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Abstract 
Frameshift mutations are mostly deleterious, and frameshift protein sequences are mostly meaningless, while functional frameshift genes and proteins are widely found. The molecular mechanisms of repairing DNA damages and point mutations are well understood, but it remains unclear how frameshift mutations are repaired. This study reports that the recovery rate of a frameshift mutation in E. coli was higher than expected, indicating that frameshift reversion is not random mutagenesis but targeted gene repair. We proposed a new molecular model for frameshift repair, nonsense-mediated gene revising (NMGR), which improves the rate of frameshift repair while brings genetic diversity, and acts as a driving force for molecular evolution. In this study, molecular biotechniques and multi-omics were used to identify, isolate, and characterize relevant genes and proteins, and clarify their functions in the process of frameshift repair. Besides, we report that frameshift and wild-type proteins are often highly similar because the standard genetic code (SGC) was optimized for frameshift tolerance, and the SGC has the best frameshift tolerance among all alternative genetic codes for many key amino acid properties. The frameshift tolerance is not a side effect of the degeneracy and the mismatch robustness, but their combination and extension. Moreover, frameshift tolerance was optimized at the fundamental levels of genes and genomes through biased usages of codons and codon pairs. Also, we screen and validate shiftable exons through genome big data analysis and elucidates the role of frameshift tolerance and shiftable exons in molecular and genome evolution, the functioning and repairing of protein coding genes, as well as their changes across the phylogenetic tree and the evolutionary history of life.
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Fig 1. The frequencies of MSm and MSf and their components in the polar requirement.
(a-c) Histograms of mismatch and frameshift MS in the polar requirement, showing (a) RGCs' MSm, (b) RGCs' MSf, (c) AGCs' MSf, and their components in the standard genetic code (SGC) and alternative genetic codes (AGC). MSf and MSm are the total mismatch and frameshift MS, respectively; MSm1, MSm2, and MSm3 are respectively the mismatch MS at base position 1, 2, or 3; MSf1, MSf2, and MSf3 are respectively the frameshift MS with 1, 2, or 3 differences compared with the original codons. The blue text and a dashed line indicate the MSf or MSm value for the SGC (or AGCs).
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