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            Abstract
Synonymous mutations in protein-coding genes do not alter protein sequences and are thus generally presumed to be neutral or nearly neutral1,2,3,4,5. Here, to experimentally verify this presumption, we constructed 8,341 yeast mutants each carrying a synonymous, nonsynonymous or nonsense mutation in one of 21 endogenous genes with diverse functions and expression levels and measured their fitness relative to the wild type in a rich medium. Three-quarters of synonymous mutations resulted in a significant reduction in fitness, and the distribution of fitness effects was overall similarâ€”albeit nonidenticalâ€”between synonymous and nonsynonymous mutations. Both synonymous and nonsynonymous mutations frequently disturbed the level of mRNA expression of the mutated gene, and the extent of the disturbance partially predicted the fitness effect. Investigations in additional environments revealed greater across-environment fitness variations for nonsynonymous mutants than for synonymous mutants despite their similar fitness distributions in each environment, suggesting that a smaller proportion of nonsynonymous mutants than synonymous mutants are always non-deleterious in a changing environment to permit fixation, potentially explaining the common observation of substantially lower nonsynonymous than synonymous substitution rates. The strong non-neutrality of most synonymous mutations, if it holds true for other genes and in other organisms, would require re-examination of numerous biological conclusions about mutation, selection, effective population size, divergence time and disease mechanisms that rely on the assumption that synoymous mutations are neutral.
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                    Fig. 1: Estimating the fitness effects of coding mutations in 21 yeast genes.[image: ]


Fig. 2: Mutant fitness in YPD.[image: ]


Fig. 3: Coding mutations alter the mRNA level of the mutated gene.[image: ]


Fig. 4: A higher fitness coefficient of variation across environments for nonsynonymous than synonymous mutants can create dN/dS <<1 despite similar DFEs of synonymous and nonsynonymous mutations in each environment.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Properties of wild-type and mutant strains analyzed.
a, Experimental procedure for testing cellular respiratory functions. Cells from each of the 21 mutant libraries were spread on YPD and YPG plates, followed by colony counting after growth. Respiration is needed for cell growth on YPG but not on YPD. b, Mean ratio of YPD colony number to YPG colony number for each mutant library, based on three replicates per library. Error bars show the standard error of the mean. The negative control is deficient in respiration due to gene deletions (seeÂ Methods). c, Maximum growth rates of three reconstituted wild-type strains and BY4742. WT1 was used as the wild-type control in en masse competitions with mutants. The red error bar indicates the standard error of the mean based on 16 replicates each shown by a dot (15 for BY4742). P-values are from two-tailed t-tests. The growth rate is not significantly different among the four strains (Pâ€‰=â€‰0.58, one-factor ANOVA test). d, Ploidy of one T48 population per mutant library assessed by flow cytometry. SYTOX Green fluorescence was analyzed using the BL2 detector that measured the output from the 488-nm laser (blue). In control flow cytometry profiles, the two peaks respectively represent cells in the G1 and G2/M cell-cycle stages (1C and 2C DNA content for haploids while 2C and 4C for diploids)
Source data


Extended Data Fig. 2 Mutant fitness quantification.
a, Fractions of synonymous (yellow) and nonsynonymous (blue) mutants among designed but unobserved mutants and those among observed mutants. Nonsense mutants are not considered. Numbers in the bars are numbers of mutants. The distributions of synonymous and nonsynonymous mutants among the unobserved and observed mutant groups are not significantly different (Pâ€‰>â€‰0.05, Fisherâ€™s exact test). bâ€“f, Correlation between every two of the four replicates in estimated mutant fitness under YPD at 30â€‰Â°C. The correlation between replicate 1 and replicate 2 is presented in Fig. 1c. Each dot is a mutant and the dotted line indicates the diagonal. Pearsonâ€™s correlation r and its associated P-value are presented. Among-genotype sum of squares explains 93.8% of the total sum of squares (one-factor ANOVA)
Source data


