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Abstract: As a cutting-edge modality in synthetic biology-driven therapeutics, engineered probiotic consortia hold
immense promise for disease intervention and treatment. However, the design and assembly methodologies for these
synthetic ecosystems remain poorly summarized and analyzed. In this review, we begin by systematically reviewing
and critically evaluating the current applications and therapeutic potentials of common single-strain probiotics in the

prevention and treatment of various diseases. Then, we provide a systematic summary for three primary assembly
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strategies to engineer these consortia, i.e., the heuristic cocktail, the physical contact-dependent assembly, and the small
molecule-mediated contact-independent assembly. The heuristic cocktail synergizes functionally complementary
bacterial strains to achieve enhanced therapeutic effects, though it faces challenges in achieving precise functional
coordination and control. The physical contact-dependent assembly employs techniques such as genetically encoded
adhesins, DNA-programmed assembly, and biomaterial encapsulation to improve gut colonization and delivery
efficiency, yet balancing colonization stability with safety remained as a significant challenge. In contrast, the molecule-
mediated contact-independent assembly utilizes quorum sensing and metabolic cross-feeding to achieve precise control
of synthetic probiotic consortia, although the low efficiency in constructing cross-species metabolic networks presents
a major bottleneck. We critically examine the mechanistic principles, representative applications, and current
limitations of each strategy. Looking forward, the field is moving beyond the refinement of individual strategies toward
their synergistic integration. Combining the rapid prototyping and functional complementarity of the cocktail approach
with the precise spatial organization and enhanced colonization offered by physical contact-based strategies, and further
empowering the consortium with the dynamic, programmable regulation afforded by molecular communication hold
the key to constructing truly robust, efficient, and intelligent therapeutic ecosystems. This integrated approach,
supported by advances in artificial intelligence and genome-scale metabolic modeling, promises to accelerate the
rational design of next-generation synthetic probiotics. This comprehensive overview aims to provide a foundational

framework and technical reference for developing advanced, safe, and effective synthetic probiotic therapies.
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[It depicts engineered strategies from intraspecies to interspecies communication from left to right, sequentially including: population density
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control" “(based on a “killer gene” circuit constructed with the LuxI/LuxR system), predator-prey system
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Gram-negative to Gram-positive bacteria""*!, and receptor-based perception of Gram-negative bacterial signals by Gram-positive bacteria!''".]
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(The left side depicts passive cross-feeding, a spontaneous process originating from natural ecosystems that is driven by the random exchange of

metabolic byproducts!'?”. The right side presents strategies achieved through active engineering!'*!: metabolic engineering of specific strains enables

the directed construction of efficient nutrient supply relationships, and this approach has led to the development of modular “cross-feeding toolkits”

for broader applications "%, )
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Table 2 Comparison of the three assembly strategies for developing synthetic probiotic consortia
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