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What is biological information? (II) 
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Information provides a language to address the meaning and logic in living systems

There is a need to account for: 
• Function 
• Logic

Biological processes can be usefully described as information 
processing: they involve the manipulation of symbolic representations 
according to formal rules to achieve a functional outcome.  
This perspective shifts the focus from the specific chemical substrates 
(e.g., DNA, proteins) to the logical and algorithmic principles governing 
the system.

Summary of previous course
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A framework to disentangle: 

• Purpose(why): computation 

• Strategy (how): algorithm 

• Biology/physics (what):   implementation 

David Marr (1945-1980) 

Unity of algorithmic level for different 
implementations 
Diversity of algorithmic level representations and 
solutions for a given function/computational problem

VISION
A Computational Investigation 
into the Human Representation 

and Processing of Visual Information

David Marr

The MIT Press
Cambridge, Massachusetts

London, England

1982, Vision, David Marr 
W. H. Freeman and Company 
2010: MIT press (re-published)

Summary of previous course



Paradox of complexity and information during development
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• Complexity increases 
• Information cannot increase



Plan of course
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1. Complexity increases during development 
2. How to measure complexity? 
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Complexity increases during development
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Cell number 
Cell shape 
Tissue number 
Tissue shape 
Organ shape

• Organisation/Shape complexity • State complexity

Gene expression 
Cell type 
Interaction/network

Qualitative, descriptive approach to complexity

Cell number Cavity 
(inside/outside)

Shape



Complexity increases during development

Thomas LECUIT   2025-2026

Cell number

Sea Urchin Embryo
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Cell number: 959-1033

Lineage in C. elegans

Worm Book

Length L ~1 mm 

L ~50µm

Number of cell division ~10 (210 ~1000) 
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Cell number increases via cleavage division

Hiroki Nishida lab

Oikopleura dioica (Tunicate, Urochordate) 
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Cell number: 6000 cells

Drosophila early embryogenesis 
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Cell shapes: regular shapes and trajectories 

Drosophila Epithelial Cells

138 CHAPTER 11. SHAPE INDUCED BY PACKING
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• Relatively stable shapes 
• Local interactions
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Cell shapes: Complex morphologies and trajectories
• rapid changes in cell shape and position

Notochord

Pre-somitic
Mesoderm

Bénazéraf B. et al, Pourquie O. Nature. 466:248. 2010

• Mesenchymal cells in presomitic mesoderm • Mesenchymal cells in gastruloid
(Sham Tlili, Lenne Lab, IBDM)
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Cell shapes: Complex morphologies • Very rapid changes in cell shape
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Tissue types

76 CHAPTER 5. HOMEOSTASIS OF SHAPE

blastophore
lip

blastophore
lip

graft

gastrula

Figure 5.14: Fusion of chopped cells.

ectoderm

endoderm
mesoderm

animal pole

2 cell 4 cell 32 cell pluteus larvagastrula

vegetal pole gut
anus

oral
hood

20 µm

Figure 5.15: SeaUrchinDevelopment

• First: Stem cells 
• Second: Tissue layers (ectoderm, mesoderm, endoderm) 
• Third: Tissue derivatives: skin, nervous system, lung, 

muscle, heart, bones etc
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Tissue shapes: Gastrulation (inside/outside)

Atlas of Drosophila development, V. Hartenstein (CSHLP 1993)

Philpp Keller, Janelia Research Campus
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Tissue shapes

defect (Fig 1A–D), they showed decreased pigmentation of
melanophores, abnormal cardiogenesis, small ears, shortened
and curled tails in later stages (Fig 1E,F; supplementary Fig S1A–D
online), and embryonic lethality. In addition to these defects,
in situ hybridization analysis showed abnormal neural develop-
ment (supplementary Fig S1E–H online).

To identify the gene responsible for this phenotype, we mapped
its chromosomal position (Fig 1G). The kt641 mutation was
mapped to the region between fj13e08 (1.9 cM from the mutation)
and fa66c10 (0.14 cM from the mutation) on linkage group
(LG) 13, and a polymorphism within a contiguous sequence,
BX284673, was found to be near the mutation (1/1,470
recombinants/meioses). Interestingly, a zebrafish homologue of
rtf1 had been located near the suspected mutation. Sequence
analysis of rtf1 in the kt641mutant showed a point mutation—C to T—
at codon 169, which co-segregated with the phenotype. This
mutation produces a termination codon—CAG to TAG—which
yielded a truncated version of the Rtf1 protein (Fig 1H). Injection of
two individual antisense morpholino oligonucleotides (MOs) spe-
cific for rtf1 also resulted in morphological defects similar to those of
the kt641 phenotype (supplementary Table S1 online). Injection of
rtf1 MO1 into kt641 mutants did not enhance the phenotype,
indicating that this is a null mutation (data not shown). Furthermore,
injection of wild-type rtf1 messenger RNA at the one-cell stage
rescued the phenotype, whereas injection of kt641 mutant mRNA
did not (supplementary Table S2 online). Therefore, we conclude
that the gene responsible for the kt641 phenotype is rtf1. In situ
hybridization analysis indicated that the rtf1 transcript was present in

all blastomeres at cleavage stages and in the entire embryo during
early developmental stages (data not shown). Maternal expression of
the transcript was also detected (data not shown).

So far, posterior segmentation defects in zebrafish similar to
those observed in the rtf1 mutant have been reported to be caused
by abnormalities in one of two distinct signalling pathways: Notch
or fibroblast growth factor (FGF). Several mutants in Notch
signalling components—including deltaC, deltaD and notch1a,
and also mib in E3 ubiquitin ligase for Notch ligands—lack somite
boundaries in the posterior region (Holley & Takeda, 2002; Itoh
et al, 2003; Jülich et al, 2005). Zebrafish embryos defective in
her13.2, which is a downstream target of FGF signalling, also
show a similar phenotype, probably resulting from abnormal
regulation of her1, a prominent target of Notch signalling
(Kawamura et al, 2005). To examine whether rtf1 is involved in
either of these signalling pathways, we analysed the expression of
genes involved in Notch or FGF signalling in somite segmentation
at early somite stages, when tail elongation is not yet defected in
rtf1 homozygous embryos. Striped expression of her1, her7 and
deltaC, all of which are regulated by Notch signalling (Holley
et al, 2000; Jiang et al, 2000; Oates & Ho, 2002), was strongly
reduced in rtf1 homozygous embryos at early somite stages
(Fig 2A–E,L) and at later stages (supplementary Fig S2A and B
online). The most anterior expression of these genes also shifted in
the posterior direction, although the reason for this shift was
uncertain (Fig 2A,D,E, arrowheads). By contrast, the expression of
fgf8 and her13.2 in the PSM was normal in rtf1 homozygous
embryos (Fig 2F–I,L), suggesting that Rtf1 is preferentially required
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Fig 1 | Isolation and molecular characterization of a zebrafish rtf1kt641 mutant defective in somite formation. (A–F) Lateral views of wild-type (wt)

(A,B,E) and kt641 homozygotes (C,D,F) at the 17-somite stage (A–D) and at 36 h post-fertilization (E,F). Panels (B) and (D) show views of panels (A)

and (C) respectively, at higher magnification. Somite boundaries are disrupted in the posterior trunk of the kt641 mutant (square bracket in (D)). At

later stages, the kt641 mutation causes reduced pigmentation, limited tail growth and abnormal heart (arrow) and ear (arrowhead) development (F).

(G) Meiotic and physical mapping of the kt641 mutation. Horizontal grey bars represent contiguous sequences deposited in linkage group 13.

(H) Schematic diagrams of zebrafish Rtf1 proteins encoded by wild-type and kt641 alleles.

Paf1 complex in somite segmentation

T. Akanuma et al
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Zebrafish Embryo
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Cell state: Gene expression • In order of N~20.000 genes 
• Each cell as an N-dimensional vector X(g1,…, gi,…gN) 

D. Kosman, S. Small & J. Reinitz
Dev Genes Evol (1998) 208:290–294

 CM. Mizutani et al & E. Bier. PLoS Biol 4(10): e313. 
https://doi.org/10.1371/journal.pbio.0040313 

• Diversity of spatial patterns

A. Boettiger
2009 Nikon Photomicrography 

competition
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Cell state: Gene expression • In order of N~20.000 genes 
• Each cell as an N-dimensional vector X(g1,…, gi,…gN) 
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in the last 2 groups. We conclude that these expression data have a
very high temporal resolution, revealing rapid (10-15 minute)
changes in gene expression with a full range of amplitudes (up to
1000-fold), consistent with a large body of published data.

Precise temporal resolution, highly dynamic changes of
expression profiles and high induction allowed us to select genes
with increased expression during cellularisation. Nearly 78%
(10871) of the Drosophila genes (13966) displayed defined
expression profiles falling into distinct classes (Fig. 1E). Out of
these, 80% (8711) were absent (7232) or downregulated (1479)
during the formation of the epithelium, leaving 2160 genes (15% of
the total) upregulated during any given stage of epithelial

morphogenesis (T1-T4). Clustering allows the identification of
distinct sub-classes of gene expression among these 2160 genes
(Fig. 1B-D). We could, for example, distinguish genes specifically
induced during T1 (slow phase) and/or T2 (fast phase). A
surprisingly high number of genes (583, 4%) are shown to be
upregulated during cellularisation only (Fig. 1C-E).

We selected from these 2160 genes for functional screening. We
applied a number of stringent criteria to yield a reasonable set of
genes to be tested. We first focused on genes whose expression
during cellularisation (T1 or T2) was at least four times higher than
the maternal contribution (T0). Some of them were downregulated
later on, but a number showed a sustained expression during

RESEARCH ARTICLE Development 133 (4)

Fig. 1. Different categories of gene expression
corresponding to successive stages of early
development. (A) Early Drosophila development
showing representative embryos of the five successive
stages of epithelium formation and remodelling selected
for transcriptome analysis (T0-T4, DIC images, the dorsal
side is towards the top and anterior towards the left). (B-
D) Examples of genes exhibiting a developmental
regulation of expression. Increased and decreased
expression compared with the mean expression of the
five time points (set to 0) for each gene are shown in red
and green, respectively. The colour scale ranges from
saturated green for log2 ratios –2.0 and below, to
saturated red for log2 ratios +2.0 and above. Cluster of
genes with a predominant maternal expression (T0, B).
Clusters of genes displaying an increased expression in
slow phase of cellularisation (T1, C) or throughout
cellularisation (T1+T2, D). (E) Schematic representation of
the different categories of gene expression profiles
identified. The variations are only qualitative. The
number of genes associated with each category is
indicated. Some genes are absent from T0 to T4 (7232,
bright green), or display a uniform expression from T0 to
T4 (278, dark green).
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F. Pilot et al, T. Lecuit. Development 133, 711-723 doi:10.1242/dev.02251

• Diversity of temporal patterns
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Cell state: Gene expression • In order of N~20.000 genes 
• Each cell as N-dimensional vector X(g1,…, gi,…gN) 
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defect (Fig 1A–D), they showed decreased pigmentation of
melanophores, abnormal cardiogenesis, small ears, shortened
and curled tails in later stages (Fig 1E,F; supplementary Fig S1A–D
online), and embryonic lethality. In addition to these defects,
in situ hybridization analysis showed abnormal neural develop-
ment (supplementary Fig S1E–H online).

To identify the gene responsible for this phenotype, we mapped
its chromosomal position (Fig 1G). The kt641 mutation was
mapped to the region between fj13e08 (1.9 cM from the mutation)
and fa66c10 (0.14 cM from the mutation) on linkage group
(LG) 13, and a polymorphism within a contiguous sequence,
BX284673, was found to be near the mutation (1/1,470
recombinants/meioses). Interestingly, a zebrafish homologue of
rtf1 had been located near the suspected mutation. Sequence
analysis of rtf1 in the kt641mutant showed a point mutation—C to T—
at codon 169, which co-segregated with the phenotype. This
mutation produces a termination codon—CAG to TAG—which
yielded a truncated version of the Rtf1 protein (Fig 1H). Injection of
two individual antisense morpholino oligonucleotides (MOs) spe-
cific for rtf1 also resulted in morphological defects similar to those of
the kt641 phenotype (supplementary Table S1 online). Injection of
rtf1 MO1 into kt641 mutants did not enhance the phenotype,
indicating that this is a null mutation (data not shown). Furthermore,
injection of wild-type rtf1 messenger RNA at the one-cell stage
rescued the phenotype, whereas injection of kt641 mutant mRNA
did not (supplementary Table S2 online). Therefore, we conclude
that the gene responsible for the kt641 phenotype is rtf1. In situ
hybridization analysis indicated that the rtf1 transcript was present in

all blastomeres at cleavage stages and in the entire embryo during
early developmental stages (data not shown). Maternal expression of
the transcript was also detected (data not shown).

So far, posterior segmentation defects in zebrafish similar to
those observed in the rtf1 mutant have been reported to be caused
by abnormalities in one of two distinct signalling pathways: Notch
or fibroblast growth factor (FGF). Several mutants in Notch
signalling components—including deltaC, deltaD and notch1a,
and also mib in E3 ubiquitin ligase for Notch ligands—lack somite
boundaries in the posterior region (Holley & Takeda, 2002; Itoh
et al, 2003; Jülich et al, 2005). Zebrafish embryos defective in
her13.2, which is a downstream target of FGF signalling, also
show a similar phenotype, probably resulting from abnormal
regulation of her1, a prominent target of Notch signalling
(Kawamura et al, 2005). To examine whether rtf1 is involved in
either of these signalling pathways, we analysed the expression of
genes involved in Notch or FGF signalling in somite segmentation
at early somite stages, when tail elongation is not yet defected in
rtf1 homozygous embryos. Striped expression of her1, her7 and
deltaC, all of which are regulated by Notch signalling (Holley
et al, 2000; Jiang et al, 2000; Oates & Ho, 2002), was strongly
reduced in rtf1 homozygous embryos at early somite stages
(Fig 2A–E,L) and at later stages (supplementary Fig S2A and B
online). The most anterior expression of these genes also shifted in
the posterior direction, although the reason for this shift was
uncertain (Fig 2A,D,E, arrowheads). By contrast, the expression of
fgf8 and her13.2 in the PSM was normal in rtf1 homozygous
embryos (Fig 2F–I,L), suggesting that Rtf1 is preferentially required
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Fig 1 | Isolation and molecular characterization of a zebrafish rtf1kt641 mutant defective in somite formation. (A–F) Lateral views of wild-type (wt)

(A,B,E) and kt641 homozygotes (C,D,F) at the 17-somite stage (A–D) and at 36 h post-fertilization (E,F). Panels (B) and (D) show views of panels (A)

and (C) respectively, at higher magnification. Somite boundaries are disrupted in the posterior trunk of the kt641 mutant (square bracket in (D)). At

later stages, the kt641 mutation causes reduced pigmentation, limited tail growth and abnormal heart (arrow) and ear (arrowhead) development (F).

(G) Meiotic and physical mapping of the kt641 mutation. Horizontal grey bars represent contiguous sequences deposited in linkage group 13.

(H) Schematic diagrams of zebrafish Rtf1 proteins encoded by wild-type and kt641 alleles.

Paf1 complex in somite segmentation
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Merlin Lange et al. and Loic Royer, 2024, Cell 187, 6742–6759

• Diversity of spatial & temporal patterns
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Cell state: Gene expression • In order of N~20.000 genes 
• Each cell as N-dimensional vector X(g1,…, gi,…gN) 

• RNA velocity vector field on scRNAseq UMAP

cluster at the origin of themesodermal branch, indicated by a red
star *, is also at the origin of a branch going to neural tissues. The
cells in this cluster are enriched for both neural and mesodermal
transcription factors (sox2 and tbxta, respectively; Data S1).

