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Positional information vs. isomorphic 

prepattern (e.g., Turing-type) mechanisms

Based on Newman and Frisch Science 1979 



Skeletal pattern formation in the avian limb

Forgacs & Newman, Biological Physics

of the Developing Embryo 2005



Mesenchymal condensation

Forgacs & Newman, Biological Physics

of the Developing Embryo 2005





Activator-inhibitor interactions

in cartilage pattern formation

Moftah et al., Dev Biol 2002





Galectins bind to their glycan ligands with 

a conserved carbohydrate binding domain

Varki et al., Essentials of Glycobiology 2009



Gal-1A and Gal-8 are regulated spatiotemporally during 

chondrogenesis in limb bud micromass cultures

[Gal-1B, -2, and 3 are expressed to much lower or negligible extents during this period]
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Bhat et al. BMC Dev Biol 2011
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Gal-1A/Gal-8: opposing phenotypic effects



Bhat et al. BMC Dev Biol 2011

Reciprocal effects of Gal-1A (CG-1A) and Gal-8 (CG-8)



Bhat et al. BMC Dev Biol 2011

Gal-1A and Gal-8 activate each other’s gene expression

(despite having opposite effects on skeletogenesis)

Cells treated with Gal-8 Cells treated with Gal-1A

Expression of Gal-1A (18 h) Expression of Gal-8 (18 h)

untreated untreatedGal-8 Gal-1A

CG-8CG-1A



Bhat et al. BMC Dev Biol 2011

Gal-1A (but not Gal-8), aggregates limb cells; Gal-8 interferes



1. Initial condition: Gal-8 ligand is uniformly distributed.

Gal-8 ligand

Mesenchymal cell interactions mediated by Gal-1A, Gal-8 and 
their glycan ligands constitute a pattern-forming network



2. Fluctuation leads to locally elevated Gal-1A expression.

Gal-8 ligand

Gal-1A

Mesenchymal cell interactions mediated by Gal-1A, Gal-8 and 
their glycan ligands constitute a pattern-forming network



3. Gal-1A induces its own ligand, which restricts its diffusion.

Gal-8 ligand

Gal-1A
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Mesenchymal cell interactions mediated by Gal-1A, Gal-8 and 
their glycan ligands constitute a pattern-forming network



4. Gal-1A induces the synthesis of Gal-8; Gal-8 induces the synthesis of Gal-1A.

Gal-8 ligand
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Mesenchymal cell interactions mediated by Gal-1A, Gal-8 and 
their glycan ligands constitute a pattern-forming network



5. Gal-8 diffuses from its site of production, laterally blocking activity of Gal-1A.

Gal-8 ligand
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Mesenchymal cell interactions mediated by Gal-1A, Gal-8 and 
their glycan ligands constitute a pattern-forming network



6. Gal-1A becomes elevated and active at sites distant from original one. 

Gal-8 ligand
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Mesenchymal cell interactions mediated by Gal-1A, Gal-8 and 
their glycan ligands constitute a pattern-forming network





“Morphodynamic” (i.e., including cell movement) reaction-diffusion-
adhesion mechanism for precartilage condensation patterning

Glimm et al. J Theor Biol 2013

Dynamics of Gal-1A

Dynamics of Gal-8

Dynamics of cell density



“Morphodynamic” (i.e., including cell movement) reaction-diffusion-
adhesion mechanism for precartilage condensation patterning

Glimm et al. J Theor Biol 2013

Dependence of patterning 
on adhesion term

Dynamics of Gal-1A

Dynamics of Gal-8

Dynamics of cell density





Bhat et al. Genome Biol & Evol 2014

Synteny of the gal-1b gene and its non-sauropsid homologs



Synteny of the sauropsid gal-1a genes

Bhat et al. Genome Biol & Evol

2014

The gal-1a gene (sauropsids only) is on a different chromosome from other gal-1s



• The gal-1 gene underwent duplications and divergent 

evolution in the amphibians.

