMad Accumulation
We next investigated the molecular link between integrin
signaling and enhanced BMP signal transduction. A key
signaling protein linking integrin to growth factor pathways is
focal adhesion kinase (FAK) (Giancotti and Ruoslahti, 1999).
However, we did not detect any defect in BMP signaling in
embryos lacking Drosophila FAK (Figure S4A), suggesting that
integrin signaling enhances BMP signal transduction through
an FAK-independent mechanism.
To further dissect this mechanism, we developed a

Drosophila tissue culture assay. Treatment of S2R+ cells with
the BMP ligand Dpp induces pMad, and this is enhanced
when cells are plated on collagen IV (Figure 4A). RNAi-medi-
ated knockdown of bPS abolishes the stimulatory effect of
collagen IV on pMad induction, whereas it has no effect on
pMad levels in plastic-plated cells (Figures 4A and 4C). As
shown in Figures 4B and 4C, bPS RNAi in collagen IV-plated
cells also reduces pMad induction by a constitutively active
form of the BMP receptor Thickveins (Tkv), TkvQD, indicating
that collagen IV/integrin signaling acts downstream of Tkv acti-
vation. The effects of collagen IV/integrins on pMad levels do
not coincide with changes in the levels of total Mad (transfected
Flag-Mad) (Figures 4A and 4B), suggesting that they are not
mediated via an effect on Mad stability. In terms of the a-integ-
rin requirement, knockdown of both mew and scb together, but
not either subunit alone, also reduces pMad accumulation (Fig-
ure 4D), suggesting that both a-integrins can function with bPS
to stimulate pMad.

(E–G) Quantification of the pMad gradient in mat bPS!, zyg bPS+, and bPS! embryos. (E) Mean pMad intensity along the dorsal-ventral axis at 0.5 embryo length.

Threshold lines indicate the width of the pMad gradient plotted in (C) and (D). (F and G)Meanwidth of the pMad gradient at thresholds 0.4 (C) and 0.6 (D) along the

anterior-posterior axis for stage 6 embryos. Black dots indicate significant differences (p < 0.05) between maternal bPS! zyg bPS+ and bPS!.

All embryo images show dorsal views of stage 6 embryos, anterior to the left. See also Figures S1 and S2.

A 

C 

B 

Figure 2. Integrin Signaling Is Sufficient to Rescue the BMP
Phenotype in bPS! Integrin Mutant Embryos
(A) TorsoDbPScyt construct, which can mimic integrin signaling in the absence

of ligand binding.

(B and C) Overexpression of bPS and of TorsoDbPScyt in maternal/zygotic

mysXG43mutant (bPS!) embryos can rescue expression of the peak threshold

BMP target genes Race (B) and hnt (C). Rescue was quantified as the per-

centage increase in embryos with a wild-type expression pattern relative to a

no transgene control (n = 3, > 50 embryos counted per genotype in each

experiment; error bars are SEM). For details, see Supplemental Experimental

Procedures. Asterisks denote significant difference from no transgene control

(i.e., 0% rescue); **p < 0.01, ***p < 0.001 (t test). Scale bars represent 50 mm.

See also Figure S3.

Cell Reports 12, 1584–1593, September 8, 2015 ª2015 The Authors 1587



• Travelling mechanical cycle is blocked in aPS3 integrin RNAi:
• Biphasic extension: fast then blocked
• Delayed invagination

Figure 5
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• Myosin-II activation is 
reduced

• wave propagation of high 
MyoII activation is blocked

Integrin signalling is required for 
MyoII activation wave 

Figure 5
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Talin is recruited at the apical cell surface 
contacting the vitelline membrane
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the core of the receptor module, which binds
ECM components. The cytoplasmic domain
of the β-integrin subunit binds to talin, which
connects integrin with actin. Talin binding
can trigger conformational changes of the α-
integrin/β-integrin dimers to an active state
with strongly increased affinity to ECM ligands
(Tadokoro et al. 2003, Wegener et al. 2007;
Figure 3b,d, f ).

Maturation of focal complexes into focal ad-
hesions relies on the binding of other cyto-
plasmic partners such as vinculin (Chen et al.
2005, Humphries et al. 2007, Izard et al. 2004),
which promote clustering of nascent com-
plexes and reinforce the integrin links to actin
(Figure 3b,d, f ). The signaling module of cell-
ECM adhesions consists of several components
including kinases and phosphatases that are able
to initiate a cascade of events. This results in
local changes in cytoskeleton dynamics and the
generation of mechanical force, which in turn
modify adhesion (see below).

