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Multicellular systems, composed of many cells that interact with each other, involve a complex web of inter- and intra-cellular interactions. Deducing how collective behaviors of cells arise from first principles through a hierarchy of interactions - going from genetic circuits to multicellular behaviors - is an outstanding challenge. How do small scale molecular interactions inside a single cell within a population lead to the population-level behaviors? Addressing this question is challenge is due to two primary reasons. One reason is that there are too many variables to measure and model. The second reason is that we lack the correct metrics for describing collective behaviors such as coordination of gene expression among hundreds of cells over space and time. In this talk, I will describe three studies in which we tackled this challenge by developing a theoretical framework inspired by statistical mechanics and through experiments in which we engineered communities of yeast cells that mimic natural multicellular systems. With simple experiments, we map the relationship between circuits and multicellular behaviors. In one study, we built a ‘secrete-and-sense’ circuit in yeast that enables the cell to simultaneously secrete and sense the same extracellular signaling molecule. By tuning the main elements of the secrete-and-sense circuit, we show how this seemingly simple circuit tunes the degree of self-communication ("autocrine" signaling) and of neighbor-communication ("paracrine" signaling) to enable the cells to span a diverse space of multicellular behaviors. I will also describe an on-going experiment in which the secrete-and-sense cells help each other remember a transient past event – a form of multicellular memory. On the theoretical side, I will describe a simple and practical theory that we developed, which provides new concepts – “entropy of cell population”, “cellular Hamiltonian”, and “spatial order index” – for understanding coordination of gene expression among an arbitrary number of secrete-and-sense cells in a population that self-organize spatial patterns.