These transcription factors are the molecular signature of the
NMPs—a recently characterized population of late pluripotent
axial progenitors believed to contribute to mesoderm and neural
tissue post-gastrulation.22,28

A

CB D

Figure 3. Whole-embryo RNA velocity and derived cell state transition map
(A) Projection (UMAP) of zebrafish embryo transcriptomes (early development, 10 to 24 hpf time points), color coded by cell type. Arrow streams correspond to

the average RNA velocities of single cells. On the right, stack bar plot of the cell-type proportion over time.

(B) Workflow to reconstruct state transitions from RNA velocity graph. (1) Weighted directed graph represents the expected transitions between transcriptional

states from single cells. (2) This graph defines a Markov process that can be represented as a matrix. (3) We can then estimate cluster transitions by simulating

successive state transitions for groups of cells through the graph. (4) Finally, we summarize cluster-level transitions as a coarse-grained graph.

(C) Examples of average transition probabilities for neural tube, endothelial cells, and mesodermal tissue.

(D) A coarse-grain graph of cell state transitions shows transitions between all cell states. The width of the arrows is proportional to the transition rates. Colors and

numbers correspond to the annotation in (A). Nodes grouped by a bounding box indicate clusters of cells that belong to the same broad cell types; colors

correspond to those in (A). Very weak edges should be interpreted with caution, e.g., the connection between germline cells and endoderm might be spurious.

See also Video S1C and Data S1.
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• Cell state transition graph

cluster at the origin of themesodermal branch, indicated by a red
star *, is also at the origin of a branch going to neural tissues. The
cells in this cluster are enriched for both neural and mesodermal
transcription factors (sox2 and tbxta, respectively; Data S1).

These transcription factors are the molecular signature of the
NMPs—a recently characterized population of late pluripotent
axial progenitors believed to contribute to mesoderm and neural
tissue post-gastrulation.22,28
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(D) A coarse-grain graph of cell state transitions shows transitions between all cell states. The width of the arrows is proportional to the transition rates. Colors and

numbers correspond to the annotation in (A). Nodes grouped by a bounding box indicate clusters of cells that belong to the same broad cell types; colors

correspond to those in (A). Very weak edges should be interpreted with caution, e.g., the connection between germline cells and endoderm might be spurious.
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Gene expression networks
• Cells form interaction networks and compute decision making processes

“125_81356_Phillips_MolecularSwitch_6P” — 2020/4/28 — 10:00 — page 338 — #23

338 Chapter 10 DNA Packing and Access

Figure 10.19

Establishing the fly body plan.
The schematics of the embryo on
the left show a succession of pat-
terns of gene expression over time
during embryonic development.
The regulatory network on the
right shows how the various genes
involved in embryonic patterning
activate (blue lines) and repress
(red lines) other genes in the net-
work. Our focus in this discus-
sion is on the arrow connecting
bicoid in the first row to hunch-
back in the second row. Adapted
fromCarroll, Grenier, andWeath-
erbee (2001); Edgar, Odell, and
Schubiger (1989); Jaeger (2011);
and von Dassow et al. (2000).
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evolution while retaining its function. For example, in another species of fly
called D. pseudoobscura the same enhancer has lost and gained binding sites
while the remaining binding sites have changed in their affinities with respect to
the D. melanogaster enhancer. The spacing between some of these sites has also
changed in some cases by up to 80 bp. Nevertheless, when theD. pseudoobscura
enhancer is introduced into D. melanogaster not only does it result in a very
similar pattern of expression, it can even rescue mutations in the even-skipped
gene.

An exciting hypothesis about the action enhancer of is that they control the
level of gene expression by controlling chromatin accessibility. This is in stark
contrast to a picture inwhich transcriptional cooperativity is attributed to direct
interactions between transcription factors and the basal transcription appara-
tus. Figure 10.20(A) shows a schematic example of how the MWC concept can
be applied to a model chromatin state. In the “closed” or inaccessible state, the
DNA is wrapped up in a tight nucleosomal configuration, here indicated by
one of many hypothetical higher-order chromatin structures (i.e., the putative
30 nm fiber). While in this state, the promoter of interest is hypothesized to be
unavailable for transcription. The concept of themodel is that RNA polymerase
and transcription factors can bind more easily to DNA when it is in its open or
accessible state, indicated schematically in Figure 10.20 by DNA that is freely
available in the “open chromatin" configuration.

As usual, we can think about the system quantitatively by recourse to the
statistical mechanical states and weights shown in Figure 10.20(B). In this case,
we consider a situation in which there are two transcription factors R and B
that bind to sites within this chromatin region and that their binding affinity is

D. Kosman, S. Small & J. 

Maternal genes (3)

Gap genes (4)

Pair rule genes (7)

Antero-Posterior patterning
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Gene expression networks

Fig. 1. GRN for endomesoderm specification in sea urchin embryos. (A) GRN for period from initiation of zygotic regulatory control shortly after fertilization
to just before gastrulation (!4–30 h). The short horizontal lines represent relevant cis-regulatory modules of indicated genes on which the color-coded inputs
impinge. The sources of these inputs are other genes of the GRN, as indicated by the thin colored lines. Small open and filled circles represent protein–protein
interactions that occur off the DNA and are not included explicitly in the GRN, the objective of which is to display the predicted genomic regulatory organization
responsible for spatial and temporal expression of the genes it includes. For symbolism, explanations, and access to the BIOTAPESTRY software by which the GRN
is built and maintained, see http:!!sugp.caltech.edu!endomes!webStart!bioTapestry.jnlp, where the current version of GRN is posted or contact E.H.D. The red
circles indicate genes for which genomic cis-regulatory modules have been isolated and shown to generate the relevant spatial and temporal patterns of gene
expression of the endogenous genes. (B) The cis-regulatory programming of the wnt8 loop, from ref. 24. Experiments demonstrate that the cis-regulatory system
includes Tcf sites that are required to maintain expression and that respond to the !-catenin–Tcf input (n!-TCF); as is well known, reception of the Wnt8 signal
ligand causes intracellular formation of nuclear !-catenin–Tcf complex in the recipient cells. Thus, the endomesodermal cells are engaged in a self-stimulating,
positive reinforcement of expression of Tcf-responsive genes (see A). (C) The cis-regulatory programming responsible for reception by adjacent presumptive
mesodermal cells of a Delta signal emitted by skeletogenic cells and for activation of pigment cell differentiation genes (29); these are SuTx (Sulfotransferase),
Dpt (Dopachrome tautomerase), Pks (Polyketide synthetase), and FvMo (Flavine-containing monoxigenase). The Delta signal is received by a Notch receptor that
together with a Supressor of Hairless [Su(H)] transcription factor already present in these cells transmits a permissive input to the cis-regulatory module of the
gcm regulatory gene. These relationships were established experimentally in gene transfer studies by using a mutant Su(H) factor and by mutational analysis
of the gcm cis-regulatory module (A. Ransick and E.H.D., unpublished data). After activation, gcm locks itself on by autoregulation. (D) Endoderm specification

4938 " www.pnas.org!cgi!doi!10.1073!pnas.0408031102 Levine and Davidson

L. Bodenstein. Mechanisms of Development, 162 (2020) 
https://doi.org/10.1016/j.mod.2020.103606
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• Cells form interaction networks and compute decision making processes
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Figure 5.14: Fusion of chopped cells.
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Cell number 
Cell shape 
Tissue number 
Tissue shape 
Organ shape

• Organisation/Shape complexity • State complexity

Gene expression 
Cell type 
Interaction/network

Qualitative, descriptive approach to complexity

Cell number Cavity 
(inside/outside)

Shape
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1. Complexity increases during development 
2. How to measure complexity? 
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How to measure complexity?

Descriptive complexity: Statistical complexity

~20 >100

Neurons: number of branchesKanji: number of strokes

daito  
« A cloudy 
dragon in 
flight » 

mouth

4
84

11011101001000000101011101101100011110010100110101
1101000000010100000111111110100100001001011000101
0000011101000000111010100000101010111101000110010
01111111110111110111110010111101010010100111111110
0000101111010101001001010001100000001101111100011
011100111011010110111010101110111011010111001111001
11001101010100111101101100010101011111111000001010
10101010100111101110110011110000100111001111101000
1100101001001100111101100011000001001011010000001
11010100101011001100010100100001101011110110110001
0101111110010101100001001001010001101101001001001
1111110001000000110011100100101000111110100111011
0111111110110001011100000101001000110000001011100
01001010010101011011110110110111001111111111011000
1000111110010111010000010000110011110110001111110
1101011001100000010101100110011110100010000010100
1101010010100111010001000101000100010100111111000
1100001001000100101001101000101001001100110000110 

11111111111111111111111111111111111111111111111111 
11111111111111111111111111111111111111111111111111 
11111111111111111111111111111111111111111111111111 
11111111111111111111111111111111111111111111111111 
11111111111111111111111111111111111111111111111111 
11111111111111111111111111111111111111111111111111 
11111111111111111111111111111111111111111111111111 
11111111111111111111111111111111111111111111111111 
11111111111111111111111111111111111111111111111111 
11111111111111111111111111111111111111111111111111 
11111111111111111111111111111111111111111111111111 
11111111111111111111111111111111111111111111111111 
11111111111111111111111111111111111111111111111111 
11111111111111111111111111111111111111111111111111 
11111111111111111111111111111111111111111111111111 
11111111111111111111111111111111111111111111111111 
11111111111111111111111111111111111111111111111111 
11111111111111111111111111111111111111111111111111 

Sequence of 0, 1

uniform random

Nucleotide sequence
CATCCCTAAATAACGGCACTCTGCAGATGCGA
AGCAGTGGATCGCAAAAACGCAAAATGTGGG
CGAAATAAGTTCGCGAGCGTCTCGAAAGTAA
CCGGTTACTGAAAATACAAGAAAGTTTCCACA
CTCCTTTGCCATTTTTCCGCGCGGCGCTTGGAA
ATTCGTAAAGATAACGCGGCGGAGTGTTTGGG
GAAAATGGCGCAACCGCCGCCAGATCAAAAC
TTTTACCATCATCCGCTGCCCCACACGCACACA
CATCCGCATCCGCACTCCCATCCGCATCCGCAC
TCGCATCCGCACCCACATCACCAACATCCGCAG
CTTCAGTTGCCGCCACAATTCCGAAATCCCTTC
…

AAAAAAAAAAAAAAAAAAAAAAAAAAA 
AAAAAAAAAAAAAAAAAAAAAAAAAAA 
AAAAAAAAAAAAAAAAAAAAAAAAAAA 
AAAAAAAAAAAAAAAAAAAAAAAAAAA 
AAAAAAAAAAAAAAAAAAAAAAAAAAA 
AAAAAAAAAAAAAAAAAAAAAAAAAAA 
AAAAAAAAAAAAAAAAAAAAAAAAAAA 
AAAAAAAAAAAAAAAAAAAAAAAAAAA 
AAAAAAAAAAAAAAAAAAAAAAAAAAA 
AAAAAAAAAAAAAAAAAAAAAAAAAAA 
AAAAAAAAAAAAAAAAAAAAAAAAAAA  
…

bicoid 1-352
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• Intuition: complexity is low for a perfectly ordered or uniform pattern, and maximal for a random pattern. 
And biological complexity lies in between (organisation, ordering yet not a cristal).

How to measure complexity?

Descriptive complexity: How concisely can the data be described?

The algorithmic information content (AIC) also referred to as Kolmogorov complexity KU(s) of a string of 
symbols s is the length of the shortest program for a universal Turing machine (ie. digital computer) U  to 
produce the output s and then halt. 

• Kolmogorov complexity/Algorithmic Information content. 

M. Gell-Mann, S. Lloyd. Complexity, 1996 
https://doi.org/10.1002/(SICI)1099-0526(199609/10)2:1<44::AID-CPLX10>3.0.CO;2-X

11001001000011111101101010100010001000010110100011
00001000110100110001001100011001100010100010111000

10101101111110110110011111011110111110110101110111
10110011001101011100011101111100111100110111101010

πRandom number X

KU(X) is high KU(X) is low
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How to measure complexity?

Descriptive complexity: How concisely can the data be described?

The algorithmic information content (AIC) also referred to as Kolmogorov complexity KU(s) of a string of 
symbols s is the length of the shortest program for a universal Turing machine (ie. digital computer) U  to 
produce the output s and then halt. Ex: π has low KU.  

AIC/KU(s) is uncomputable.  
Yet AIC/KU(s) is the theoretical limit of lossless compression. The shortest program is the perfectly 
compressed version of the string of symbols (eg. sequence). So the size of the compressed string C(s) is a 
good approximation of its AIC (KU(s)). For instance, size of compressed genome sequence.  

• Kolmogorov complexity/Algorithmic Information content. 

M. Gell-Mann, S. Lloyd. Complexity, 1996 
https://doi.org/10.1002/(SICI)1099-0526(199609/10)2:1<44::AID-CPLX10>3.0.CO;2-X

Clustering by compression

Normalized compression distance (NCD) computed from length of compressed data files.

1528 IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 51, NO. 4, APRIL 2005

It too is a metric, and it is universal in the sense that this single metric
minorizes up to a negligible additive error term all normalized admis-
sible distances in the class considered in [31]. Thus, if two files (of what-
ever type) are similar (that is, close) according to the particular feature
described by a particular normalized admissible distance (not neces-
sarily metric), then they are also similar (that is, close) in the sense of
the normalized information metric. This justifies calling the latter the
similarity metric. We stress once more that different pairs of objects
may have different dominating features. Yet every such dominant sim-
ilarity is detected by the NID. However, this metric is based on the no-
tion of Kolmogorov complexity. Unfortunately, the Kolmogorov com-
plexity is noncomputable in the Turing sense. Approximation of the de-
nominator of (IV.1) by a given compressor is straightforward: it is

. The numerator is more tricky. It can be rewritten as

(IV.2)

within logarithmic additive precision, by the additive property of
Kolmogorov complexity [32]. The term represents the length
of the shortest program for the pair . In compression practice
it is easier to deal with the concatenation or . Again, within
logarithmic precision . Following a
suggestion by Steven de Rooij, one can approximate (IV.2) best by

. Here, and in the later
experiments using the CompLearn Toolkit [9], we simply use
rather than . This is justified by the observation
that block-coding-based compressors are symmetric almost by defini-
tion, and experiments with various stream-based compressors (gzip,
PPMZ) show only small deviations from symmetry.

The result of approximating the NID using a real compressor is
called the normalized compression distance or NCD, formally defined
in (IV.1). The theory as developed for the Kolmogorov-complexity
based NID in [31], may not hold for the (possibly poorly) approxi-
mating NCD. It is nonetheless the case that experiments show that the
NCD apparently has (some) properties that make the NID so appealing.
To fill this gap between theory and practice, we develop the theory
of NCD from first principles, based on the axiomatics of Section III.
We show that the NCD is a quasi-universal similarity metric relative
to a normal reference compressor . The theory developed in [31] is
the boundary case , where the “quasi-universality” below has
become full “universality.”

V. COMPRESSION DISTANCE

We define a compression distance based on a normal compressor
and show it is an admissible distance. In applying the approach, we
have to make do with an approximation based on a far less powerful
real-world reference compressor . A compressor approximates the
information distance , based on Kolmogorov complexity, by
the compression distance defined as

(V.1)

Here, denotes the compressed size of the concatenation of
and , denotes the compressed size of , and denotes the
compressed size of .

Lemma 5.1: If is a normal compressor, then is
an admissible distance.

Proof: Case 1: Assume . Then
. Then, given and a prefix program of length

consisting of the suffix of the -compressed version of ,
and the compressor in bits, we can run the compressor on
all ’s, the candidate strings in length-increasing lexicographical
order. When we find a so that the suffix of the compressed version of

matches the given suffix, then by the unique decompression
property.

Case 2: Assume . By symmetry .
Now follow the proof of Case 1.

Lemma 5.2: If is a normal compressor, then satisfies
the metric (in)equalities up to logarithmic additive precision.

