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Cells process information using bio-molecular circuits of interacting proteins and genes. A 

remarkable property of these circuits is their ability to function in highly variable biological 

environments: Biochemical processes are stochastic, environmental conditions fluctuate, and 

genetic polymorphisms are abundant. How is variability buffered to maintain a robust output? 

Can variability be exploited to allow computations not possible by deterministic dynamics? 

These questions lie at the heart of contemporary systems biology. We argue here that 

biological variability is fundamental for understanding principles underlying design and 

function of biological circuits. As concrete examples, we will discuss the buffering of variability 

during embryonic patterning, and the incorporation of variability in microbial responses to 

changing conditions.  

 

Biological processes are subject to high variability at the molecular level. First, molecular 

interactions are stochastic, performed by a finite (and sometime low) number of molecules [1-

3]. Kinetic processes are also dependent on fluctuating parameters in the external environment 

such as temperature or pH. Furthermore, genetic mutations or polymorphisms introduce an 

additional source of variability, as they could influence enzymatic concentrations or reaction 

rate constants. The need to operate in a "noisy" environment is therefore a defining property of 

biological systems.       

In stark contrast to this high variability, key biological processes are extremely reproducible. 

Perhaps the best illustration of this robustness is the patterning of multicellular organisms, 

which remains invariable between individuals grown in widely differing conditions. This so-called 

canalization was studied since the early days of embryology [4,5]. While error compensation 

may occur at subsequent stages of development, or act directly to minimize the source of 

variability [6**], we will argue here that variability is buffered already at the level of the 

biochemical circuits defining the very initial stages of differentiation.  
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