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Abstract: Living organisms exhibit amazing spatiotemporal patterns in many traits, such as animal skin, body shapes,
etc. Pattern formation is the reliable and recurrent generation of orderly patterns or structures. Whether there is a
universal design principle(s) underlying this process remains a fundamental scientific question. Although genetic
studies have revealed diverse gene regulatory networks involved in pattern formation, finding unifying principles is
usually difficult due to the complexity of biological systems. In parallel, theoretical models that omit biological details
but extract the essence of the system have been established. However, verification of these conceptual models in real
biological systems is difficult. Through the 'bottom-up' construction of synthetic systems with well-characterized

genetic parts, synthetic biology provides an effective approach to reveal biological principles in biological pattern
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formation. In this review, we first give a brief introduction of two major theories of biological pattern formation, the

morphogen gradient model and the reaction-diffusion model. Then we review recent synthetic biology studies on

biological pattern formation, highlighting its contributions to the validation of existing theories and the discovery of

novel pattern formation mechanisms, such as the regulation of scaling, the formation of periodic patterns and the self-

organization of multicellular structures. Finally, we envision that the intersection between synthetic biology and

developmental biology will inspire researchers to reexamine the natural pattern formation process, where novel

mechanisms discovered from synthetic systems may play an important role. We further discuss the possible

applications of synthetic pattern-forming systems in biomaterial fabrication, regenerative medicine and tissue

engineering in the future.
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(a) The morphogen gradient model

(The left panel shows the establishment of a morphogen concentration gradient; the right panel de-

scribes non-linear interpretation of morphogen gradients)
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(b) The reaction-diffusion model

(The left panel shows the activator and inhibitor which are two interacting morphogens involved in the

reaction-diffusion model. The activator activates the synthesis of itself and the inhibitor,whereas the in-

hibitor suppresses the synthesis of the activator. The diffusion rate of the activator is much higher than

that of the inhibitor; the middle panel shows oscillations with fixed wavelength resulted from the reac-

tion and diffusion of the two morphogens; the right panel shows different types of Turing patterns by

the simulation of the reaction-diffusion model)
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Fig. 1 Theoretical models for biological pattern formation™
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(a) A synthetic

‘sender-receiver’ system to verify the morphogen gradient model

(The left panel shows the diagram of the synthetic circuit that programs receiver cells to respond low-

molecular AHL concentration secreted by sender cells; the right panel shows a representative

‘bullseye’ pattern)
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‘reaction-diffusion’ system that produces stochastic Turing patterns

(The left panel shows two signaling molecules 30C12HSL and C4HSL involved in the system.

30CI12HSL, as an activator, facilitates the synthesis of both molecules, while C4HSL inhibits their syn-

thesis.; the middle panel shows the spatial concentration profiles of the signaling molecules and fluores-

cent reporter proteins; the right panel depicts an illustration of the stochastic Turing patterns produced

by the system)
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Fig. 2 Representative studies in the application of synthetic biology to verify existing theories for pattern formation®**!
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(a) Morphogen (AHL) as a timing cue to initiate the formation of a core-ring gene expression pattern
(The left panel shows the diagram of the synthetic circuit that follows the logic of the reaction-diffusion model;

the right panel shows a representative core-ring pattern. The ratio between the ring width and the colony radius keeps constant)
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(b) A density-dependent motility control circuit that forms sequential bacterial density stripes

(The left panel shows the diagram of the synthetic circuit to repress CheZ expression at high cell densities; the right

panel shows a periodic bacterial stripe pattern generated by the circuit)
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(¢) SynNotch mediated cell differentiation and differential adhesion lead to the formation of multicellular structures in vitro

(The upper panel shows the differential adhesion, the expression of fluorescent reporter genes and the production of new
SynNotch ligands induced by SynNotch signaling via cell-cell contact; the lower panel depicts the formation

of multicellular structures, ranging from simple to complex and from symmetry to asymmetry)
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Fig. 3 Representative studies in the application of synthetic biology to explore novel mechanisms for biological pattern formation'
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