Extended Data Fig. 3 Mutant fitness distribution under YPD at 30â€‰Â°C.
a, Distribution of the fitness of 169 nonsense mutants. The peak around 0.94 is caused by 26 nonsense mutants of GET1 that all have fitness of about 0.94. b, Cumulative frequency distributions of log10(mutant fitness) of nonsynonymous (blue) and synonymous (yellow) mutants. c, The full figure of Fig. 2c, including low-fitness mutants that are not shown in Fig. 2c. d, The full figure of Fig. 2e, including low-fitness and high-fitness mutants that are not shown in Fig. 2e
Source data


Extended Data Fig. 4 Coding mutations influence the mRNA level of the mutated gene.
a, Non-significant negative correlation between the mean fitness of synonymous mutants of a gene and the expression level of the gene. Each dot represents a gene. Spearmanâ€™s correlation Ï� and associated P-value are presented. bâ€“g, Correlation in mutant REL between replicates, which are indicated on the axes of each panel. Each dot is a mutant, and the dotted line indicates the diagonal. Pearsonâ€™s correlation r and its associated P-value are presented. Among-genotype sum of squares explains 89.7% of total sum of squares (one-factor ANOVA). h, Cumulative frequency distributions of REL of nonsynonymous and synonymous mutants. i, Relative expression level (REL) distributions of nonsynonymous (blue) and synonymous (yellow) mutants of 20 individual genes shown by box plots. The lower and upper edges of a box represent the first (qu1) and third (qu3) quartiles, respectively, the horizontal line inside the box indicates the median (md), the whiskers extend to the most extreme values inside inner fences, mdâ€‰Â±â€‰1.5(qu3-qu1), and the dots show outliers. Nonsynonymous and synonymous distributions of each gene are compared by a two-tailed Wilcoxon rank-sum test, with FDR-adjusted P-values indicated as follows: *, Pâ€‰<â€‰0.05; &#x2051;, Pâ€‰<â€‰0.01, â�‚, Pâ€‰<â€‰0.001. j, Distribution of REL of nonsense mutants
Source data


Extended Data Fig. 5 Mechanisms underlying coding mutationsâ€™ fitness effects.
aâ€“b, Box plots showing similar absolute fractional changes in the mRNA level induced by nonsynonymous (a) or synonymous (b) mutations within and outside TF-binding sites. The lower and upper edges of a box represent the first (qu1) and third (qu3) quartiles, respectively, the horizontal line inside the box indicates the median (md), the whiskers extend to the most extreme values inside inner fences, mdâ€‰Â±â€‰1.5(qu3-qu1), and the dots show outliers. P-values are from two-tailed Wilcoxon rank-sum test (nâ€‰=â€‰1191, 4736, 367, and 1411, respectively, for the four bars from left to right). câ€“d. Positive correlation between rCAI and rescaled fitness among nonsynonymous (c) and synonymous (d) mutants, respectively. e, Fraction of synonymous mutations lowering CAI increases with the expression level of the gene. f, Fraction of synonymous mutations lowering the expression level increases with the expression level of the gene. g, Fraction of nonsynonymous mutations lowering CAI increases with the expression level of the gene. h, Fraction of nonsynonymous mutations lowering the expression level increases with the expression level of the gene. i, Mean rescaled fitness of synonymous mutants declines with the expression level of the gene. j, Mean rescaled fitness of nonsynonymous mutants declines with the expression level of the gene. Because deleting a more highly expressed gene tends to cause a greater fitness reduction60, the finding in panel j means that the mean fitness reduction caused by a nonsynonymous mutation should rise with the expression level of the gene. In e-j, each dot represents a gene. kâ€“l, positive correlation between the relative mRNA folding strength (rMFS) of a nonsynonymous (k) or synonymous (l) mutant and its rescaled fitness when rMFS is below 1. The rMFS of a mutant is its mRNA folding strength (i.e., the absolute value of its minimal folding energy) divided by that of the wild-type. In each panel, the correlation is separately computed for mutants with rMFSâ€‰<â€‰1 and those with rMFSâ€‰>â€‰1. In c-l, rank correlations (Ï�) and associated P-values are shown
Source data