Proof: Only the triangular inequality is nonobvious. By (III.2),
up to logarithmic additive preci-

sion. There are six possibilities, and we verify the correctness of the
triangular inequality in turn for each of them.
Assume . Then

Assume . Then

Assume . Then

Assume . Then

Assume . Then

Assume . Then

Lemma 5.3: If is a normal compressor, then

Proof: Consider a pair . The

is which is achieved for , the empty word, with .
Similarly, the

is . Hence, the lemma.

VI. NORMALIZED COMPRESSION DISTANCE

The normalized version of the admissible distance , the
compressor based approximation of the normalized information dis-
tance (IV.1), is called the normalized compression distance or NCD

NCD (VI.1)

This NCD is the main concept of this work. It is the real-world version
of the ideal notion of normalized information distance NID in (IV.1).

Remark 6.1: In practice, the NCD is a nonnegative number
representing the differences between the two files. Smaller

Rudi Cilibrasi and Paul M. B. Vitányi, IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 51, NO. 4, APRIL 2005 

C(x) = compressed size of the DNA sequence of species X.

C(y) = compressed size of the DNA sequence of species Y.

C(xy) = compressed size of the concatenated sequences of X and Y.

Use in phylogenomics to build tree based on sequences. 
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Encoding of  π tree: {31415926538….}

{0,1,2,3,4,5,6,7,8,9}

Asymmetry at branching points

0: symmetric 
9: asymmetric

Algorithmic description of tree

Marc-Eric Perrin (IBDM)

Representation of a shape (eg. tree) as a linear string of integers

Algorithm: We have a sequence SN= {x0,x1,…, xi, …..xN} for a tree/neuron 
For each node i, calculate ai = xi/9 and split to the right and left the sequence of nodes. 
Put (1+ai)/2*n nodes in the subtree to the right and (1-ai)/2*n nodes to the left subtree. 

Ex: if xi=0, a=0 and (1+/-ai)/2*n=n/2, the subtrees are symmetric.  
If xi=9, a=1 and (1+ ai)/2*n=n and 0 to the left, the subtrees are maximally asymmetric.  

2 new sequences are generated and distributed to L and R: SR = {x0,x,…,x((1+ai)/2*n)} and SL 
= {x((1+ai)/2*n +1), …,xN}.  
Repeat at each next node this iterative process.

π tree
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Low AICHigh AIC

Algorithmic information

Description (statistics)
e.g. number of branch points

low high

sequence length 400
 compressed sequence length: 10 

‘1111111111111…1’
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(to create the data from its concise description)
Generative complexity: How much computational effort is needed?

• Logical depth: The run time of the minimal algorithm to compute/generate x
A shallow structure: perfectly ordered or random (a print function generates this quickly) 
A deep structure: requires long computation (Ex: π, though it depends on the algorithm)

Foundations of  Physics, Vol. 16, No. 6, 1986 

On the Nature and Origin of Complexity in 
Discrete, Homogeneous, Locally-Interacting 
Systems 

Charles H. Bennett 1 

Received March 12, 1986 

The observed complexity of  nature is often attributed to an intrinsic propensity of  
matter to self-organize under certain (e.g., dissipative) conditions. In order better 
to understand and test this vague thesis, we define complexity as "logical depth," a 
notion based on algorithmic information and computational time complexity. 
Informally, logical depth is the number of  steps in the deductive or causal path 
connecting a thing with its plausible origin. We then assess the effects of  dis- 
sipation, noise, and spatial and other symmetries of  the initial conditions and 
equations of  motion on the asymptotic complexity-generating abilities of  
statistical-mechanical model systems. We concentrate on discrete, spatially- 
homogeneous, locally-interacting systems such as kinetic Ising models and cellular 
automata. 

An important but subtle question is "why is the world complicated?" A 
widely accepted answer today is the doctrine of self-organization, which 
holds that, although nature obeys simple laws, these may lead in time to 
the spontaneous generation of complex structures. Self-organization is not 
seen as happening always and everywhere, but only under certain con- 
ditions. The most commonly noted of these is dissipation: the removal or 
dilution of entropy produced by a system so that it can go on producing 
more entropy. On the earth dissipation is induced chiefly by the tem- 
perature difference between the hot sun and cold night sky; on a 
cosmological scale, it is induced by the expansion of the universe. Converse 
to the idea that dissipation begets self-organization is the view that nothing 
very interesting is likely to happen in a world at thermal equilibrium, 

1 I B M  Research, Yorktown Heights, New Y o r k  10598. 

585  

0015-9018/86/0600-0585505.00/0 © 1986 Plenum Publishing Corporation 
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notably by a version of Cantor's diagonal argument, in which the computer 
first generates a list of strings quickly computable by small programs, then 
outputs the first string not on the list. 

Logical depth is thus an asymptotically absolute property: A deep 
structure is one that cannot plausibly have been generated quickly either in 
the system containing it or in any other system whose dynamics can be 
efficiently digitally simulated. Logical depth has the right intuitive proper- 
ties for a complexity measure: subjectively trivial structures (such as a 
string of zeros, or a random string of zeros and ones produced by coin 
tossing) are shallow; on the other hand, deep structures can be produced 
slowly, though not quickly, by a universal computer. It may at first seem 
surprising that random objects are shallow, but a typical random output x 
typically cannot be produced at all by a small program, and so a "print 
program," containing a verbatim description of the desired output, is fast- 
running and of near-minimal size. Armed with the notion of depth, we can 
say that a system self-organizes if it produces, with high probability, 
increasingly deep local configurations in the course of its evolution, con- 
figurations that could not have been produced quickly by any other 
evolution with a simple initial condition and simple laws of motion. 

Returning to the question of self-organization from a uniform initial 
state, an immediate problem is to break translational symmetry. This can 
be done by a probabilistic system, or by a deterministic system with a 
uniformly random initial state, but there remains the problem (evident in 
simulations of "life" from a "soup" initial condition), that whatever non- 
trivial structure is formed in one place will also be formed in infinitely 
many other places, so some conflict-resolution is necessary if any of the 
structures are to grow indefinitely in size and complexity. 

A simple example of conflict resolution is illustrated in Fig. 1, which 
represents the history of a one-dimensional chain of sites each of which 
may contain an east-walker or a west-walker. Initially, at about half the 
sites in the system, an egg hatches, producing an east-walker and a west- 
walker who begin walking apart from each other with velocity ½. The 
region behind and between such a pair of walkers constitutes a "domain," 
and each domain increases in width linearly with time as long as it does 
not encounter other domains. When domains meet, the colliding walkers 
have a duel, and one of them at random survives and continues walking, 
thereby enlarging his domain at the expense of the other. The numerical 
evidence suggests that, at any time t, at least ¼ of the sites in an infinite 
chain would belong to domains of width t, which has been growing since 
time 0. 

Now imagine that each initial hatching of an egg initiates its own coy 
of a nontrivial, depth-producing computation, carried out by other 

How to measure complexity?
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Generative complexity: How long is the computation?
Descriptive complexity: How concisely can the data be described? Algorithm

Application to Biological systems: 
• Simple algorithmic level description capture key properties of a system (eg. Turing instabilities). 

Simplicity can be found.  
• Yet, biological processes usually take a long time to unfold and reach their end point (eg. 

developmental processes, such as morphogenesis, cell differentiation, or even more evolution…).  

Descriptive and generative complexity

but is likely related to how the more novel developmental
genes and gene networks originate and become integrated
into the already existing regulatory environment [79]. As
the entire developmental program evolves, the older de-
velopmental modules become constrained and inaccessible
to further alterations, and the newly evolved genetic net-
works responsible for subsequent evolutionary innovations
and transitions become submodular to the already existing
regulatory systems and are added sequentially. Such a
successive set of developmental modules within each de-
veloping organism is used to build its morphological traits
from the most general, those shared with all other lineages
within its phylum, to the more specialized traits that
distinguish members of different orders, families, genera,
and species.

One interesting and testable prediction from this model
is that developmental modules underlying homologous
morphological traits (including transient developmental

features) in different species will be more similar to each
other than to any other earlier or later modules operating
even within the same organism. Genetic dissection of
related developmental modules in multiple species using
phylostratigraphy methods will likely result in a better
understanding of the mechanisms underlying homology,
homoplasy, and novelty during important evolutionary
transitions through more precise insight into the absolute
and relative order of the phylogenetic and ontogenetic
events. According to the refurbished von Baer’s law, a
significant degree of recapitulation is expected between
many of the key cladistically significant traits achieved at
different phylogenetic levels and the underlying develop-
mental modules. As the third and fourth postulates of von
Baer’s law suggest, such recapitulation should only
be observed for the features that betray organizational
complexity rather than adaptations of any of the adult
ancestors. Providing both evolutionary and developmental
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Figure 6. Different views of developmental evolution: the ‘funnel’ model (A), which suggests early conservation and the ‘hourglass’ model (B), which limits conservation
only to the phylotypic stage [76,88]. Karl von Baer’s original observations suggested a high degree of parallelism in biological complexity and developmental changes for
the mid- to late-stage embryos (C). Orange indicates embryonic development from the pharyngula stage to hatching, light green indicates postnatal development, and dark
green indicates the adult stage.

Review Trends in Genetics December 2013, Vol. 29, No. 12

720

few hours in Drosophila
~10 days in mouse 
~ 5 weeks in human

• Question: is developmental speed constrained by computational complexity? Or by other 
processes such as energetics of process? Or both
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compression decompression

Developmental 
algorithms:  
• Cell fate decisions 
• Cell dynamics 
Algorithmic Information
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Genome (parameters) 
Proteome 
Cell organisation 
Mechanics 
Algorithms (in whole cell)
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their elastic properties and the relative strain mismatch at different
stages of chick gut development; we chose three stages: E8, E12 and
E16 (Fig. 3). The mesentery has a time-varying thickness, h, which is
evaluated from histological cross-section (Supplementary Fig. 2).
The inner and outer radii of the gut tube were extracted from 49,6-
diamidino-2-phenylindole (DAPI)-stained tube cross-sections (Fig. 3b).
The length of the gut tube, Lt, was measured on the dissected gut. The
natural rest length of the periphery of mesentery, Lm, was measured by
cutting out thin strips along the junction with the gut and aligning
them unstretched with a ruler (Fig. 3c). The bending stiffness of the gut
tube and the stretching stiffness of the mesentery were measured using
in vitro, uniaxial, low-rate tensile tests, where the load was generated
by a magnet applying a calibrated force on a millimetre-size steel ball,
attached to one end of a tissue sample that was pinned at the other end.
The extension of the sample under load was tracked using video-
microscopy to extract its stress (s)/strain (e) response curve (see
Fig. 3d, e, insets, Methods and Supplementary Information).

For the mesentery, we observed a nonlinear response curve with a
sharp break at a strain eƒep, where ep 5 Lt/Lm 2 1 is the physiological
strain mismatch, typical of the strain-stiffening seen in biological
soft tissues16. We define an effective modulus, Em~(ds=de)e~ep

,
and strain, e0~(s{1ds=de){1

e~ep
, by locally linearizing the response

(Fig. 3d) and noting that the membrane has negligible stiffness
when 0vevep{e0. For the gut, we measured the modulus,
Et 5 s/e, from the linear, low-strain response curve (e , 10%;
Fig. 3e). In Fig. 3f, g, we summarize the variation of Em, Et and e0 as
functions of developmental time. Measurements of the mesentery
stiffness at various locations and in various directions did not show
significant differences (Supplementary Fig. 4). This confirms the
validity of modelling the mesentery and the gut as isotropic, homo-
geneous material.

The measured biophysical parameters allowed us to create a
detailed numerical simulation of gut looping. Because the gut and
mesentery grow slowly, inertial effects are unimportant and the com-
posite system is always in mechanical equilibrium. This equilibrium
configuration was calculated as follows. The mesentery was modelled
as a discrete elastic membrane consisting of a hexagonal lattice of
springs with a discrete energy associated with in-plane stretching/
shearing deformations as well as out-of-plane bending deforma-
tions17, relative to the rest length of the springs. The gut was modelled
as an equivalent membrane strip (two elements wide) with a discretized
energy associated with bending and stretching deformations, and
elastic stiffnesses different from those of the membrane. The geometry,
mechanical properties and relative growth of the tissues parameterized
by h, It, Em, Et and e0 were all experimentally measured at different time
points during development. Given these input parameters, energy
minimization for different relative growth strains, e0, yielded predic-
tions for the looping morphology of the gut (Methods and Supplemen-
tary Information).

In Fig. 4a, we compare the results of our observation at E16 with
numerical simulations. In Fig. 4b, c, we compare our quantitative
measurements of the wavelength and radius of curvature of the chick
gut at the different measured stages of development (see also
Supplementary Fig. 8) with those of both the rubber simulacrum
and numerical simulations, as functions of the geometry and elastic
moduli of the tube and sheet. Over the strain ranges e0[½0, 1" in the
simulation (Supplementary Movie 1) and e0[½0:5, 1" for the various
rubber models, we plot the wavelength, l, and radius, R, of the loop
and find that they follow the relations
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in accord with our simple scaling laws (equations (1) and (2)). In
Table 1, we compare the values of these parameters for the chick
gut with the expressions given in equations (3) and (4), and confirm
that our model captures the salient properties of the looping patterns
with no adjustable parameters, strongly suggesting that the main
features of the chick gut looping pattern are established by the simple
balance of forces induced by the relative growth between the gut and
the mesentery.

Comparative study of gut looping across species
To test our theory in cases other than the development of the chick
gut, we took advantage of the distinct gut looping patterns observed in
different avian taxa, which have served as criteria for phylogenetic
classification and are thought of as having adaptive significance, inde-
pendent of bird size.
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Figure 4 | Predictions for loop shape, size and number at three stages in
chick gut development. a, Comparisons of the chick gut at E16 (top) with its
simulated counterpart (bottom). b, Scaled loop contour length, l/ro, plotted
versus the equivalently scaled expression from equation (3) for the chick gut
(black squares), the rubber model (green triangles) and numerical simulations
(blue circles). The results are consistent with the scaling law in equation (1).
c, Scaled loop radius, R/ro, plotted versus the equivalently scaled expression
from equation (4) for the chick gut, the rubber model, and numerical
simulations (symbols are as in b). The results are consistent with the scaling law
in equation (2). Error bars, s.d.

Table 1 | Morphometry of chick gut looping pattern
Stage n l (mm) R (mm)

E8 Experimental observation 2.4 6 0.4 4.6 6 1.0 1.4 6 0.2
Computational model* 1.8 6 0.3 6.1 6 1.5 1.6 6 0.3

E12 Experimental observation 9.0 6 0.5 5.6 6 1.2 1.5 6 0.1
Computational model{ 7.3 6 1.6 6.8 6 1.6 1.7 6 0.3

E16 Experimental observation 15.0 6 0.5 9.5 6 0.5 1.9 6 0.1
Computational model{ 17.5 6 2.4 8.1 6 1.9 1.9 6 0.5

The observed number of loops (n), loop wavelength (l) and radius (R) for the chick at different stages of
gut development, for given geometrical and physical parameters associated with the gut and the
mesentery, show that the model predictions are quantitatively consistent with observations.
*Lt 5 11.0 6 0.5 mm, h 5 13.0 6 1.5 mm, ro 5 155 6 8 mm, ri 5 44 6 5mm, Em 5 35 6 14 kPa,
Et 5 4.8 6 1.4 kPa, ep 5 38 6 7% and e0 5 28 6 5%.
{Lt 5 50.0 6 8.3 mm, h 5 8.0 6 1.5mm, ro 5 209 6 12 mm, ri 5 72 6 9mm, Em 5 156 6 78 kPa,
Et 5 5.6 6 1.7 kPa, ep 5 116 6 19% and e0 5 30 6 5%.
{Lt 5 142.1 6 3.3 mm, h 5 7.1 6 1.4 mm, ro 5 391 6 27 mm, ri 5 232 6 31 mm, Em 5 861 6 344 kPa,
Et 5 4.2 6 1.3 kPa, ep 5 218 6 15% and e0 5 33 6 8%.
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How complex are these tissues? 
Emergence of seemingly complex structures from simple generative rules

• Complex to describe 
• But actually relatively simple to recapitulate (« simple algorithm » to 

generate the pattern or shape)

16 CHAPTER 1. A GALLERY OF SHAPES
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« Simple » emergence of complex patterns

Pigmentation patterns: Turing instability
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Figure 19.2: Regulatory proteins in the Drosophila embryo. The anterior–
posterior (A–P) patterning of the fruit fly is dictated by genes that are controlled
by spatially varying concentrations of transcription factors. (A) Schematic of
the main transcription factors involved in the regulation of stripe 2 of expres-
sion of the even-skipped gene (eve). (B) Regulatory region of the stripe 2 of the
even-skipped gene where the binding sites for each transcription factor have been
identified. The binding site color on the DNA corresponds to the transcription
factor color in (A). (C) Spatial profile of the morphogen gradients measured us-
ing immunofluorescence. (D) Resulting pattern of expression of the regulatory
region shown in (B). (B, Adapted from Small et al., EMBO J. 11:4047, 1992.;
C, adapted from Myasnikova et al., Bioinformatics 17:3, 2001; D, adapted from
Small et al., Dev. Biol. 175:314, 1996.)
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Inelegant (ie. complex) or elegant (ie. simple) patterns

Eve protein



Gut looping: elasticity theory, buckling36
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Figure 24. Biological uses of elasticity. The four columns show how elasticity ideas are used for point, line, surface and
volume objects. For each case, the sti↵ness coe�cient, degree of deformation and energy are illustrated.

