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Abstract
Bacteriophages are increasingly explored as biocontrol agents in food systems.[1] However, their long-term effectiveness is often limited by rapid host-phage co-evolution and the emergence of bacterial resistance.[2] In this study, we co-evolved Salmonella with lytic phage SF1 over 30 days to systematically investigate how resistance development shapes co-evolutionary dynamics and outcomes. Evolved bacterial populations exhibited heterogeneous resistance phenotypes, including sensitivity, partial resistance, and complete resistance, with resistance strength showing a strong correlation with reduced phage adsorption, indicating that receptor modification is a dominant mechanism. Importantly, resistance evolution was accompanied by distinct fitness trade-offs that varied depending on the underlying genetic pathway. Genomic analysis identified two major classes of resistance mutations: key mutations, such as disruptions in rfb-regulated O-antigen biosynthesis, which led to loss of phage receptors and conferred strong resistance with relatively low fitness cost, and secondary mutations affecting less critical cellular processes, including fimbrial synthesis and tRNA modification, which resulted in partial resistance but imposed higher fitness costs. These contrasting resistance strategies generated distinct evolutionary trajectories within bacterial populations. We found that co-evolutionary outcomes were jointly determined by two key factors: resistance strength and associated fitness cost. High-frequency, low-cost resistance enabled resistant populations to rapidly dominate and eliminate phages, leading to phage extinction, whereas higher-cost or incomplete resistance maintained a balance between host and phage, resulting in dynamic co-existence. These findings demonstrate that evolutionary trade-offs in bacterial resistance are central to shaping host-phage population dynamics and highlight that the balance between resistance efficiency and fitness cost, rather than resistance alone, determines long-term outcomes. From a food microbiology perspective, this work provides important insights into optimizing phage-based biocontrol strategies, suggesting that steering evolutionary pathways toward higher-cost or incomplete resistance may help sustain phage efficacy and reduce resistance-driven failure in food safety applications.
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