Extended Data Fig. 6 A higher coefficient of variation (CV) of fitness across environments for nonsynonymous than synonymous mutants can create a nonsynonymous to synonymous substitution rate ratio (dN/dS) that is substantially below 1 despite similar fitness effects of synonymous and nonsynonymous mutations in each environment.
a, Mean expected dN/dS from 1000 simulations of a population that experiences multiple different environments. A mutant is purged if its fitness is lower than a preset cutoff such as 0.98 or 0.99 in any environment. Shaded areas represent 95% confidence intervals. a. Results with CVâ€‰=â€‰0.004 for synonymous mutants. b, Results with CVâ€‰=â€‰0.005 for synonymous mutants. Note that, under the fitness cutoff of 0.99, dN/dS starts to increase with the number (m) of environments when m is large. Raising m reduces the fraction of synonymous mutations that are always neutral (FANS) as well as the fraction of nonsynonymous mutations that are always neural (FANN). Because the fitness CV is larger for nonsynonymous than synonymous mutants in the simulation, FANN decreases with m more quickly than does FANS when m is small. When m is large, FANN is small, making it possible for FANS to decrease with m more quickly than FANN. As a result, dN/dS might increase with m when m is large
Source data


Extended Data Fig. 7 Pairwise correlation between replicates in estimated mutant fitness in each of the three additional environments used.
aâ€“c, Correlation between every two of the three replicates in estimated mutant fitness under SC at 37â€‰Â°C. Each dot is a mutant and the dotted line indicates the diagonal. Pearsonâ€™s correlation r and its associated P-value are presented. Among-genotype sum of squares explains 96.1% of the total sum of squares (one-factor ANOVA). dâ€“f, Correlation between every two of the three replicates in estimated mutant fitness under YPD + 0.375 mM H2O2. Among-genotype sum of squares explains 94.4% of the total sum of squares. gâ€“i, Correlation between every two of the three replicates in estimated mutant fitness under YPE. j, Correlation between replicates 1 and 3 in estimated mutant fitness under YPE after the exclusion of SNF6 mutants. k, Correlation between replicates 2 and 3 in estimated mutant fitness under YPE after exclusion of SNF6 mutants. Panels g-k suggest that the fitness estimates of SNF6 mutants in replicate 3 under YPE are unreliable, so are unused in fitness estimation in YPE. When SNF6 is excluded, among-genotype sum of squares explains 91.0% of the total sum of squares in YPE
Source data


Extended Data Fig. 8 Mutant fitness in the three additional environments used.
aâ€“c, Fractions of synonymous (yellow) and nonsynonymous (blue) mutants among designed but unobserved mutants and those among observed mutants in each environment. Nonsense mutants are not considered. Numbers in the bars are numbers of mutants. The distributions of synonymous and nonsynonymous mutants among the unobserved and observed mutant groups are not significantly different in each environment (Pâ€‰>â€‰0.05, Fisherâ€™s exact test). dâ€“f, Cumulative frequency distributions of fitness of nonsynonymous and synonymous mutants in each environment. gâ€“i, Fitness distributions of nonsynonymous and synonymous mutants of 19 individual genes shown by box plots in each environment. The lower and upper edges of a box represent the first (qu1) and third (qu3) quartiles, respectively, the horizontal line inside the box indicates the median (md), the whiskers extend to the most extreme values inside inner fences, mdâ€‰Â±â€‰1.5(qu3-qu1), and the dots show outliers. Nonsynonymous and synonymous distributions for each gene are compared by a two-tailed Wilcoxon sum-rank test, with the FDR-adjusted P-value indicated as follows: *, Pâ€‰<â€‰0.05; &#x2051;, Pâ€‰<â€‰0.01, â�‚, Pâ€‰<â€‰0.001. jâ€“l, Fractions of mutants with fitness significantly below 1 (Pâ€‰<â€‰0.05), significantly above 1, and neither, respectively, in each environment. The error bar shows one standard error. The distributional difference between synonymous and nonsynonymous mutants among the three bins is tested by two-tailed Fisherâ€™s exact test, with the P-value indicated. At FDRâ€‰=â€‰0.05, 40.7% and 0.7% of nonsynonymous mutations and 34.8% and 0.5% of synonymous mutations are significantly deleterious and beneficial, respectively, in SC+37â€‰Â°C. These values become 35.5%, 1.7%, 31.9% and 1.6% in YPD+H2O2, and 47.6%, 1.4%, 45.6%, and 1.0% in YPE
Source data