3.2. Case Studies in Biological Elasticity

After all of this hard work, are there any simple examples of elasticity theory that will help us better
understand biological problems? Eqn. 66 provided us the heavy machinery required to examine the elastic
deformations of any isotropic linear elastic material. However, the mathematics of these kinds of field
theory problems can be so demanding that it risks to obscure the biological and physical intuition that
it is our hope readers will take away from this article. One of the powerful tools in field theory is to
simplify our problems through reducing dimensionality as shown in Figure 25.

There are many important and fascinating directions in which we can take the ideas of linear elasticity
to garner biological insight. One particularly beautiful example that we provide an overview of here
is that of the shape of biological tissues. A compelling and rich example featuring a deep interplay
between theory and experiment is o↵ered by the shape of the gut in the developing embryo as shown
in Figure 26(A). This figure reveals the beautiful structure of the vertebrate gut as found in a chick
embryo, illustrating both the characteristic wavelength and amplitude of the gut fold. The hypothesized
mechanism of gut folding is illustrated in Figures 26(B) and (C). The idea is that there is a di↵erential
growth rate between the gut tube itself (which is abstracted as a one-dimensional elastic rod) and the
anchoring dorsal mesentery (which is abstracted as a two-dimensional elastic sheet). This di↵erential
growth sets up an elastic competition between the stretching of the gut tube and the bending of the tube
and sheet.

In the macroscale experiment of Figures 26(B) and (C), a piece of rubber tubing was stretched and
attached to an undeformed rubber sheet. Upon release of the stretched tube and attached sheet, the
system can reduce its overall elastic strain energy by paying the cost of bending of the tube.

We can put these intuitive explanations into quantitative play by separately evaluating the energy costs
of deforming the tube and the sheet and representing their competition through a single-dimensionless
ratio as explored in Figure 27. For the elastic strain energy of one wavelength of deformed gut, we write
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it is our hope readers will take away from this article. One of the powerful tools in field theory is to
simplify our problems through reducing dimensionality as shown in Figure 25.
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is that of the shape of biological tissues. A compelling and rich example featuring a deep interplay
between theory and experiment is o↵ered by the shape of the gut in the developing embryo as shown
in Figure 26(A). This figure reveals the beautiful structure of the vertebrate gut as found in a chick
embryo, illustrating both the characteristic wavelength and amplitude of the gut fold. The hypothesized
mechanism of gut folding is illustrated in Figures 26(B) and (C). The idea is that there is a di↵erential
growth rate between the gut tube itself (which is abstracted as a one-dimensional elastic rod) and the
anchoring dorsal mesentery (which is abstracted as a two-dimensional elastic sheet). This di↵erential
growth sets up an elastic competition between the stretching of the gut tube and the bending of the tube
and sheet.

In the macroscale experiment of Figures 26(B) and (C), a piece of rubber tubing was stretched and
attached to an undeformed rubber sheet. Upon release of the stretched tube and attached sheet, the
system can reduce its overall elastic strain energy by paying the cost of bending of the tube.

We can put these intuitive explanations into quantitative play by separately evaluating the energy costs
of deforming the tube and the sheet and representing their competition through a single-dimensionless
ratio as explored in Figure 27. For the elastic strain energy of one wavelength of deformed gut, we write
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Figure 26. The competition between bending and stretching energy. The energy to stretch a sheet with a strain " is a
quadratic function of the strain. The energy to bend a one-dimensional elastic rod scales as 1/R, where R is the radius of
curvature of the deformation.
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Figure 27. Folding of the gut during embryonic development. Careful measurements reveal the geometric and material
parameters that enter the elastic theory. Measurements on the wavelength and amplitude of the gut tube bending can be
compared to the scaling estimate.

from Rob Phillips (CalTech) and Christina Hueschen (Stanford Univ.) 

Thierry Savin,  et al, L. Mahadevan and Cliff Tabin. Nature (2011) 476:57-62.
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Figure 25. Folding of the gut during embryonic development. During vertebrate development, the gut tube and the
anchoring dorsal mesenteric sheet grow at di↵erent rates. Elastic forces buckle the gut, producing a stereotyped loops. (A)
Embryonic chick gut. (B) Schematic of a rubber model that captures mismatched tissue growth using a rubber tube
(blue) sewn to a stretched rubber sheet (yellow). When released, the stretched rubber buckles as shown in (C) and
resembles the embryonic chick gut shown in (D).

the energy as

Ebend =
EI

2

Z
1

(R(s))2
ds ⇡ EI

2

1

�2
�. (68)

Similarly, for a sheet of thickness h and area �
2, the energy associated with stretching is given by

Estretch =
1

2
Em"

2
h�

2
. (69)

In light of these two expressions for the elastic energy, the dimensionless ratio comparing bending and
stretching energy is given by

Ebend

Estretch
= 1 =) EI

2Em"2h�3
= 1, (70)

where we have set the ratio equal to 1 to signify the point at which the two competing energies are equal.
The beauty of such simple reasoning is that it produces a scaling relation that tells us how the wavelength
of the gut tube buckling depends upon the underlying geometric and material parameters through the
expression

� =

✓
EI

2Em"2h

◆1/3

. (71)

Note that the insight garnered from this analysis is a prediction for the wavelength of the gut tube
deformation in terms of key material and geometric parameters.

In a tour de force study that took the dialogue between theory and experiment seriously as shown in
Figure 28, the relevant material and geometric parameters were measured and then used as input into
eqn. 71. For example, as seen in Figure 28(B), the radius of the gut tube at di↵erent embryonic stages
was measured to provide the areal moment of inertia of the gut tube. The scaling itself was considered
as seen in Figure 28(E) and (F). RP and CH: is

there a way to do
epithelia stu↵
here that is about
elasticity.
Current thought
is to use passive
gut buckling for
the elasticity case
study, then inject
activity for the
first time as a
boundary
condition in
Chara for the
hydrodynamics
case study.

3.3. The Theory of a Newtonian Fluid

To enter the world of hydrodynamics and understand another key application of the continuum theory
protocol, we consider the classic case of a Newtonian fluid used in situations as diverse as Newton’s

Thomas LECUIT   2025-2026

« Simple » emergence of complex shapes



Cellular Automata and emergence of complexity from simple rules

Thomas LECUIT   2025-2026

• A Cellular Automaton (CA) is a discrete model used as a framework for 
simulating complex systems using very simple rules.

A CA is defined by four key components: 

1. The Grid: A lattice of cells. This can be 1-dimensional (a line), 2D (a square grid, most common), 
or higher dimensions. 

2. States: Each cell can be in one of a finite number of states (e.g., 0 or 1, dead or alive, on or off). 
3. Neighborhood: The set of surrounding cells that influence the state of a given cell. The most 

common 2D neighborhood is the von Neumann neighborhood (up, down, left, right) and the 
Moore neighborhood (includes diagonals, 8 cells total). 

4. Rules: A set of deterministic or probabilistic rules that define how each cell updates its state 
synchronously based on its current state and the states of its neighbors.



Cellular Automata and emergence of complexity from simple rules

Thomas LECUIT   2025-2026

• 1940s - Origins: The concept was pioneered by John von Neumann and Stanisław Ulam at Los 
Alamos National Laboratory. Ulam suggested using a discrete grid for calculations 
(hydrodynamics), and von Neumann wanted to model self-replication.  

• 1970s - The Game of Life: John Conway, a mathematician at Cambridge created the "Game of 
Life", a 2D CA with very simple rules that give rise to very complex behaviors  

• 1980s - Stephen Wolfram conducted a systematic, long-term study of elementary (simple 1D) 
CAs. He classified them into four behavioral classes (fixed, periodic, chaotic, complex). His work 
laid the groundwork for CAs as models of complex systems and natural phenomena.

• A Cellular Automaton (CA) is a discrete model studied used as a framework 
for simulating complex systems using very simple rules.
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• 29-state cells and a complex rule, was the first CA 
to possess a self-replicating pattern

Cellular Automata and emergence of complexity from simple rules



Cellular Automata and emergence of complexity from simple rules

https://conwaylife.com/

Stable forms Oscillators Space ships

A cell with 0 or 1 neighbour dies 
A cell with 2 or 3 neighbour survives 
A cell with 4-6 neighbours dies 
A dead cell with 3 neighbours becomes live

• Rules: 

• Initial conditions lead to different outcomes. 

Dart synthesis

Thomas LECUIT   2025-2026



Cellular Automata and emergence of complexity from simple rules

Thomas LECUIT   2025-2026

Classification: Wolfram classes I–IV:  
cIass I: quiescent; class II: periodic; class III: chaotic;  class IV: complex).

8 motifs and 28=256 rules



Cellular Automata and emergence of complexity from simple rules

Thomas LECUIT   2025-2026

Classification: Wolfram class IV — complex

Rule 110: Turing complete (can simulate any Turing machine)



1. Heterogeneity: multiple different 
agents (~104 different proteins/cell) 

out of ~1010 total proteins/cell 

Biological complexity

Thomas LECUIT   2025-2026

Figure 2. DPiM
Graphical representation of the DPiM comprising 10,969 high-confidence co-complex membership interactions (at 0.05% FDR) involving 2,297 proteins. Protein

interactions are shown as gray lines with thickness proportional to the HGSCore for the interaction in the DPiM. The map defines 556 clusters, 377 of which are

692 Cell 147, 690–703, October 28, 2011 ª2011 Elsevier Inc.

Guruharsha et al, Cell 147, 690–703 (2011)

Drosophila proteome

2. Sequentiality: new steps bring new 
contexts which change the course of 
events. 



Plan of course
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1. Complexity increases during development 
2. How to measure complexity? 
3. Information can not increase in a closed system 



45

• The complexity of an adult is seemingly compressed/represented in a single cell 
    (considering information as the set of algorithms and parameters required for this process) 
• Questions:  

does the egg contain all the information needed to rebuild a new organism? 
does the increasing complexity during development require new information?

104/1
1010/1
1013/1
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Mass:

Cell number:

D. Phillips/SCIENCE PHOTO 
LIBRARY
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The egg as a« compressed information state » of the future organism



Shannon information theory
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Claude Shannon (1916-2001)

• Basic architecture of a communication system

INFORMATION
SOURCE

MESSAGE

TRANSMITTER

SIGNAL RECEIVED
SIGNAL

RECEIVER

MESSAGE

DESTINATION

NOISE
SOURCE

Fig. 1—Schematic diagram of a general communication system.

a decimal digit is about 3 13 bits. A digit wheel on a desk computing machine has ten stable positions and
therefore has a storage capacity of one decimal digit. In analytical work where integration and differentiation
are involved the base e is sometimes useful. The resulting units of information will be called natural units.
Change from the base a to base b merely requires multiplication by logb a.

By a communication system we will mean a system of the type indicated schematically in Fig. 1. It
consists of essentially five parts:

1. An information sourcewhich produces a message or sequence of messages to be communicated to the
receiving terminal. The message may be of various types: (a) A sequence of letters as in a telegraph
of teletype system; (b) A single function of time f t as in radio or telephony; (c) A function of
time and other variables as in black and white television — here the message may be thought of as a
function f x y t of two space coordinates and time, the light intensity at point x y and time t on a
pickup tube plate; (d) Two or more functions of time, say f t , g t , h t — this is the case in “three-
dimensional” sound transmission or if the system is intended to service several individual channels in
multiplex; (e) Several functions of several variables— in color television the message consists of three
functions f x y t , g x y t , h x y t defined in a three-dimensional continuum— we may also think
of these three functions as components of a vector field defined in the region — similarly, several
black and white television sources would produce “messages” consisting of a number of functions
of three variables; (f) Various combinations also occur, for example in television with an associated
audio channel.

2. A transmitter which operates on the message in some way to produce a signal suitable for trans-
mission over the channel. In telephony this operation consists merely of changing sound pressure
into a proportional electrical current. In telegraphy we have an encoding operation which produces
a sequence of dots, dashes and spaces on the channel corresponding to the message. In a multiplex
PCM system the different speech functions must be sampled, compressed, quantized and encoded,
and finally interleaved properly to construct the signal. Vocoder systems, television and frequency
modulation are other examples of complex operations applied to the message to obtain the signal.

3. The channel is merely the medium used to transmit the signal from transmitter to receiver. It may be
a pair of wires, a coaxial cable, a band of radio frequencies, a beam of light, etc.

4. The receiver ordinarily performs the inverse operation of that done by the transmitter, reconstructing
the message from the signal.

5. The destination is the person (or thing) for whom the message is intended.

We wish to consider certain general problems involving communication systems. To do this it is first
necessary to represent the various elements involved as mathematical entities, suitably idealized from their
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« The fundamental problem of communication is that of 
reproducing at one point either exactly or approximately a 
message selected at another point. » 
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In Appendix 2, the following result is established:
Theorem 2: The only H satisfying the three above assumptions is of the form:

H K
n

∑
i 1

pi log pi

where K is a positive constant.
This theorem, and the assumptions required for its proof, are in no way necessary for the present theory.

It is given chiefly to lend a certain plausibility to some of our later definitions. The real justification of these
definitions, however, will reside in their implications.

Quantities of the formH ∑ pi log pi (the constant K merely amounts to a choice of a unit of measure)
play a central role in information theory as measures of information, choice and uncertainty. The form of H
will be recognized as that of entropy as defined in certain formulations of statistical mechanics8 where pi is
the probability of a system being in cell i of its phase space. H is then, for example, the H in Boltzmann’s
famous H theorem. We shall call H ∑ pi log pi the entropy of the set of probabilities p1 pn. If x is a
chance variable we will write H x for its entropy; thus x is not an argument of a function but a label for a
number, to differentiate it from H y say, the entropy of the chance variable y.

The entropy in the case of two possibilities with probabilities p and q 1 p, namely

H p log p q logq

is plotted in Fig. 7 as a function of p.

H
BITS

p

Fig. 7—Entropy in the case of two possibilities with probabilities p and 1 p .

The quantity H has a number of interesting properties which further substantiate it as a reasonable
measure of choice or information.

1. H 0 if and only if all the pi but one are zero, this one having the value unity. Thus only when we
are certain of the outcome doesH vanish. Otherwise H is positive.

2. For a given n, H is a maximum and equal to logn when all the pi are equal (i.e., 1n ). This is also
intuitively the most uncertain situation.