• One gal-1 gene (gal-1a) translocated to a new locus at 

the origin of the sauropsids. Its protein product, Gal-1A, 

retained the 3D structure found in at least one Gal-1 of all 

vertebrate species, and is skeletogenic in birds.

• The gene that remained at the ancestral locus in the 

sauropsids (gal-1b) evolved to specify a non-skeletogenic 

protein, Gal-1B.

• Mammals have a single gal-1 gene (no duplication or 

translocation) at the ancestral (gal-1b) locus. Its protein 

product retains the presumed skeletogenic 3D structure.

Conclusions - 1



T. Stewart and G. Wagner

Rabbit Gal-1 is expressed similarly to chicken Gal-1A during limb development



Mouse galectin-1 is expressed similarly to chicken 

galectin-1a during limb development, but so is galectin-7

Developmental system drift?

T. Stewart and G. Wagner





Bhat et al. BMC Evol Biol 2016

The synteny of gal-8s in cartilaginous and lobe-finned fish (incl. 

tetrapods) are similar to each other, but gal-8 jumped to a 

different chromosome in ray-finned fish



Gal-8s of lobe-finned fish (incl. tetrapods) acquired a limb-

related conserved noncoding module (NCM) that is not 

present in cartilaginous or ray-finned fish

Bhat et al. BMC Evol Biol 2016

The NCM contains 

binding sites for Meis1, 

Tcfcp2I1, Runx1 and 

Runx2. All are 

mesenchymally 

expressed during limb 

development and 

Meis1 and Runx2 

regulate PD patterning.



• The gal-8 gene (arising in basal chordates), 

underwent a translocation around the origin of the 

ray-finned fishes.

• Gal-8 proteins in cartilaginous and lobe-finned 

fishes evolved 3D structures similar that of 

skeletogenic Gal-1, and thus capable of competing 

with it for its cell surface receptor. Ray-finned fish 

Gal-8s generally did not evolve to compete with their 

skeletogenic Gal-1 homologs.

• The gal-8 genes of lobe-finned fishes (including 

tetrapods), acquired a novel conserved noncoding 

module that enabled them to be quantitatively 

regulated in developing appendages.

Conclusions - 2



Reaction-diffusion-adhesion mechanism for 

condensation pattern formation

Glimm et al. J Theor Biol 2013

Dynamics of Gal-1A

Dynamics of Gal-8

Dynamics of cell density



Condensation-permissive parameter space of two-galectin network:  

Dependence of patterns on μ (expression rate of Gal-8) and β (binding 

affinity of Gal-8 to its common receptor with Gal-1)

Bhat et al. BMC Evol Biol 2016



Conclusions - 3

• For Gal-8 proteins of intermediate binding affinity to 

their shared receptor to skeletogenic Gal-1 (specified by 

μ), the entire numerical range of parallel skeletal 

elements is possible.

• Different levels of gal-8 expression (governed by β) 

lead to different numbers of skeletal elements.

• Only in sarcopterygians (lobe-finned fish, including 

tetrapods) has there evolved appropriate μ values and 

control of β to enable proximodistal increase in element 

number during development.



Bhat et al. BMC Evol Biol, in press



Hinchliffe & Johnson, 1980

Dorsal and ventral limb ectoderm and apical 

ectodermal ridge (AER), a source of FGF



Effect of FGF8 on CG-8 gene expression
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Zhu et al., PLoS One; 2010

Simulation of a skeletogenic R-D system with 

FGF-suppression of morphogenesis at the tip



BMP-Sox9-Wnt (BSW) skeletal pattern-forming network

Raspopovic et al. Science 2014



Hypothesized scenario for acquisition of regulatory 

networks leading to the fin-limb transition
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Skeletogenic Gal-1; BMP; Sox9

Competing Gal-8; Gal-1-Gal-8 x-regulation

Positive selection on Gal-8

Purifying selection on Gal-8;

Gal-8 CNM

Newman et al., PBMB 2018
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