Extended Data Fig. 9 Fractions of nonsynonymous (blue) and synonymous (yellow) neutral mutations in one environment (indicated on the X-axis) that become deleterious in any of the other three environments.
The fractions are higher for nonsynonymous than synonymous mutations (Pâ€‰<â€‰0.05, paired t-test). A mutation is considered deleterious if its fitness is significantly lower than 1 (Pâ€‰<â€‰0.05) and neutral if its fitness is not significantly different from 1
Source data


Extended Data Fig. 10 A new model explaining the widespread negative correlation between the mRNA level of a gene and its evolutionary rate measured by the nonsynonymous or amino acid substitution rate.
Compared with nonsynonymous mutations in lowly expressed genes, those in highly expressed genes tend to reduce the gene expression level and hence tend to be deleterious. As a result, the evolutionary rate of a gene measured by the nonsynonymous or amino acid substitution rate is negatively correlated with the gene expression level. The height of a symbol represents the quantity considered.





Supplementary information
Reporting Summary

Peer Review File

Supplementary Data 1
Properties of the 21 genes studied.


Supplementary Data 2
Genotype frequencies in each replicate competition.


Supplementary Data 3
Fitness of all mutants in all environments.


Supplementary Data 4
Relative mRNA levels of all mutants in YPD.


Supplementary Data 5
Primers used in the study.





Source data
Source Data Fig. 1

Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4

Source Data Extended Data Fig. 1

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 3

Source Data Extended Data Fig. 4

Source Data Extended Data Fig. 5

Source Data Extended Data Fig. 6

Source Data Extended Data Fig. 7

Source Data Extended Data Fig. 8

Source Data Extended Data Fig. 9




Rights and permissions
Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is solely governed by the terms of such publishing agreement and applicable law.
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Shen, X., Song, S., Li, C. et al. Synonymous mutations in representative yeast genes are mostly strongly non-neutral.
                    Nature 606, 725â€“731 (2022). https://doi.org/10.1038/s41586-022-04823-w
Download citation
	Received: 03 August 2021

	Accepted: 28 April 2022

	Published: 08 June 2022

	Issue Date: 23 June 2022

	DOI: https://doi.org/10.1038/s41586-022-04823-w


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Iron-related gene mutations driving global Mycobacterium tuberculosis transmission revealed by whole-genome sequencing
                                    
                                

                            
                                
                                    	Yameng Li
	Yifan Li
	Huaichen Li


                                
                                BMC Genomics (2024)

                            
	
                            
                                
                                    
                                        Fitness difference between two synonymous mutations of Phytophthora infestans ATP6 gene
                                    
                                

                            
                                
                                    	Oswald Nkurikiyimfura
	Abdul Waheed
	Lina Yang


                                
                                BMC Ecology and Evolution (2024)

                            
	
                            
                                
                                    
                                        Genetic analysis and molecular basis of G6PD deficiency among malaria patients in Thailand: implications for safe use of 8-aminoquinolines
                                    
                                

                            
                                
                                    	Usa Boonyuen
	Beatriz Aira C. Jacob
	Shamini Chandran


                                
                                Malaria Journal (2024)

                            
	
                            
                                
                                    
                                        A non-human primate model for human norovirus infection
                                    
                                

                            
                                
                                    	Inga Rimkute
	Natthawan Chaimongkol
	Mario Roederer


                                
                                Nature Microbiology (2024)

                            
	
                            
                                
                                    
                                        Codon language embeddings provide strong signals for use in protein engineering
                                    
                                

                            
                                
                                    	Carlos Outeiral
	Charlotte M. Deane


                                
                                Nature Machine Intelligence (2024)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Mutations matter even if proteins stay the same
                

                
	Nathaniel Sharp



                
    
        
            Nature
        
        News & Views
        
        
            08 Jun 2022
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