8See, for example, R. C. Tolman, Principles of Statistical Mechanics, Oxford, Clarendon, 1938.
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H is a measure of uncertainty or hidden information. The more uncertainty 
the greater the information gained per choice (surprise)  
H has the form of an entropy 

H is a number, with unit bit with log2 base. 
Can be interpreted as the number of Yes/No questions required to fully 
resolve the uncertainty about a state (discriminate between N possible states). 

• Definition of Shannon entropy: 

Shannon information theory

• The probability-weighted average of information content of events (IC= -logpi) 



Shannon information theory
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I(X;Y) measures the extent of shared information or dependency 
between variables X and Y.  
Measures the amount of information that one random variable 
reveals about another 
The reduction in entropy when measuring Y compared to before 
measuring is the information that Y provides about X.

ie. the amount of information sent less the uncertainty of what was sent 
ie. the amount of information received less the part due to noise 

SOURCE

M

TRANSMITTER RECEIVER CORRECTING
DEVICE

OBSERVER

M M

CORRECTION DATA

Fig. 8—Schematic diagram of a correction system.

Roughly then, Hy x is the amount of additional information that must be supplied per second at the
receiving point to correct the received message.

To prove the first part, consider long sequences of received message M and corresponding original
message M. There will be logarithmically THy x of the M’s which could reasonably have produced each
M . Thus we have THy x binary digits to send each T seconds. This can be done with frequency of errors
on a channel of capacity Hy x .

The second part can be proved by noting, first, that for any discrete chance variables x, y, z

Hy x z Hy x

The left-hand side can be expanded to give

Hy z Hyz x Hy x
Hyz x Hy x Hy z Hy x H z

If we identify x as the output of the source, y as the received signal and z as the signal sent over the correction
channel, then the right-hand side is the equivocation less the rate of transmission over the correction channel.
If the capacity of this channel is less than the equivocation the right-hand side will be greater than zero and
Hyz x 0. But this is the uncertainty of what was sent, knowing both the received signal and the correction
signal. If this is greater than zero the frequency of errors cannot be arbitrarily small.

Example:

Suppose the errors occur at random in a sequence of binary digits: probability p that a digit is wrong
and q 1 p that it is right. These errors can be corrected if their position is known. Thus the
correction channel need only send information as to these positions. This amounts to transmitting
from a source which produces binary digits with probability p for 1 (incorrect) and q for 0 (correct).
This requires a channel of capacity

p log p q logq

which is the equivocation of the original system.

The rate of transmission R can be written in two other forms due to the identities noted above. We have

R H x Hy x
H y Hx y
H x H y H x y
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average the frequency of errors over this group and show that this average can be made less than . If the
average of a set of numbers is less than there must exist at least one in the set which is less than . This
will establish the desired result.

The capacity C of a noisy channel has been defined as

C Max H x Hy x

where x is the input and y the output. The maximization is over all sources which might be used as input to
the channel.

Let S0 be a source which achieves the maximum capacity C. If this maximum is not actually achieved
by any source let S0 be a source which approximates to giving the maximum rate. Suppose S0 is used as
input to the channel. We consider the possible transmitted and received sequences of a long duration T . The
following will be true:

1. The transmitted sequences fall into two classes, a high probability group with about 2TH x members
and the remaining sequences of small total probability.

2. Similarly the received sequences have a high probability set of about 2TH y members and a low
probability set of remaining sequences.

3. Each high probability output could be produced by about 2THy x inputs. The probability of all other
cases has a small total probability.

All the ’s and ’s implied by the words “small” and “about” in these statements approach zero as we
allow T to increase and S0 to approach the maximizing source.

The situation is summarized in Fig. 10 where the input sequences are points on the left and output
sequences points on the right. The fan of cross lines represents the range of possible causes for a typical
output.

M

E

2H x T
HIGH PROBABILITY

MESSAGES
2H y T

HIGH PROBABILITY
RECEIVED SIGNALS

2Hy x T
REASONABLE CAUSES

FOR EACH E

2Hx y T
REASONABLE EFFECTS

FOR EACHM

Fig. 10—Schematic representation of the relations between inputs and outputs in a channel.

Now suppose we have another source producing information at rate R with R C. In the period T this
source will have 2TR high probability messages. We wish to associate these with a selection of the possible
channel inputs in such a way as to get a small frequency of errors. We will set up this association in all
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Capacity of noisy channel:

= Max I(x,y)

• Definition of mutual information between variables X (input) and Y (output)

I(X,Y) = H(X) + H(Y) - H(X,Y) 
or equivalently: I(X,Y) = H(X) - HY(X) = H(Y) - HX(Y) INFORMATION

SOURCE

MESSAGE

TRANSMITTER

SIGNAL RECEIVED
SIGNAL

RECEIVER

MESSAGE

DESTINATION

NOISE
SOURCE

Fig. 1—Schematic diagram of a general communication system.

a decimal digit is about 3 13 bits. A digit wheel on a desk computing machine has ten stable positions and
therefore has a storage capacity of one decimal digit. In analytical work where integration and differentiation
are involved the base e is sometimes useful. The resulting units of information will be called natural units.
Change from the base a to base b merely requires multiplication by logb a.

By a communication system we will mean a system of the type indicated schematically in Fig. 1. It
consists of essentially five parts:

1. An information sourcewhich produces a message or sequence of messages to be communicated to the
receiving terminal. The message may be of various types: (a) A sequence of letters as in a telegraph
of teletype system; (b) A single function of time f t as in radio or telephony; (c) A function of
time and other variables as in black and white television — here the message may be thought of as a
function f x y t of two space coordinates and time, the light intensity at point x y and time t on a
pickup tube plate; (d) Two or more functions of time, say f t , g t , h t — this is the case in “three-
dimensional” sound transmission or if the system is intended to service several individual channels in
multiplex; (e) Several functions of several variables— in color television the message consists of three
functions f x y t , g x y t , h x y t defined in a three-dimensional continuum— we may also think
of these three functions as components of a vector field defined in the region — similarly, several
black and white television sources would produce “messages” consisting of a number of functions
of three variables; (f) Various combinations also occur, for example in television with an associated
audio channel.

2. A transmitter which operates on the message in some way to produce a signal suitable for trans-
mission over the channel. In telephony this operation consists merely of changing sound pressure
into a proportional electrical current. In telegraphy we have an encoding operation which produces
a sequence of dots, dashes and spaces on the channel corresponding to the message. In a multiplex
PCM system the different speech functions must be sampled, compressed, quantized and encoded,
and finally interleaved properly to construct the signal. Vocoder systems, television and frequency
modulation are other examples of complex operations applied to the message to obtain the signal.

3. The channel is merely the medium used to transmit the signal from transmitter to receiver. It may be
a pair of wires, a coaxial cable, a band of radio frequencies, a beam of light, etc.

4. The receiver ordinarily performs the inverse operation of that done by the transmitter, reconstructing
the message from the signal.

5. The destination is the person (or thing) for whom the message is intended.

We wish to consider certain general problems involving communication systems. To do this it is first
necessary to represent the various elements involved as mathematical entities, suitably idealized from their
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• Intuition & basic principle: 
• It is not possible to create new information by processing data. It may be lost or maintained only

• Consider a Markov chain: 
• ie. Z is conditionally dependent on Y but not on X

P(Z=z∣Y=y,X=x)=P(Z=z∣Y=y) 

or
• Statement: mutual information between X, Y and Z satisfies:

Z cannot have more information about X than Y

In terms of entropy: 

X Y
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Fig. 1—Schematic diagram of a general communication system.

a decimal digit is about 3 13 bits. A digit wheel on a desk computing machine has ten stable positions and
therefore has a storage capacity of one decimal digit. In analytical work where integration and differentiation
are involved the base e is sometimes useful. The resulting units of information will be called natural units.
Change from the base a to base b merely requires multiplication by logb a.

By a communication system we will mean a system of the type indicated schematically in Fig. 1. It
consists of essentially five parts:

1. An information sourcewhich produces a message or sequence of messages to be communicated to the
receiving terminal. The message may be of various types: (a) A sequence of letters as in a telegraph
of teletype system; (b) A single function of time f t as in radio or telephony; (c) A function of
time and other variables as in black and white television — here the message may be thought of as a
function f x y t of two space coordinates and time, the light intensity at point x y and time t on a
pickup tube plate; (d) Two or more functions of time, say f t , g t , h t — this is the case in “three-
dimensional” sound transmission or if the system is intended to service several individual channels in
multiplex; (e) Several functions of several variables— in color television the message consists of three
functions f x y t , g x y t , h x y t defined in a three-dimensional continuum— we may also think
of these three functions as components of a vector field defined in the region — similarly, several
black and white television sources would produce “messages” consisting of a number of functions
of three variables; (f) Various combinations also occur, for example in television with an associated
audio channel.

2. A transmitter which operates on the message in some way to produce a signal suitable for trans-
mission over the channel. In telephony this operation consists merely of changing sound pressure
into a proportional electrical current. In telegraphy we have an encoding operation which produces
a sequence of dots, dashes and spaces on the channel corresponding to the message. In a multiplex
PCM system the different speech functions must be sampled, compressed, quantized and encoded,
and finally interleaved properly to construct the signal. Vocoder systems, television and frequency
modulation are other examples of complex operations applied to the message to obtain the signal.

3. The channel is merely the medium used to transmit the signal from transmitter to receiver. It may be
a pair of wires, a coaxial cable, a band of radio frequencies, a beam of light, etc.

4. The receiver ordinarily performs the inverse operation of that done by the transmitter, reconstructing
the message from the signal.

5. The destination is the person (or thing) for whom the message is intended.

We wish to consider certain general problems involving communication systems. To do this it is first
necessary to represent the various elements involved as mathematical entities, suitably idealized from their
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• Interpretation: noise irreversibly corrupts information 
• Consequence: no new information can be created in a communication channel
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• Consequence of data processing inequality in biology
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inside a nucleosome. Further, in Section 21.3.3 (p. 988), we will show
how statistical mechanics can lead to simple models that predict the
probability landscape of nucleosome occupancy along the genome.

A further challenge in deciphering eukaryotic transcriptional reg-
ulation centers on how transcription varies in both space and time
during development in multicellular organisms. Perhaps the most well
understood such organism is the fruit fly Drosophila melanogaster. As
shown in Figure 19.2, during the initial stages of development, the fly
embryo expresses a battery of transcription factors in a cascade that
defines sharper and sharper domains of expression. One of the tran-
scriptional architectures that has been studied in most detail is related
to the activation of the transcription factor Hunchback by the tran-
scription factor Bicoid. As shown in Figures 19.2 and 19.32(A), Bicoid
is expressed in an exponential profile along the anterior–posterior
axis of the developing embryo. Activation by Bicoid is realized by
binding to six sites of different strengths that lie upstream from the
Hunchback promoter, as seen in Figure 19.32. The resulting pattern
of Hunchback expression shown in Figure 19.32(C) presents a domain
with a boundary at about 50% of the embryo length. The exquisite
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Figure 19.32: Systematic analysis of gene expression in Drosophila. (A) The Bicoid transcription factor is expressed in an
exponential profile from the anterior to the posterior end of the fly embryo. (B) Bicoid acts as an activator of the Hunchback
transcription factor by binding to six binding sites of different strengths located upstream from the Hunchback promoter. (C) The
resulting pattern of Bicoid-dependent Hunchback expression domain presents a sharp boundary at about 50% of the embryo
length. (D) By creating constructs with different numbers and affinities of binding sites, the boundary of the expression domain
can be shifted systematically. (E) Hunchback domain boundary position for several regulatory architectures. (D, E, adapted from
W. Driever et al., Nature 340:363, 1989.)
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a decimal digit is about 3 13 bits. A digit wheel on a desk computing machine has ten stable positions and
therefore has a storage capacity of one decimal digit. In analytical work where integration and differentiation
are involved the base e is sometimes useful. The resulting units of information will be called natural units.
Change from the base a to base b merely requires multiplication by logb a.

By a communication system we will mean a system of the type indicated schematically in Fig. 1. It
consists of essentially five parts:

1. An information sourcewhich produces a message or sequence of messages to be communicated to the
receiving terminal. The message may be of various types: (a) A sequence of letters as in a telegraph
of teletype system; (b) A single function of time f t as in radio or telephony; (c) A function of
time and other variables as in black and white television — here the message may be thought of as a
function f x y t of two space coordinates and time, the light intensity at point x y and time t on a
pickup tube plate; (d) Two or more functions of time, say f t , g t , h t — this is the case in “three-
dimensional” sound transmission or if the system is intended to service several individual channels in
multiplex; (e) Several functions of several variables— in color television the message consists of three
functions f x y t , g x y t , h x y t defined in a three-dimensional continuum— we may also think
of these three functions as components of a vector field defined in the region — similarly, several
black and white television sources would produce “messages” consisting of a number of functions
of three variables; (f) Various combinations also occur, for example in television with an associated
audio channel.

2. A transmitter which operates on the message in some way to produce a signal suitable for trans-
mission over the channel. In telephony this operation consists merely of changing sound pressure
into a proportional electrical current. In telegraphy we have an encoding operation which produces
a sequence of dots, dashes and spaces on the channel corresponding to the message. In a multiplex
PCM system the different speech functions must be sampled, compressed, quantized and encoded,
and finally interleaved properly to construct the signal. Vocoder systems, television and frequency
modulation are other examples of complex operations applied to the message to obtain the signal.

3. The channel is merely the medium used to transmit the signal from transmitter to receiver. It may be
a pair of wires, a coaxial cable, a band of radio frequencies, a beam of light, etc.

4. The receiver ordinarily performs the inverse operation of that done by the transmitter, reconstructing
the message from the signal.

5. The destination is the person (or thing) for whom the message is intended.

We wish to consider certain general problems involving communication systems. To do this it is first
necessary to represent the various elements involved as mathematical entities, suitably idealized from their

2

Encoding Decoding

Input X Output  Y



Thomas LECUIT   2025-2026

Where is the « missing information »?

• How to reconcile data processing inequality and increase biological complexity?

• Is all the information needed to produce a complex embryo present in the fertilised egg? 
• If so what kind of information?

• Yes: consider algorithmic information content, not just cues (X, Y, Z etc) 
• Also consider all forms of information: chemical, mechanical, structural …
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1. Some cues/info are present but are unaccounted for/hidden. 
2. Some cues need to be decoded and recoded (await induction)  
3. Some cues (inputs) are present but inactive or not interpretable: 

require a new context (co-factor or new configuration) 

Addressing the paradox of information and complexity

• How to reconcile data processing inequality with 
increased biological complexity?
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Where is the « missing information »?

1. Some information is present but is unaccounted for/hidden 
• Paradox: 
• Onset: A molecule is relocalised at a source. This is described by a step function:
• Then: the molecule diffuses, is degraded and forms a gradient. If cells can 

discriminate N concentrations:

(1 bit)

Yet, information cannot increase (DPI).

Apparent “information gain” reflects hidden information reservoirs (geometry, boundary conditions, 
physical laws ie the algorithms) that are mobilised during the process. 

1. Fick’s law + degradation: 

Algorithmic Information content (AIC): the exponential profile is not arbitrary—it is generated by a 
short description (diffusion + decay equation). The hidden information is the “algorithm”, not the 
profile itself.  This information is contained in the channel. It is a property of the channel

Steady state solution: 

• Solution: 
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inside a nucleosome. Further, in Section 21.3.3 (p. 988), we will show
how statistical mechanics can lead to simple models that predict the
probability landscape of nucleosome occupancy along the genome.

