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Robustness and design principles of synthetic microbial communities

for application
Qi Panging'" ?, Liu Xuewen’, Wu Mengdi’, Hou Qihui*, Nie Yong’, Wu Xiaolei’, Ma Anzhou'" *

('Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085, China; “College of Resources
and Environment, University of Chinese Academy of Sciences, Beijing 100049, China; °School of Mechanics and Engineering
Science, Peking University, Beijing 100871, China; *Department of Physics, The Chinese University of Hong Kong,
Hongkong 999077, China)

Abstract: Synthetic microbial communities (SynComs), serving as the core vehicle for the paradigm shift in
synthetic biology from monoculture cell factories to multicellular consortia, represent a pivotal strategy for achieving
complex functionalities. However, a significant robustness gap persists when transitioning SynComs from controlled
laboratory settings to complex, heterogeneous open environments. This review first systematically deconstructs the
multidimensional connotations of robustness of SynComs for application across four key dimensions: environmental
fitness, functional stability, colonization persistence, and scale-up adaptability. To address the complexity of open
environments and circumvent the inherent limitations of emergent properties in low-complexity SynComs (typically
comprising fewer than 20 species), this review employs high-complexity, large-scale SynComs (comprising more than
20 species), designed for high-fidelity emulation of complex natural habitats, as research models. Through reverse
engineering, we characterize the underlying ecological mechanisms that maintain robustness under fluctuating
pressures. Our analysis reveals that the robustness of large-scale SynComs originates from emergent properties
generated by nonlinear coupling. In the phylogenetic dimension, diversity redundancy among high-abundance species

forms a rigorous niche barrier, significantly enhancing invasive defense. In the metabolic dimension, members of
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SynComs construct efficient negative feedback loops, where the metabolic sink function of key species effectively
alleviates the toxic accumulation of hazardous intermediates. In the environmental response dimension, the consortia
exhibit strong correlations with host regulation and habitat fluctuations. Crucially, existing studies have indicated a
decoupling between colonization and function, demonstrating that the functional robustness of SynComs can manifest
as transient and immediate effects, rather than relying on permanent niche occupation. Based on these insights, we
propose four rational design principles for the application of SynComs: 1) Phylogenetic niche saturation, enhancing
invasion resistance by maximizing lineage saturation in target scenarios; 2) Metabolic negative feedback regulation,
utilizing key metabolic sink species to eliminate metabolic toxicity; 3) Host-environment coupling, achieving steady-
state alignment between artificial consortia and indigenous environmental factors; and 4) Functional demand-driven
effect trade-offs. Functioning as a top-level constraint, this principle advocates for the dynamic adjustment of design
logic across the other principles based on specific application scenarios (e.g., immediate intervention vs. long-term
maintenance). This review provides systematic methodological guidance for the application of SynComs to overcome
scale barriers when transitioning from the laboratory to open environments. Furthermore, it offers robust theoretical
support for strengthening the underlying constraints of the "Design-Build-Test-Learn" (DBTL) cycle and for the

rational construction of high-performance, stable SynComs.

Keywords: synthetic microbial communities; robustness; reverse engineering; design constraints; design-build-test-
learn (DBTL) cycle
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Table 1 The connotation of application-oriented robustness of SynComs
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