The organization of adhesion molecules in
finitely sized clusters is also a striking feature
of cell-cell adhesion. Similar to integrins, cad-
herins form dense protein clusters connected
to the actin network. E-cadherin clusters
have been observed in cultured epithelial
mammalian cells and in early epithelia of

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→

Figure 3
Cell-cell and cell-extracellular matrix (ECM)
adhesion clusters and their interaction with
actomyosin networks. Cell-cell and cell-ECM
adhesion initiate by homophilic binding of
E-cadherin (a) and by binding of integrin to ECM
(b), respectively. Actin-dependent protrusions are
important in these processes. Next, E-cadherin
binds actin filaments through adaptor proteins such
as β-catenin, α-catenin, and vinculin (c). Similarly,
integrin binds the actin cytoskeleton through
proteins such as talin and vinculin (d ). Actomyosin
contractility produces pulling forces on adhesion
complexes. These forces can induce conformational
changes in α-catenin and talin, thereby exposing
buried vinculin-binding sites. In turn, vinculin
binding promotes further binding of actin filaments
to adhesion clusters (e,f ). This feedback mechanism
enhances the mechanical coupling between
actomyosin networks and adhesion clusters.

nonvertebrates. In migrating cells undergoing
mesenchymal to epithelial transitions, nascent
adhesions of E-cadherin organize in puncta
(Angres et al. 1996, Kametani & Takeichi
2007). These puncta are thought to represent
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ECM components. The cytoplasmic domain
of the β-integrin subunit binds to talin, which
connects integrin with actin. Talin binding
can trigger conformational changes of the α-
integrin/β-integrin dimers to an active state
with strongly increased affinity to ECM ligands
(Tadokoro et al. 2003, Wegener et al. 2007;
Figure 3b,d, f ).

Maturation of focal complexes into focal ad-
hesions relies on the binding of other cyto-
plasmic partners such as vinculin (Chen et al.
2005, Humphries et al. 2007, Izard et al. 2004),
which promote clustering of nascent com-
plexes and reinforce the integrin links to actin
(Figure 3b,d, f ). The signaling module of cell-
ECM adhesions consists of several components
including kinases and phosphatases that are able
to initiate a cascade of events. This results in
local changes in cytoskeleton dynamics and the
generation of mechanical force, which in turn
modify adhesion (see below).

The organization of adhesion molecules in
finitely sized clusters is also a striking feature
of cell-cell adhesion. Similar to integrins, cad-
herins form dense protein clusters connected
to the actin network. E-cadherin clusters
have been observed in cultured epithelial
mammalian cells and in early epithelia of
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Figure 3
Cell-cell and cell-extracellular matrix (ECM)
adhesion clusters and their interaction with
actomyosin networks. Cell-cell and cell-ECM
adhesion initiate by homophilic binding of
E-cadherin (a) and by binding of integrin to ECM
(b), respectively. Actin-dependent protrusions are
important in these processes. Next, E-cadherin
binds actin filaments through adaptor proteins such
as β-catenin, α-catenin, and vinculin (c). Similarly,
integrin binds the actin cytoskeleton through
proteins such as talin and vinculin (d ). Actomyosin
contractility produces pulling forces on adhesion
complexes. These forces can induce conformational
changes in α-catenin and talin, thereby exposing
buried vinculin-binding sites. In turn, vinculin
binding promotes further binding of actin filaments
to adhesion clusters (e,f ). This feedback mechanism
enhances the mechanical coupling between
actomyosin networks and adhesion clusters.

nonvertebrates. In migrating cells undergoing
mesenchymal to epithelial transitions, nascent
adhesions of E-cadherin organize in puncta
(Angres et al. 1996, Kametani & Takeichi
2007). These puncta are thought to represent
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Vinculin is normally recruited at focal adhesion under
mechanical load
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Vinculin is recruited at the apical cell surface 
in contact to the vitelline membrane



Working model for MyoII activation wave

1. Strain dependent Myosin stabilisation
2. Integrin dependent mechanical positive feedback loop



Genetic 
induction

Mechanochemical
feedback

Anais Bailles, Claudio Collinet, Jean-Marc Philippe, Pierre-François Lenne, Edwin Munro, Thomas Lecuit
Nature AOP 2019:    https://doi.org/10.1038/s41586-019-1492-9           

Genetic induction and mechanochemical propagation of 
a morphogenetic wave



Self-organisation with mechano-chemical information
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Flow/Rotation
K. Sato et al. and E. Kuranaga. Nature Communications | 6:10074 | DOI: 10.1038/ncomms10074 

General conclusion
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