A further challenge in deciphering eukaryotic transcriptional reg-
ulation centers on how transcription varies in both space and time
during development in multicellular organisms. Perhaps the most well
understood such organism is the fruit fly Drosophila melanogaster. As
shown in Figure 19.2, during the initial stages of development, the fly
embryo expresses a battery of transcription factors in a cascade that
defines sharper and sharper domains of expression. One of the tran-
scriptional architectures that has been studied in most detail is related
to the activation of the transcription factor Hunchback by the tran-
scription factor Bicoid. As shown in Figures 19.2 and 19.32(A), Bicoid
is expressed in an exponential profile along the anterior–posterior
axis of the developing embryo. Activation by Bicoid is realized by
binding to six sites of different strengths that lie upstream from the
Hunchback promoter, as seen in Figure 19.32. The resulting pattern
of Hunchback expression shown in Figure 19.32(C) presents a domain
with a boundary at about 50% of the embryo length. The exquisite
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Figure 19.32: Systematic analysis of gene expression in Drosophila. (A) The Bicoid transcription factor is expressed in an
exponential profile from the anterior to the posterior end of the fly embryo. (B) Bicoid acts as an activator of the Hunchback
transcription factor by binding to six binding sites of different strengths located upstream from the Hunchback promoter. (C) The
resulting pattern of Bicoid-dependent Hunchback expression domain presents a sharp boundary at about 50% of the embryo
length. (D) By creating constructs with different numbers and affinities of binding sites, the boundary of the expression domain
can be shifted systematically. (E) Hunchback domain boundary position for several regulatory architectures. (D, E, adapted from
W. Driever et al., Nature 340:363, 1989.)
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inside a nucleosome. Further, in Section 21.3.3 (p. 988), we will show
how statistical mechanics can lead to simple models that predict the
probability landscape of nucleosome occupancy along the genome.

A further challenge in deciphering eukaryotic transcriptional reg-
ulation centers on how transcription varies in both space and time
during development in multicellular organisms. Perhaps the most well
understood such organism is the fruit fly Drosophila melanogaster. As
shown in Figure 19.2, during the initial stages of development, the fly
embryo expresses a battery of transcription factors in a cascade that
defines sharper and sharper domains of expression. One of the tran-
scriptional architectures that has been studied in most detail is related
to the activation of the transcription factor Hunchback by the tran-
scription factor Bicoid. As shown in Figures 19.2 and 19.32(A), Bicoid
is expressed in an exponential profile along the anterior–posterior
axis of the developing embryo. Activation by Bicoid is realized by
binding to six sites of different strengths that lie upstream from the
Hunchback promoter, as seen in Figure 19.32. The resulting pattern
of Hunchback expression shown in Figure 19.32(C) presents a domain
with a boundary at about 50% of the embryo length. The exquisite
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Figure 19.32: Systematic analysis of gene expression in Drosophila. (A) The Bicoid transcription factor is expressed in an
exponential profile from the anterior to the posterior end of the fly embryo. (B) Bicoid acts as an activator of the Hunchback
transcription factor by binding to six binding sites of different strengths located upstream from the Hunchback promoter. (C) The
resulting pattern of Bicoid-dependent Hunchback expression domain presents a sharp boundary at about 50% of the embryo
length. (D) By creating constructs with different numbers and affinities of binding sites, the boundary of the expression domain
can be shifted systematically. (E) Hunchback domain boundary position for several regulatory architectures. (D, E, adapted from
W. Driever et al., Nature 340:363, 1989.)
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Where is the « missing information »?

1. Some information is present but is unaccounted for/hidden 

Apparent “information gain” reflects hidden information reservoirs (geometry, boundary conditions, 
physical laws) that are mobilised during the process. 

• Solution: 

2. Geometric information

• Positional information (PI): encoding of space/geometry by chemical concentration

PI :=

• Impact of boundary conditions in solution of diffusion equation: 
Geometry of space: inherited information (from mother) 
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Where is the « missing information »?

2. Some cues need to be decoded and recoded (await induction)
Example: Temporal sequence of gene regulation



56

G. Tkacik and T. Gregor. Development 148, dev176065. doi:10.1242/dev.176065 (2021)
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J. Bothma, H. Garcia et al, T. Gregor and J. Levine, PNAS, 111:10598 (2014)

2. Some cues need to be decoded and recoded (await induction)
Example: Temporal sequence of gene regulation

Petkova, M.D., Tkačik,G., Bialek,W., Wieschaus, E.F. and Gregor,T. Cell 176, 844-855 (2019)

Context dependent regulation & decisions
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Context dependent regulation & decisions

embryonic CNS neuroblasts, where ectopic Hb is only able to specify
early born neurons during a specific time window8,41.

Ey1 neuroblast stage
Lim3 is expressed in all Ap2 progeny of both Hth1 and Ey1 neuro-
blasts (Supplementary Fig. 4a and Fig. 6i). Toy and Dfr are expressed in
subsets of neurons born from Ey1 neuroblasts, as indicated by their
expression in the Ey1 neuron progeny layer. The most superficial row
of Ey1 Ap2 neurons express Toy (and Lim3), suggesting that they are
the NOFF progeny of the last-born Ey1 GMCs (Supplementary Fig. 4c).
Dfr is co-expressed with Ap in two or three rows of neurons that are
intermingled with Ey1 neurons (Fig. 5e, f), suggesting that they are the
NON progeny from Ey1 GMCs (Fig. 6i). In addition to these Ap1 Dfr1

neurons, Dfr is also expressed in some later-born neurons that are Ap2

but express another transcription factor: Dachshund (Dac), in specific
sub-regions of the medulla crescent31 (Fig. 5e).

We tested whether Ey in neuroblasts regulates Dfr expression in
neurons. As expected, Dfr-expressing neurons are lost in ey-null
mutant clones (Fig. 5g), suggesting that they require Ey activity in
neuroblasts, even though Ey is not maintained in Ap1 Dfr1 neurons.
Furthermore, in slp mutant clones in which neuroblasts remain blocked
in the Ey1 state, the Ap1 Dfr1 neuron population is expanded into later-
born neurons (Fig. 5h), suggesting that the transition from Ey1 to Slp1

in neuroblasts is required for shutting off the production of Ap1 Dfr1

neurons. In addition, Ap1 Dfr1 neurons are lost in Su(H) mutant clones
(Supplementary Fig. 4b). Thus, Ey expression in neuroblasts and the
Notch pathway together control the generation of Ap1 Dfr1 neurons.

Slp1 and D1 neuroblast stages
In addition to its expression with Ey in the NOFF progeny of the last-born
Ey1 GMCs, Toy is also expressed in Ap1 (NON) neurons in more

superficial layers generated by Slp1 and D1 neuroblasts (Supplemen-
tary Fig. 4c, d and Fig. 6a, i). Consistently, in Su(H) mutant clones, we
see an expansion of Toy1 Ey1 neurons in the Ey progeny layer, followed
by loss of Toy in the Slp and D progeny layer (Supplementary Fig. 4e).

We tested whether Slp is required for the neuroblasts to switch from
generating Toy1 Ap2 neurons, progeny of Ey1 neuroblasts, to generat-
ing Toy1 Ap1 neurons. Indeed, in slp mutant clones, the Toy1 Ap1

neurons largely disappear, whereas Toy1 Ap2 neurons expand (Fig. 6b).
We examined Ap and Toy expression in specific adult neurons.

OrtC1-gal4 primarily labels Tm20 and Tm5 (C.-H. Lee, personal
communication) plus a few TmY10 neurons, and these neurons
express both Ap and Toy (Fig. 6c–f). To examine whether Slp is
required for the specification of these neuron types, we generated
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Figure 5 | Hth and Ey are required for neuronal diversity. All images are
cross-sectional views of larval medulla. a, In wild type, Bsh (blue) is in
neurons expressing both ap-LacZ (ap-Z; green), an enhancer trap that perfectly
mimics Ap expression, and Hth (red). b, Bsh (blue), but not Hth (red), is lost in
Su(H) mutant clones (GFP, green). c, Bsh (blue) is lost in hthP2 mutant clones
(GFP, green). d, Bsh (blue) is ectopically expressed when UAS-GFP::Hth is
driven by tub-gal4 in a MARCM clone (GFP, red). e, In wild type, Dfr (red)
is expressed in two-three rows of Ap1 (green) neurons. There are also Dfr1

Dac1 (blue) Ap2 neurons in a more superficial layer. f, The Ap1 Dfr1 neurons
(below the dashed line) are intermingled with Ey1 (blue) neurons. g, Dfr
expression (red) is lost in eyJ5.71 mutant clones marked by lack of GFP (green in
left, dashed line in right). h, Dfr1 (red) neurons are expanded in slp mutant
clones (GFP, green). In this region there are very few Dfr1 Dac1 (blue)
neurons. The expanded Dfr1 neurons do not express Dac.
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(Fig. 1c, d). Pioneering studies have identified several transcription
factors specifying different subsets of medulla neuron types21,30,31.
However, it was not clear how their expression in neurons is controlled
to generate neuronal diversity.

We found that five transcription factors, Homothorax (Hth), Eyeless
(Ey), Sloppy paired 1 and 2 (Slp), Dichaete (D) and Tailless (Tll), are
sequentially expressed in medulla neuroblasts as they age. Ey, Slp and
D are each required for turning on the next transcription factor in
the dividing neuroblasts. Slp and D are also required for turning off
the preceding transcription factor. These transcription factors control
the expression of downstream transcription factors that mark the
identities of the neuronal progeny. Notch-dependent asymmetric divi-
sion of GMCs further diversifies neuronal identities. Our identification
of a novel temporal cascade of transcription factors distinct from the
Hb-Kr-Pdm-Cas-Grh sequence suggests that transcription-factor-
dependent temporal switching of neural progenitors is a common theme
in neuronal specification, with different transcription factor sequences
being recruited in different contexts.

A temporal gene cascade in medulla neuroblasts
In the developing medulla, the wave of conversion of neuroepithelium
into neuroblasts makes it possible to visualize neuroblasts at different
temporal stages in one snapshot, with newly generated neuroblasts on
the lateral edge and the oldest neuroblasts on the medial edge of the
expanding crescent shaped neuroblast region (Fig. 1a, b). We conducted
an antibody screen for transcription factors expressed in the developing
medulla and identified five transcription factors, Hth, Ey, Slp1, D
and Tll, that are expressed in five consecutive stripes in neuroblasts
of increasing ages, with Hth expressed in newly differentiated neuro-
blasts, and Tll in the oldest neuroblasts (Fig. 2a, b). This suggests that
these transcription factors are sequentially expressed in medulla neu-
roblasts as they age. Neighbouring transcription factor stripes show
partial overlap in neuroblasts with the exception of the D and Tll
stripes, which abut each other. We and others had previously reported
that Hth31 and Ey30 were expressed in medulla neuroblasts, but they
had not been implicated in controlling neuroblast temporal identities.
Hth and Tll also show expression in the neuroepithelium.

To address whether each neuroblast sequentially expresses the five
transcription factors, we examined their expression in the neuroblast
progeny (Fig. 1c, d). Hth, Ey and Slp1 are expressed in three different
layers of neurons that correlate with birth order, that is, Hth in the
first-born neurons of each lineage in the deepest layers; Ey or Slp1 in
correspondingly more superficial layers, closer to the neuroblasts. This
suggests that they are born sequentially in each lineage (Fig. 2c, d, j). D
is expressed in two distinct populations of neurons. The more super-
ficial population inherit D from D1 neuroblasts (Fig. 2e, above dashed
line). D1 neurons in deeper layers (corresponding to the Hth and Ey
layers) turn on D expression independently and will be discussed later
(Fig. 2e, below dashed line). We generated single neuroblast clones and
examined the expression of the transcription factors in the neuroblast
and its progeny. Single neuroblast clones in which the neuroblast is at
the Ey1 stage include Ey1 GMCs/neurons as well as Hth1 neurons
(Fig. 2f). This indicates that Ey1 neuroblasts have transited through
the Hth1 stage and generated Hth1 neurons. Clones in which the
neuroblast is at the D1 stage contain Slp11 GMCs and Ey1 neurons
(Fig. 2g), suggesting that D1 neuroblasts have already transited
through the Slp1 and Ey1 stages. This supports the model that each
medulla neuroblast sequentially expresses Hth, Ey, Slp1 and D as it
ages, and sequentially produces neurons that inherit and maintain
expression of the transcription factor.

slp1 and slp2 are two homologous genes arranged in tandem and
function redundantly in embryonic and eye development32,33. Slp2 is
expressed in the same set of medulla neuroblasts as Slp1 (Supplemen-
tary Fig. 1a). We will refer to Slp1 and Slp2 collectively as Slp.

Tll is expressed in the oldest medulla neuroblasts. The oldest Tll1

neuroblasts show nuclear localization of Prospero (Pros) (Fig. 2h),

suggesting that they undergo Pros-dependent cell-cycle exit at the end
of their life, as in larval nerve cord and central brain neuroblasts34.
Tll1 neuroblasts and their progeny express glial cells missing (gcm)
(Supplementary Fig. 1b), and the progeny gradually turn off Tll and
turn on Repo, a glial-specific marker. These cells migrate towards deeper
neuronal layers and take their final position as glial cells around the
medulla neuropil (Fig. 2i). Thus, Tll1 neuroblasts correspond to pre-
viously identified glioblasts between the optic lobe and central brain
that express gcm and generate medulla neuropil glia35,36. Clones in which
the neuroblast is at the Tll1 stage contain Hth1 neurons and Ey1

neurons, among others (Supplementary Fig. 1c), confirming that Tll1

neuroblasts represent the final temporal stage of medulla neuroblasts
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Figure 2 | A temporal sequence of transcription factors in medulla
neuroblasts. a, b, Surface views showing that neuroblasts sequentially express:
Hth (red), Ey (blue), Slp1 (green) and D (red) (a), and D (red) and Tll (cyan)
(b). c–i, Cross-sectional views showing the expression of the five transcription
factors in neuroblasts and their progeny. c, Hth (red), Ey (blue) and Dpn
(green). d, Ey (blue) and Slp1 (green). e, D (red). The dashed line separates the
two populations of D1 neurons (see text). n, neurons. f, In a neuroblast clone
(b-Gal; green in left, dashed circles in right), the neuroblast is Ey1 (blue, small
arrow), whereas its progeny are Ey1 or Hth1 (red, open arrows). g, In a
neuroblast clone (b-Gal; white in inset), the neuroblast is D1 (red, small arrow).
It has generated Slp1 (green) GMCs (arrowhead), and Ey1 (blue) neurons
(open arrows). h, The oldest neuroblasts (small arrows) express Tll (cyan in
top), Dpn (red) and nuclear Pros (blue in bottom). i, Tll1 neuroblast progeny
(small arrows) lose Tll (cyan), and turn on Repo (red) while migrating (along
the dashed arrow) to become medulla neuropil glia (arrowhead). j, Schematic
model. For simplicity, the overlap between transcription factors is not shown;
only one neuroblast/GMC is shown for each stage. D expression in the deeper
neuron population is not shown. Empty cells indicate that a subset of neurons
born during the Ey, Slp or D windows do not maintain the neuroblast
transcription factor. k, Model showing that each neuroblast sequentially
expresses five transcription factors.
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2. Some cues need to be decoded and recoded (await induction)
Example: Temporal sequence of gene regulation
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Where is the « missing information »?

3. Some cues (inputs) are present but require new context (co-factor or new configuration) to 
become active or interpretable 



What is the effect of cell number on information and complexity?
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• Increasing the copy number of a book does not increase the 
information content
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• Increasing the copy number of cells leads to increased complexity 
• This stems from cell-cell interactions



What is the effect of cell number on information and complexity?
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• New signals (eg. protein) become available as a 
consequence of cell interactions (eg. 
fluctuations and bistability as in lateral inhibition) 

• Cells respond by inducing a new signal that 
controls downstream processes. 

• The early embryo does not have all the signals 
present at the onset. 

