
Eshel Ben-Jacob 

Genspace NY  May, 28, 2011 



A bootstrapping mechanism 



Bacterium 

Red Blood Cell White Blood Cell 

Elementary Cognition –  
Sensing, Information-processing, Decisions 





Paenibacillus vortex Social bacteria 

Physics of Living Systems 
Simplifying the Complexity 

Function, Sensing,  
    Information processing, 
          Communication, 
               Decisions 













From Avi Minsky WIS  
Spores of Bacillus subtilis 



Sporulation Competence 

With Schultz, Wolynes, Onuchic, PNAS, 2007,2009,2010 
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“Bacteria determine fate by playing dice with controlled odds” 
Ben-Jacob & Schultz, PNAS 2010 

For rare events For frequent events 
Low noise High noise 

Suel et al., Science 2007 and PNAS 2010 
Nachman et al., Cell 2007 
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“Proper time” Synchronization 
Increasing the clock rate if  
the “proper time” of the other cells  
is more advanced, and vice versa  
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Physics perspective: new universality class 

EE perspective: new synchronization class 

Biology perspective: decision by other cells (e.g. cancer) 

Mathematics perspective: game theory 

Neuroscience perspective:  
The role of inhibition in human decision 



Mesenchymal vs. Amoeboid 

With Inbal Hecht, Assaf Zaritsky, Ilan Tzarfati, Herbert Levine 

“Path generating"  
Rely on proteolytic degradation  
of the surrounding matrix 

“Path finding"  
Amoeboid motility that is accompanied  
by membrane blebbing  
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Knowing It in Your Gut:  
Cross-Talk Between Human Gut Bacteria and Brain 

From Science News March 24 
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Harnessing Cannibalism to Outsmart Bacteria 

With Be’er, et al., PNAS 2009, Be’er, Ariel et al., PNAS 2010 





Colony-colony competition 



Slf – Sibling Lethal Factor 

DfsB – Dendritiformis sibling bacteriocin 
(Siblicidin) 

MASY 
EYTSKEELKKTIHAAYLLLDGEFEGIDDSQKDNRVPE
VDRTPAEIIYQLGWLHLVMGWDRDELAGK                  
PVIMPAPGYKWNQLGGLYQSFYAAYADLSLTELR
RLFRDTMARWIHINERQWLDWIDTLSEEDLFTQ
SVRKWTGDKPNWP SAAPFKTFRAKIRKWKK 
HQRQA 

DfsB + Subtilisin -> Slf 

With A. Sirota, O. Kalishman, Y. Helman 
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 Example of Self-Organization: Modular Organization 
Ben-Jacob, Nobel Symposium on self-organization, 2002 



(Ben-Jacob et al., Nature 1994,1995,2001,2005, 
Royal Society 2003, Trends in Microbiology 2004) 

Chemotaxis –  
Movement according to chemical gradients 

Chemotactic Signaling–  
Chemotaxis in response to chemicals secreted by the cells 
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Modeling 



From diffusion to non-linear diffusion 
(singular perturbation) 

Adjustment of the value of к as needed  
Clues about a new mathematics: Functional Solvability 

Adjusting the viscosity and the rate of production  
of the lubricating fluid 

Mathematical corner 
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Distribution of tasks  
and Cell differentiation 



With Oren Kalishman and Colin Ingham 

Ingham and Ben-Jacob, BMC Microbiology 2009 
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Collective Sensing  & Decision making 
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The Puzzle  









1cm 

With Be’er, et al., PNAS 2009, Be’er, Ariel et al., PNAS 2010 



With Oren Kalishman and Colin Ingham 

Ingham and Ben-Jacob, BMC Microbiology 2009 
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Collective sensing and  
Distributed information processing 
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A bootstrapping mechanism 
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With Be’er et. al., PNAS, 2009 



Theoretical Investigations –  
Hybrid Model 

With Avraham Be’er, Gil Ariel et al., PNAS 2010 



Slf – Sibling Lethal Factor 

DfsB – Dendritiformis sibling bacteriocin 
(Siblicidin) 
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DfsB + Subtilisin -> Slf 

With A. Sirota, O. Kalishman, Y. Helman 
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From Art in the Service of Science 

To Science in the Service of Art 
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Generate the Patterns 
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 Additional Example: Modular Organization 
Ben-Jacob, Nobel Symposium on self-organization, 2002 



Reproducibility 
Two colonies of ~ 1010 P. vortex bacteria.  

Both inoculated from the same “parent” colony.  
Growth time ~ 3 days 







With Oren Kalishman and Colin Ingham 

Ingham and Ben-Jacob, BMC Microbiology 2009 
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A bootstrapping mechanism 
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Mitochondrion 



The End 

“Intelligence is the Freedom to Err” 

Eshel Ben Jacob, Nobel Symposium 2002 
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Results of Model Simulations I 

Observations Simulations 
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AbrB in Different Cells 



Germination 

270 minutes 

From Liza Harry UTS Australia 
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Example of a Flip-flop Circuit 

With Daniel Schultz PNAS 2010 
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Example of a Functional Role 
Filtering noise 

Separation of time scales 
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[A] With Daniel Schultz PNAS 2010 
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The Two Bacterial Strains that we Developed  

Chiral Branching Vortex 

Paenibacillus dendritiformis Paenibacillus vortex 

Both are Gram+ lubricating bacteria  

Genome sequencing – about 7,000 genes – many surprises  


