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The Ediacaran and Cambrian Explosions

http://geologycafe.com/

~570 Mya

~1 Bya
~4 Bya



Ruiz-Trillo et al. TIG 2007

The Holozoans



Monosiga Mesomycetozoea

One or more of the extant holozoans and by inference, the

unicellular ancestors of the metazoans, contain(ed) genes

specifying cadherins, C-type lectins, Notch and Wnt pathway

components, Hedgehog and other members of the metazoan

developmental-genetic toolkit which eventually came to mediate

cell-cell interactions (a.k.a. the “interaction toolkit”).

King et al., Nature 451:783; 2008

Shalchian-Tabrizi et al., PLoS ONE 3:e2098; 2008

Sebé-Pedrós et al. eLife 2: e01287; 2013   

Capsaspora



Origination of highly disparate animal body 

plans occurred with a pre-existing genetic 

toolkit and was compressed in time. 

What additional causal agency was involved?



Toolkit-based functionalities in unicellular       

ancestors of the metazoans



Innovation of classical cadherins in the metazoans 

permitted cells to move autonomously without         

disrupting the cohesion of the cell mass

This created “liquid tissues”: a category of biogeneric matter



“Generic” mechanisms of development

Form- and pattern-generating processes 

common to living and nonliving (mesoscale, 

viscoelastic, excitable) systems



“Biogeneric” materials and 

mechanisms of development

Multicellular materials in which cellular systems 

behave similarly to certain nonliving materials, but 

utilizing evolved, cell-based response functions

Biogeneric materials exhibit forms and patterns 

resembling those characteristic of generic processes.



Some novel genes were associated with 

emergence of novel biogeneric materials

Cell clusters

Classical cadherins, Wnt

Vang/Stbm (PCP)                                                                        

“Liquid crystalline” tissues  

Peroxidasin

(basement 

membrane)                                                                       

Planar tissues  

Galectins, fibronectin, 

tenascin
EMT, mesenchyme

SAN Phil. Trans. R. Soc. B, 2016

“Liquid tissues”

Protocadherins



“Physico-genetic” hypothesis 

for body plan origination

Metazoan form originated and rapidly diversified by the action of

Dynamical Patterning Modules (DPMs).

Definition: DPMs are specific molecules and pathways in 

association with specific physical forces or effects that pattern 

and shape multicellular aggregates. 

Specifics: DPMs originated when ancient gene products or 

derivatives (many of which were present in unicellular ancestors 

of the metazoans) assumed novel physical functions due to the 

change of scale and context in the multicellular state.



Dynamical patterning modules generate the 

characteristic morphological motifs of biogeneric 

materials, analogously to the processes that 

generate waves and vortices in nonliving liquids, 

or the crystal structures of minerals.



Furusawa & Kaneko Science 2012;338:215

Dynamics of transcription factor-based gene regulatory 

networks (GRNs) specify alternative cell states



GRNs mediate cell differentiation;

dynamical patterning modules (DPMs) mediate 

pattern formation and morphogenesis

GRNs DPMs

Newman et al. J. Biosci.; 2009



Mesoscale physical processes and mechanisms

first studied during the 20th century

• Multistable dynamical systems (Poincaré; Lyapunov)

• Nonlinear oscillations (van der Pol)

• Reaction-diffusion instabilities (Turing)

• Phase separation and phase transitions (Ehrenfest)

• Thermodynamics of open systems (Prigogine)

• Nonlinear fluid mechanics (Batchelor)

• Deterministic chaos (Feigenbaum)

• Fractals (Mandelbrot)

• Percolation and scaling; soft matter (de Gennes)

• Mechanochemical coupling (Katchalsky)



Aggregation is the necessary condition for multicellularity

Its inverse is epithelial-mesenchymal transformation (EMT)

By mobilizing mesoscale physical effects ancient molecules 

took on new functions in the multicellular context



Upper left, Human morula; RWJMS IVF Program

Middle left, Starfish morula; K. Wynne, Tyler Junior College

Right, Fossil “embryos”; Ediacaran Doushantuo Formation; Shuhai Xiao, Virginia Tech

Bottom, Frog blastula; www.snv.jussieu.fr/bmedia/xenope1/xenope3.html

Metazoan cell clusters: ancient and modern

Toolkit 

molecules: 

cadherins; 

galectins



Gastrulation: establishment of multilayered 

embryos in all eumetazoan phyla



Gastrulation typically involves engulfment-like tissue 

rearrangement (e.g., zebrafish)

AG Gajewski; University of Cologne



Torza and Mason Science 163: 813; 1969 

Armstrong, Crit Rev Biochem

Mol Biol 24:119; 1989 

Phase separation and engulfment 

behavior in liquids and tissues



Based on Steinberg Symp Soc Dev Biol, 1978

See also Maître and Heisenberg Curr Biol, 2013

Toolkit 

molecules: 

cadherins; 

lectins; Notch

Differential interfacial tension can lead to cell 

sorting and tissue engulfment



Gastrulation usually involves lumen 

formation (e.g., sea urchins)