• Sequentiality of signals emerges from 
Algorithms that processes input to output 

• The potential for their subsequent expression is 
present in the form of an algorithm that 
computes induction at a later stages  
(see course #4 « Dynamics of information 
processing ») 
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Morphogenesis: context dependent function of Wnt signalling
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Figure 24.2: Origin and development of the limbs in Drosophila. The adult
limbs such as the wing (green) and the legs (red) originate from epithelial sacs
set aside during embryogenesis called imaginal discs.
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Figure 24.3: Growth and morphogenesis of the developing Drosophila wing. (A)
Schematic representation of the nine days of development of the fly wing. The
larval wing disc is a flat epithelial structure that grows exponentially (from
roughly 50 to 50,000 cells). The future wing blade (far left) is referred to as the
wing pouch (green). Subsequently, the pouch evaginates and acquires a three-
dimensional geometry that ultimately flattens to form a miniature version of
the wing. The winglet then expands to its final shape and size. (B) Time series
showing the wing imaginal disc labeled with Wingless and Patched in top and
side views.
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Figure 24.2: Origin and development of the limbs in Drosophila. The adult
limbs such as the wing (green) and the legs (red) originate from epithelial sacs
set aside during embryogenesis called imaginal discs.

Figure 24.3: Growth and morphogenesis of the developing Drosophila wing. (A)
Schematic representation of the nine days of development of the fly wing. The
larval wing disc is a flat epithelial structure that grows exponentially (from
roughly 50 to 50,000 cells). The future wing blade (far left) is referred to as the
wing pouch (green). Subsequently, the pouch evaginates and acquires a three-
dimensional geometry that ultimately flattens to form a miniature version of
the wing. The winglet then expands to its final shape and size. (B) Time series
showing the wing imaginal disc labeled with Wingless and Patched in top and
side views.
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• Wing development in Drosophila illustrates 
how signalling by a given ligand (Wnt/Wg) 
depends on the biological context. 

• The same signalling pathway, induced by 
the ligand Wnt/Wg: 

(I) specifies the wing tissue fate at early 
stages. 

(II) promotes growth of the wing 
(III) finally Wg induces the specification of 

the wing margin.

(I) (II)

(III)

Journal of Clinical and Translational Hepatology 2025 vol. 13(4)  |  315–326 317

Liang Z. et al: Wnt signaling pathway in HCC

in the cytosol by a variety of protein kinases, causing AXIN 
to lose its degradation function by interacting with DVL and 
FZD, allowing β-catenin proteins to relocate to the nucleus 
and carry out a transcriptional function (Fig. 1).43–45

Non-canonical Wnt signaling pathway
Atypical Wnt signaling pathways include the Wnt/PCP and 
Wnt/Ca2+ signaling pathways (Fig. 2). Although researchers 
have not paid as much attention to these atypical pathways 
as to the canonical pathways, it has been established that 
many important physiological and pathological processes in 
the human body are impacted by abnormal Wnt pathways.46 
Studies have shown that Wnt3, Wnt5, and Wnt10 are in-
volved in initiating downstream target genes through atypical 
Wnt signaling pathways.47 This finding suggests that atypical 
Wnt signaling pathways may share similarities with canonical 
Wnt pathways, meaning anomalies in these pathways and 
certain route elements may be connected to the initiation 
and spread of tumors. Additionally, researchers have found 
that both pathways begin with the Wnt ligand binding to FZD, 
by comparing their initiation mechanisms. RHO-associated 
kinaseand c-Jun N-terminal kinases are two proteins linked 
to cytoskeletal control and target gene transcription that are 
activated when the Wnt/PCP pathway is triggered. This is due 
to the significant amount of DVL transmission information 
pulled by the Wnt/PCP pathway.48,49 PLC activation increases 
the breakdown of phosphatidylinositol (4,5)-biphosphates 
into diacylglycerol and inositol (1,4,5)-triphosphates, which 
in turn increases cytosolic calcium ion release in response 

to Wnt/Ca2+ signaling.50,51 Cyclic guanosine monophosphate 
expression is downregulated in response to increased cal-
cium ions, whereas protein kinase C, calcineurin, and calmo-
dulin-dependent protein kinase II are upregulated. Calmodu-
lin-dependent protein kinase II and calcineurin both activate 
the nuclear factor of activated T-cells, which translocate to 
the nucleus and is involved in target gene regulation, and 
Nemo-like kinase, which suppresses the canonical Wnt sign-
aling pathway.52–54

The role of the Wnt signaling pathway in HCC

Involvement in pathogenesis
The Wnt/β-catenin protein signaling pathway plays a sig-
nificant role in the development of HCC and is essential for 
regulating several physiological and pathological liver activi-
ties. There is approximately a 40% genetic variation between 
its key components, and aberrant expression and mutations 
have been demonstrated to be crucial for the development 
and dedifferentiation of HCC.55,56 EVs in HCC maintain a cer-
tain level of invasiveness of HCC cells by regulating Wnt sign-
aling and delivering contents between cells, which in turn 
mediates the biological behavior of the cells and promotes 
tumor progression.57 It has been confirmed that a large 
amount of abnormally activated Wnt and its contents exist 
in HCC tissues, further activating downstream target genes 
through its signaling pathway, which maintains the high in-
vasiveness of HCC.58,59

Fig. 1.  Wnt/β-Catenin signaling pathway. FZD, frizzled; DVL, dishevelled; APC, adenomatous polyposis coli; CK1, casein kinase 1; AXIN, axis inhibition protein; 
TCF, T-cell Factor; LEF, lymphoid enhancer binding factor; LRP5/6, low-density lipoprotein receptor-related protein 5/6; DKK1, dickkopf-related protein 1.
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Morphogenesis: context dependent function of Wnt signalling
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• At early stage of larval wing imaginal disc 
development, Wg induces the transcription factor 
Nubbin and specifies the wing fate (marked in 
green). 

• Removal of Wg at these early stages blocks 
formation of the wing (hence the gene name). 

• Ectopic Wg expression at these early stages 
induces formation of an ectopic wing (2 wings)
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Figure 24.2: Origin and development of the limbs in Drosophila. The adult
limbs such as the wing (green) and the legs (red) originate from epithelial sacs
set aside during embryogenesis called imaginal discs.
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Figure 24.3: Growth and morphogenesis of the developing Drosophila wing. (A)
Schematic representation of the nine days of development of the fly wing. The
larval wing disc is a flat epithelial structure that grows exponentially (from
roughly 50 to 50,000 cells). The future wing blade (far left) is referred to as the
wing pouch (green). Subsequently, the pouch evaginates and acquires a three-
dimensional geometry that ultimately flattens to form a miniature version of
the wing. The winglet then expands to its final shape and size. (B) Time series
showing the wing imaginal disc labeled with Wingless and Patched in top and
side views.
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Amplitude
The maximum concentration of 
a protein in the target region. 
In the case of Decapentaplegic 
(DPP), amplitude refers to the 
concentration at the DPP 
source boundary. Its value 
depends on DPP production 
and degradation rates,  
as well as on the number  
of DPP-producing cells  
(the source width) and on  
the rate of diffusion.

Decay length
A measure for the spatial range 
of a protein gradient (how far  
it reaches into the tissue):  
the position at which the 
concentration of the protein is 
a fixed fraction of its amplitude 
(C0/e; in which e is Euler’s 
number). Its value depends on 
how fast the molecules diffuse 
and are degraded (less 
degradation equals a higher 
decay length).

Gradient scaling
If the gradient expands at  
the same rate as the tissue,  
it scales with tissue size; the 
decay length of the gradient  
is proportional to the width  
of the tissue.

are in the tissue, divide at roughly the same rate17,18,24,25. 
In other words, all cells contribute approximately equally 
to the tissue: tissue proportions scale. This means that 
the position of cell clones relative to the width of the tis-
sue remains approximately constant during development 
(FIG. 2a). Similar observations have been made in other 
morphogenetic growth systems, such as the vertebrate 
limbs or the embryonic spinal chord (BOX 1). Below, we 
discuss how the DPP concentration gradient changes 
during wing disc growth.

DPP gradient scaling during wing disc growth. DPP is 
expressed in a central stripe of cells (the DPP source) 
and spreads in the tissue, forming a concentration gradi-
ent6,7,26 (FIG. 1a). The DPP gradient can be characterized 
by its amplitude (C0) and its decay length (λ)27 (FIG. 1b). 
Quantification of the amplitude and decay length of 
the DPP gradient in the posterior compartment of the 
wing disc showed that the DPP gradient expands during 
disc growth24 (FIG. 2a,b). In particular, the decay length 
is proportional to the width of the compartment — the 
gradient scales (FIG. 2c,d). Gradient scaling means that, as 
the tissue grows, the range of the gradient grows propor-
tionately. Therefore, when the relative gradient profiles 
are normalized to tissue size, gradients from all stages of 
development have the same shape24 (FIG. 2c).

An important implication of this invariant rela-
tive concentration profile is that, during development, 
a particular relative position in the tissue always has 
the same relative concentration of the morphogen24 
(C/ C0 = constant; FIG. 2c). Because homogeneous growth 
means that cells (and their lineages) do not change their 
relative position during growth (FIG. 2a), gradient scaling 

implies that a particular cell always experiences the 
same relative DPP concentration as the tissue grows24 
(Ccell/C0 = constan t). This means that, for the observed 
increase in the gradient amplitude in the growing tissue 
(FIG. 2b,e), there is a corresponding increase of cellular 
DPP concentration: Ccell and C0 are proportional in all 
cells. In other words, the DPP signalling levels of all cells 
in the tissue increase over time by the same percentage 
as the gradient amplitude (FIG. 2e).

Gradient scaling is not only observed for the 
DPP ligand concentration gradient, but also for the DPP 
signalling gradient24. The transduction of the signal 
involves successive nonlinear amplifications24. This means 
that the spatial activity pattern of the pathway compo-
nents — for example, phosphorylated MAD, BRK and 
DAD — is different to that of DPP ligand concentration24. 
However, gradient scaling and the increase of the ampli-
tude are also observed for a downstream DPP signalling 
‘readout’ (Dad tanscription)24. This is not trivial, and it will 
be interesting to understand how the wiring of the signal 
transduction network mediates the conservatio n of these 
two properties at the end of the pathway.

Controlling the DPP gradient during wing disc growth. 
Disc growth does not distort the DPP gradient because 
the gradient renews itself faster than the tissue grows24. 
Gradient scaling is therefore not a direct consequence 
of growth. Instead, scaling is mainly due to a decrease in 
the DPP degradation rate — empirically, when the num-
ber of cells in the tissue doubles, the DPP degradation 
rate halves24. Both the increase of the gradient amplitude 
C0 and the scaling of the decay length λ can be explained 
as a consequence of this decrease of the DPP degradation 

Figure 1 | The Decapentaplegic gradient. a | The imaginal wing disc of Drosophila melanogaster. The compartment 
boundary (green line), Decapentaplegic (DPP) source and gradient in the tissue (green; here the gradient is only shown  
in the posterior target compartment) are shown. L indicates target tissue width, and x the distance from the source. 
b | Magnified view of cells in the posterior compartment and the DPP gradient (top), with an intensity profile (bottom) as 
a function of the distance from the source; the gradient is characterized by its amplitude (C

0
) and decay length (λ). Note 

that growth is approximately homogeneous: two clones (blue and pink) at different positions in the gradient have grown 
to the same size; however, because the clones are exposed to different DPP concentrations they express different target 
genes (blue and pink). c | The DPP signalling pathway. The transcription factor MAD is phosphorylated and activated 
following binding of DPP to its receptor Thickveins (TKV). MAD can then bind MEDEA and accumulates in the nucleus, 
where it represses the transcription of the repressor brinker (brk). BRK and phosphorylated MAD regulate DPP target 
genes, such as Dad and spalt. Phosphorylated MAD also interacts with the co-transcriptional activator Yorkie to regulate 
the transcription of the growth-promoting microRNA bantam. MAD phosphorylation is negatively regulated by DAD.
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tight endocytic block at 34°C during the FRAP
experiment impaired Dpp spreading completely,
and no recovery could be detected into the ROI

(Fig. 2, A and F to M). When the block was
released by shifting the temperature down to
258C, fluorescence recovered into the ROI,

which indicated that the effect was reversible
and that the lack of recovery was not due to
unspecific tissue damage (fig. S8).

This lack of recovery after the tight endocytic
block was imposed could be due to decreased
diffusion or increased degradation rate. Because
no recovery was observed, a theoretical curve
could not be fitted to determine the actual values
of the kinetic parameters. Thus, we studied the
recoveries under conditions of partial block of
endocytosis at 32°C. At 32°C, the diffusion co-
efficient in shibire-rescued animals decreased by
a factor of more than 2 compared with that of
control animals at 32°C (Fig. 2, B and C) and
with shibire-rescued animals at the permissive
temperature 25°C (Fig. 2, D and E, and table S1).
The degradation rate was not increased, but
decreased by a factor of about 2. Finally, the
production rate was also affected, whereas y was
not (see materials and methods). Thus endocyto-
sis is required not only for Dpp degradation, but
also for Dpp movement.

It is worth noting here that (i) given our
imprecision of measurement (2%, see SOM), the
minimal recovery we would have been able to
detect is 2% of the total pool (fig. S2, E to G),
excluding the possibility that we might have
missed a significant extracellular recovery; (ii)
other morphogens did recover in this FRAP
shibire-rescue assay, which excludes an intrinsic
artifact of the treatment as causing the lack of
recovery (see below); (iii) the observed effects
of endocytic block were acute, because the lack of
recovery was observed after a few minutes of
block; and (iv) the endocytic blockwas reversible.

To explore whether this kinetic description of
Dpp applied to other morphogens, we performed
the same FRAP analysis for another secreted
ligand, Wingless (Wg) (Fig. 3, A to H and J). In
order to compare Wg and Dpp, we expressed a
functional GFP-Wingless fusion (19) at the
endogenous Dpp source, instead of the endoge-
nous source region of Wg in wild type (Fig. 3, A
to D). Wg also moves in the tissue nondirection-
ally and is degraded, but had a different profile
(Fig. 3I). The Dpp gradient is a long-range gra-

 [
s

- 1
 x 1

0
- 3

]

34 °C34 °C34 °C34 °C

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  5  10  15  20  25  30
distance to source [µm]

no
rm

al
iz

ed
 in

te
ns

ity
 

 0

 0.1

 0.2

 0.3

 0.4

 0  500  1000  1500
time [s]

no
rm

al
iz

ed
 in

te
ns

ity
 

0‘

A

1‘

B

16‘

C

30‘

D

E F G H

I J K

0

0.02

0.06

0.04

D
 [

µ m
2 /s

] 

wt shi

L

0

0.4

0.8

1.2

1.6

k

wt shi

M

0

0.1

0.2

0.3

0.4

0.5

wt           shi

N

0

10

20

30

 [
m

ol
ec

ul
es

/(s
  x

 c
el

l)] 

wt shi

O

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  400  800  1200
time [s]

no
rm

al
iz

ed
 in

te
ns

ity
 

25 °C 34 °C

Fig. 3. FRAP of GFP-Wingless and GFP-Wingless shibire rescue. (A to H) FRAP time-lapse images of
GFP-Wg expressed in the wing Dpp domain. Boxes and times as in Fig. 1, D to K. Genotype: UAS-
GFP-wingless/+; dppGal4/+. Scale bar, 10 mm. (I) Normalized average fluorescence in the receiving
territory of five Wg-expressing discs at 25°C as a function of the distance to the source. Black
curve, exponential fit to the black trace. (J) Four FRAP recovery traces of GFP-Wingless at 25°C. (K)
GFP-Wingless (black) and GFP-Wingless shibire rescue at 34°C (red). Genotypes: UAS-GFP-wingless/+;
dppGal4/+ and shi ts1; UAS-Dynamin+/UAS-GFP-wingless; dppGal4/+. (L to O) Average D, k, y, and n
from GFP-Wingless (red; n = 9) and GFP-Wingless shibire-rescue experiments at 34°C (blue; n = 10).
Error bars, SEM. The differences are not statistically significant for any of the four parameters considered.
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Figure 1. General Architecture of Wing Imag-
inal Disks

