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environmental pollution control. However, natural microorganisms still face several critical limitations in practical
applications, including insufficient sensitivity toward low-concentration pollutants, inadequate degradation efficiency,
poor adaptability to complex environments, low community stability, and potential biosafety risks. Recent advances in
synthetic biology have provided novel engineering approaches for environmental microbial degradation. By
constructing programmable genetic circuits, dynamic metabolic regulatory modules, and cooperative population
systems, synthetic biology enables highly sensitive pollutant detection, precise metabolic flux regulation, synergistic
degradation of multiple substrates, and controllable environmental behaviors of engineered microorganisms, thereby
significantly enhancing bioremediation efficiency. This review systematically summarizes recent advances in synthetic
biology for environmental remediation from the perspective of microbial regulatory system engineering. Specifically,
we discuss low-concentration pollutant-responsive systems based on transcription factors and riboswitches; signal
amplification systems employing cascade regulation and logic-gate circuits; dynamic metabolic flux regulation;
strategies for redox cofactor and energy homeostasis regulation; complex environment-responsive regulatory networks;
artificial microbial consortia and quorum sensing-mediated cooperative systems; as well as biosafety and controllability
design strategies for engineered microorganisms. Furthermore, we highlight the current challenges in environmental
synthetic biology, including complex environmental adaptability, system stability, cross-scale regulation, and practical
application and translation, and provide perspectives on the future development of intelligent, adaptive, and
ecologically compatible microbial systems. Overall, this review aims to systematically outline the core strategies and
emerging trends in environmental microbial degradation from the viewpoint of regulatory system engineering, thereby
providing theoretical guidance for the development of efficient, safe, and programmable environmental synthetic

biology systems in the future.
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Table 1 Typical pollutants and their corresponding synthetic biology regulation strategies
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Fig. 1 Artificial cell multi-substrate regulation system
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Fig.3 Representative regulation strategies of artificially synthesized microbial flora
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