Gilbert, Developmental Biology, Sinauer, 2000



Lumens can automatically arise in clusters of cells 

that are individually apicobasally polarized

Toolkit 

molecules:

Wnt pathway; 

cadherins

Physical analogue: 

micelles





Gastrulation can involve buckling-like movements 

of tissue sheets (e.g., Drosophila)

Leptin, In Keller et al, eds., Gastrulation, Plenum; 1991



Epithelial morphogenesis by position-dependent modulation 

of stiffness and viscoelasticity (e.g., buckling, folding)

Theory in: Gierer, Q. Rev. Biophys; 1977;

Mittenthal and Mazo, J. Theor. Biol; 1983

Toolkit 

molecules: 

collagen and 

other ECM 

molecules

Physical analogue: 

dried paint



Biogeneric bases of the origination of gastrulation: differential 

interfacial tension (phase separation and engulfment), 

± cell polarity, ± epithelial folding, ± EMT



Embryos typically undergo elongation (e.g., during 

amphibian gastrulation, insect germ band extension)

Forgacs & Newman, Biological Physics of the 

Developing Embryo; 2005 (After Keller et al., 

Philos Trans R Soc Lond B Biol Sci, 2000)



Tissue narrowing and elongation can arise from

intercalation of (planar) polarized cells

Toolkit 

molecules: 

noncanonical 

Wnt pathway; 

cadherins

Forgacs & Newman, Biol Phys Develop Embryo, 2005 

(Based on Keller et al. Philos. Trans. R. Soc. Lond., 

2000)

Physical analogue:  

liquid crystal

Croll et al. Droplet shape of an anisotropic 

liquid.  PRL 97, 204502; 2006



Planar cell polarity is biogeneric



Diffusion, depending on 

rates, distances, etc., can…

even things out, or…

…produce gradients



Pattern formation by morphogen gradients

Drosophila imaginal disks

Tabata and Takei; Development, 2004 Toolkit 

molecules:      

Hh; FGF; Wnt; 

BMP/TGF-β

Hedgehog (~Shh)       Dpp (~BMP)        Wg (~Wnt)



Generic diffusion

Biogeneric diffusion



Dequéant & Pourquié, 2008

Somitogenesis results from biochemical oscillations                            

operating in the presence of a morphogen gradient

Toolkit

molecules:

Notch; FGF/Wnt





Turing network for limb skeletal pattern formation

Zhu et al., PLoS One; 2010;                 

Glimm et al., J Theor Biol., 2014



A biogeneric Turing-type mechanism



Newman and Bhat, Phys. Biol.; 2008

synchrony of 

oscillation

morphogenetic fields; 

segmentation



Ancestral protometazoan cell clusters
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Metazoan morphological complexity tracked successive 

addition of DPMs over the course of evolution



Newman & Bhat, Int J Dev Biol; 2009  

Combinatorial use of DPMs in the origination 

of animal body plans



Presence of DPM-associated toolkit genes

in choanozoans and metazoans

ADH; DAD: cadherins; C-type lectins

LAT: Notch (only some species)

MOR: Hh

ECM: collagen

All of above, plus

MOR: TGF-β

POL: Wnt

All of the above, plus

MOR: FGFs

All of the above

Choanozoa:

(unicellular sister clade 

of Metazoa)

Placozoa Porifera

(“basal” metazoans)

Cnidaria:        

(eumetazoans)

Arthropods; chordates:        

(Bilateria) 

All of above, plus

POL: Wnt

no Notch

Different combinations of 

non-collagenous ECM 

and matricellular proteins



Definition: The stage of development at which

the embryo consists of a cluster of several dozen

or more cells of equal size and shape.

Examples: The blastula of a sea urchin or

amphibian, the blastoderm of an insect, the inner

cell mass of a mammal.

The physico-genetic hypothesis implies that 

characteristic body plan motifs first appear 

(evolutionarily and developmentally)

at the “morphogenetic stage”

DPMs are implemented at the morphogenetic stage







Two routes to metazoan-type morphogenesis: 

cell aggregation or cleavage of an enlarged cell

S. Newman, Science; 2012



• Multicellular clusters arose by cell aggregation or failure 

to separate post-mitosis, due to mutations or environmental 

change, independently of adaptive advantage.

• Phylotypic morphological motifs arose in cell clusters also 

independently of adaptation, by primitive developmental 

processes based on DPMs, morphogenetic-stage 

mobilization of biogeneric mesoscale physical effects by 

the products of the interaction toolkit genes.

• “Proto-metazoans” that propagated by cleavage of 

enlarged cells (proto-eggs) were more evolutionary stable, 

due to genetic uniformity of their multicellular progeny, than 

similar forms that propagated by aggregation.

Origination of multicellular body plans and organs 

according to the physico-genetic hypothesis
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