Disks are folded epithelial structures com-
posed of the epithelium proper and the over-
lying peripodial membrane (labeled PM in the
cross-section). Because of this topography,
the apical surface, which is covered by extra-
cellular matrix (blue shading), faces the inside
of the disk and is therefore not readily acces-
sible to externally applied agents. ECM refers
to the extracellular matrix and BL, the basal
lamina. Only the central part of the epithelium
proper (the pouch) gives rise to the wing. Two
main signals operate in the pouch. Wingless
(shown in green) is expressed at the dorso-
ventral boundary and Dpp (red) is expressed
along the boundary separating the anterior
and posterior compartments. Expression of
Wingless around the pouch does not contrib-
ute to dorsoventral patterning and is not con-
sidered here. The box within the section is
enlarged in Figure 2 with the same color
coding.

signals are known to act at a relatively long range (as source; see below). To investigate whether diffuse Dpp
is present on the inside or the outside of cells, imaginalshown by direct visualization and target gene expres-

sion). Wingless spreads from the dorsoventral boundary disks were stained with antibodies prior to fixation
(hence permeabilization), thus enabling access only toand act over a range of up to 25 cell diameters (Zecca

et al., 1996; Strigini and Cohen, 2000), while Dpp, a BMP the extracellular space. Subsequent detection with sec-
ondary antibodies showed that Dpp is present extracel-homolog, spreads over a similar range in the orthogonal

direction, from the anterior-posterior boundary (Nellen lularly and that its distribution there is also graded (Tele-
man and Cohen, 2000). Note that as this procedure onlyet al., 1996; Entchev et al., 2000; Teleman and Cohen,

2000). Hedgehog (Hh) also acts as a morphogen in disks exposes the basal surface of the disk to the staining
solution (see Figures 1 and 2), it confirms that extracellu-but over a more limited range (Basler and Struhl, 1994;

Zecca et al., 1995; Strigini and Cohen, 1997). Although lar ligand is present on the basolateral surface but does
not exclude an apical presence. In a second approach,less accessible than the embryonic epidermis, imaginal

epithelia can be imaged live, thus allowing GFP fusion intact disks were treated with proteinase K to specifi-
cally digest extracellular proteins (Teleman and Cohen,proteins to be followed in real time. Imaging and inter-

pretation of fixed preparation is also facilitated by the 2000). The majority of mature Dpp was digested, sug-
gesting that it is exclusively present within the basolat-fact that imaginal disks are essentially two-dimensional

structures. This advantage, coupled with the power of eral extracellular space (although further controls are
needed to prove that proteinase K does not interfereDrosophila genetics, makes imaginal disks an impres-

sive system to study signal transport. It is thought that with the integrity of the epithelium). Wingless too is be-
lieved to localize on the basolateral surface of receivingsuch studies will be relevant to a wide variety of systems.

However, because of their two-dimensional configura- disk cells (Strigini and Cohen, 2000). Note that both Dpp
and Wingless are thought to be secreted on the apicaltion, studies with imaginal disks may miss aspects that

are specific to a three-dimensional configuration. surface. In the case of Dpp, this is suggested by its
apical localization in secreting cells (Entchev et al., 2000;
Teleman and Cohen, 2000). For Wingless, at least inImaging Gradients

In the past, morphogens have been difficult to visualize, the embryo, the evidence is stronger (Simmonds et al.,
2001), and indeed, secretion of GFP-Wingless has beenbut recent developments have allowed two of the best-

studied morphogens (Dpp and Wingless) to be imaged directly observed on the apical side (Pfeiffer et al., 2002).
If ligands are indeed secreted apically, it will be impor-both with antibodies and GFP fusion proteins (Entchev

et al., 2000; Strigini and Cohen, 2000; Teleman and Co- tant to find out how they make their way to the basolat-
eral space of the epithelium (see Figure 2). In any case,hen, 2000; Pfeiffer et al., 2002; Srinivasan et al., 2002).

The most evident feature is that staining is punctate, the presence of ligand both within and outside cells is
compatible with both models of transport.presumably reflecting continuous endocytosis. Impor-

tantly, the number of punctae decreases with distance
from the source, as expected from a morphogen. In Basic Requirements: Transport Must Be

Nondirectional and Rapidaddition to punctae, diffuse staining is also seen. Within
the limitation of low-level fluorescence imaging, optical In imaginal disks, clones of cells that ectopically express

either Wingless or Dpp activate downstream targetssections suggest that diffuse Dpp is mostly present
around the basolateral surface of cells (except at the symmetrically in all directions (Lecuit et al., 1996; Nellen

Vincent and Dubois Developmental Cell, 3, 615–623 (2002)
Kicheva et al, Science, 315, 521 (2007); 
Wartlick et al Nature Rev MCB, 12, 594 (2011)
Couso et al, Development 120, 621-636 (1994)

• At later stages of development, Wg is expressed only at the future (aka presumptive) wing margin. 
• Wg protein diffuses away from the margin and forms an exponential concentration gradient (morphogen). 
• Wg at a distance from the wing margin supports growth of the tissue. 
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Figure 24.2: Origin and development of the limbs in Drosophila. The adult
limbs such as the wing (green) and the legs (red) originate from epithelial sacs
set aside during embryogenesis called imaginal discs.
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Figure 24.3: Growth and morphogenesis of the developing Drosophila wing. (A)
Schematic representation of the nine days of development of the fly wing. The
larval wing disc is a flat epithelial structure that grows exponentially (from
roughly 50 to 50,000 cells). The future wing blade (far left) is referred to as the
wing pouch (green). Subsequently, the pouch evaginates and acquires a three-
dimensional geometry that ultimately flattens to form a miniature version of
the wing. The winglet then expands to its final shape and size. (B) Time series
showing the wing imaginal disc labeled with Wingless and Patched in top and
side views.
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Context dependent regulation & decisions

Morphogenesis: context dependent function of Wnt signalling
• During pupal development, metamorphosis the wing imaginal discs acquires its final shape 
• Cell differentiation in veins and the wing margin 
• Wg specifies the differentiation of bristles at the wing margin
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Achaete protein (Ac) (Fig. 3 and for a review of the achaete
scute complex (AS-C) see Campuzano and Modolell, 1992). 

Towards the end of the third larval instar, the precursors of
the sensory elements of the wing margin begin to be deter-
mined, when the chemosensory precursors can be discerned
from amidst the Ac-expressing cells that are nearer to those
that express wg (Fig. 3). Later, during the early pupal stages,
mechanosensory precursors arise from the interface between
ct- and Ac-expressing cells (Blair, 1993) and finally, the cells
of the presumptive wing margin rearrange and differentiate to
give rise to the array of pattern elements characteristic of the
wing margin (Fig. 1; Hartenstein and Posakony, 1989). One
element of this pattern not previously described is a row of
epidermal cells located between the medial and the ventral
bristles of the anterior triple row that can be traced back to the
region that expresses ct and wg in the third instar disc (Fig. 2).
We call these cells the ‘edge cells’ and those on each side of
them, the ‘marginal cells’. The spatial relationships between
these pattern elements and the different patterns of gene
expression superimposed on a fate map of the wing margin
during the third larval instar are shown and discussed in Fig.
1B.

Wingless is required for the patterning of the wing
margin 
At 17°C, embryos homozygous for the temperature sensitive
wgIL allele (for details see methods) display a wild-type
cuticular pattern, hatch normally and develop into adults which
survive but display some defects in the epidermis: the sternites
are for the most part missing (not shown) and the margin of
the wing lacks some bristles (Fig. 5B). Stronger variations of
these phenotypes are observed in other combinations of wgIL

with hypomorphic alleles of wg (Phillips and Whittle, 1993 and
unpublished observations; see Methods). This requirement for
wg in the patterning of the wing margin is emphasized by the
observation that flies homozygous for the mutation spdflg, an
allele of wg which specifically affects the wing margin (Tiong
and Nash, 1990, Methods and Fig. 5C), show reduced levels
of Wg in the corresponding presumptive region of the disc
(Fig. 4D). Finally, very large clones of wg null alleles occa-
sionally produce notches when they reach the wing margin
(Baker, 1988b).

Altogether, these results indicate that the pattern of wg
expression during the third larval instar might be related to a
function of wg in the patterning of the wing margin. To test

J. P. Couso, S. Bishop and A. Martinez Arias

Fig. 4. Expression of Wg in
the imaginal discs during the
third larval instar and pupal
stages. All images at the
same magnification, posterior
to the bottom. (A) Mid-third
instar larval wing and leg
discs. The final pattern of Wg
expression is established in
the wing disc: a broad stripe
in the notum (n), a thinner
one in the prospective wing
margin (arrow) and another
one encircling the
prospective wing blade (for a
detailed fate map of the third
instar wing disc showing the
correspondence with adult
structures see Campuzano
and Modolell, 1992).
(B) Late third instar wing
disc (shortly before 120
hours AEL). The stripe of
Wg expression in the margin
(see Fig. 3) is the same as in
A, but, at this stage there are
two stripes over the
prospective wing hinge
regions (h), around the wing
blade region (v, prospective
ventral wing blade).
(C) Dorsal view of a pupal
wing 4-8 hours APF, after
evagination of the wing

regions shown in B to the right of the figure so that the ventral wing blade (labelled v in B) is now underneath this plane of focus. Wg is still
present along the wing margin, in a stripe of about five cells wide. Note that while in the late third instar disc (B) the protein levels decrease
from a central high point of expression (see also fig. 3), in the pupal wing the protein appears constrained within a bounded domain. This
bounded distribution is reminiscent of that described for the parasegmental boundary during late stages of embryogenesis (González et al.,
1991). (D) Late third instar disc from a spdflg mutant. Note the narrower width of the stripe of Wg in the presumptive posterior margin (bottom
part of the stripe), where spdflg mutant flies display the stronger phenotype (see Fig. 5C). 
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Figure 24.2: Origin and development of the limbs in Drosophila. The adult
limbs such as the wing (green) and the legs (red) originate from epithelial sacs
set aside during embryogenesis called imaginal discs.
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Figure 24.3: Growth and morphogenesis of the developing Drosophila wing. (A)
Schematic representation of the nine days of development of the fly wing. The
larval wing disc is a flat epithelial structure that grows exponentially (from
roughly 50 to 50,000 cells). The future wing blade (far left) is referred to as the
wing pouch (green). Subsequently, the pouch evaginates and acquires a three-
dimensional geometry that ultimately flattens to form a miniature version of
the wing. The winglet then expands to its final shape and size. (B) Time series
showing the wing imaginal disc labeled with Wingless and Patched in top and
side views.

JP. Couso et al, Development 120, 621-636 (1994)

627wingless signalling in the Drosophila wing margin 

this further and to define the precise requirements for Wg in
this process, we have eliminated its activity by shifting wgIL

homozygous animals from 17°C to 25°C at defined times
during the third larval instar (see Methods). Such shifts result
in the complete inactivation of Wg (Baker, 1988a; González
et al., 1991; Bejsovec and Martinez Arias, 1991) and produce
different effects at the wing margin depending on their timing
and length. Shifts started after mid-third instar (approx. 96
hours AEL) or at the time of pupation (120-124 hours AEL,
i.e. 0-4 hours after puparium formation, APF) produce pharate
adults with a ‘narrow margin’ phenotype: most bristles are
missing, and the remaining ones are intermingled in two or
even one row, instead of the three rows interspaced by

tricomes, characteristic of the wild-type (compare Figs 5E
with 1B and 2). A 24 hour-long pulse, from 96 to 120 hours
AEL, produces weaker narrow margin phenotypes, very
similar to those of the viable allelic combinations described
above. However, shifts shortly before 96 hours AEL result in
pharate adults in which the wing lacks all the features char-
acteristic of a wild-type wing margin. In these wings, every
bristle, whether non-innervated, chemo or mechanoreceptors,
as well as the marginal vein, is missing; otherwise such wings
bear a fair pattern of veins and sensilla (Fig. 5D). Unlike the
phenotype of other mutants in Drosophila that affect the wing
margin, this phenotype is not associated with notching, and
the number of cells of the wing blade does not appear to be

Fig. 5. Phenotypes of adult wings, oriented as Fig. 4C, distal to
the right and posterior to the bottom. (A) Wild-type wing;
(B) wing from a wgIL homozygous animal raised at 17°C. Bristles
are lost along the entire wing margin. In the triple row, the
positions of lost stout mechanoreceptors are occupied by recurved
chemoreceptors. In slightly stronger mutant conditions, this
results in the transformation of the the triple row into a narrow
‘double row’. (C) spdflg mutant wing. Some bristles are missing
along the anterior margin and the posterior margin is completely
lost. Defects in wing hinge regions that express Wg produce an
abnormally shaped wing. (D) Wing from a wgIL animal shifted to
25°C shortly before 96 hours AEL. These wings have been
dissected out from the pharate adults and inflated (see methods),
hence the apparent defects asociated with veins. (E) Detail of the
anterior wing margin of a wgIL animal shifted to 25°C at 0-4 

hours APF. The wing was mounted to allow a frontal view of the streched margin. The mechanoreceptors (and posterior bristles, not shown),
which should have been determined at about 12 hours APF (see Fig. 1C), have been lost and the remaining chemoreceptors are arranged in a
‘narrow margin’ (compare with Figs 1B and 2). 

Reduced Wg signalling 
(ts shift in pupa 0-4hAPF)

Activated Wg signalling 
(GSK3ß - clone)

628

significantly reduced. The absence of these two features,
which are usually associated with extensive cell death
(Fristrom, 1969; Spreij, 1971), suggests that the primary cause
of the total absence of wing margin is the lack of marginal
cell fates.

The products of dsh and arm are required for
wingless signalling during the development of the
wing margin to antagonize the activity of sgg
Genetic studies suggest that the products of arm, dsh and sgg
are involved in wingless signalling during embryogenesis

J. P. Couso, S. Bishop and A. Martinez Arias

control

wgts

Wg protein
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Morphogenesis: change in shape induces signalling

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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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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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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Fig. 4. Cell extrusion in epithelia can be mechanically induced. (A) In the mammalian gut,
cells divide in the crypt and move to the top of microvilli, where they die or extrude while alive. (B)
In Drosophila, cell compression due to tissue growth changes cell shape (red) and causes live cell
extrusion. (C) Live cell extrusion requires displacement of two or three cell neighbors by junction
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neighboring cells (orange), producing T2 events and complete cell extrusion.
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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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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
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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
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the highly folded epithelium) than where
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like pocket, indeed results in both an in-
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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.  

• Hypothesis: Impact of surface to volume ratio 
on concentration of Shh. Shh concentrates in 
mesenchyme surrounded by a higher surface 
of epithelium. 
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1. Some cues/info are present but are unaccounted for/hidden. 
2. Some cues need to be decoded and recoded (await induction)  
3. Some cues (inputs) are present but inactive or uninterpretable: 

require a new context (co-factor or new configuration) 

Where is the missing information

• How to reconcile data processing inequality with 
increased biological complexity?
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Where is the « missing information »?

This amounts to new channels (Shannon) being open step by step as the 
dynamics of physicochemical processes unfold

XX2X1

XX3

XG2
X3
G1

XZ M1

X2

G2

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.
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Where is the « missing information »?

Consider also Algorithmic Information Content:  
• within each channel 

algorithm 1

algorithm 2

algorithm 3

algorithm 4

• among channels connected in a network

XX4X2

X3
XX2X1

X4

XX5X3
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1. Complexity increases during development 

2. Distinguish different kinds of complexity: 
• Statistical complexity: description independent of mechanism/algorithm 
• Descriptive complexity: length of algorithm that describes/recapitulates the system 
• Generative complexity: duration of computation.  

3.  Algorithmic level of analysis can be encapsulated in Algorithmic information  
content (Kolmogorov complexity). Good approximation via compression.  
AIC underlies complexity 
4. Data processing inequality: information can only be lost in a channel. 
5. Shannon information theory during development: 

• « Unaccounted for » information: inactive or uninterpretable cues (structure, mechanics 
etc) and channels. 

• Algorithmic information in channels, between channels. 
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