







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 27 November 2013



                    Mutational and fitness landscapes of an RNA virus revealed through population sequencing

                    	Ashley Acevedo1, 
	Leonid Brodsky2 & 
	Raul Andino1Â 



                    

                    
                        
    Nature

                        volumeÂ 505,Â pages 686â€“690 (2014)Cite this article
                    

                    
        
            	
                        26k Accesses

                    
	
                        262 Citations

                    
	
                            41 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Experimental evolution
	Viral evolution


    


                
    
    

    
    

                
            


        
            Abstract
RNA viruses exist as genetically diverse populations1. It is thought that diversity and genetic structure of viral populations determine the rapid adaptation observed in RNA viruses2 and hence their pathogenesis3. However, our understanding of the mechanisms underlying virus evolution has been limited by the inability to accurately describe the genetic structure of virus populations. Next-generation sequencing technologies generate data of sufficient depth to characterize virus populations, but are limited in their utility because most variants are present at very low frequencies and are thus indistinguishable from next-generation sequencing errors. Here we present an approach that reduces next-generation sequencing errors and allows the description of virus populations with unprecedented accuracy. Using this approach, we define the mutation rates of poliovirus and uncover the mutation landscape of the population. Furthermore, by monitoring changes in variant frequencies on serially passaged populations, we determined fitness values for thousands of mutations across the viral genome. Mapping of these fitness values onto three-dimensional structures of viral proteins offers a powerful approach for exploring structureâ€“function relationships and potentially uncovering new functions. To our knowledge, our study provides the first single-nucleotide fitness landscape of an evolving RNA virus and establishes a general experimental platform for studying the genetic changes underlying the evolution of virus populations.
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                    Figure 1: CirSeq substantially improves data quality.[image: ]


Figure 2: CirSeq reveals the mutational landscape of poliovirus.[image: ]


Figure 3: Determination of in vivo mutation rates of poliovirus.[image: ]


Figure 4: Fitness landscape defines structureâ€“function relationships.[image: ]
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Extended data figures and tables

Extended Data Figure 1 CirSeq library preparation scheme.
As described in Methods, purified populations of ssRNA viral RNA genomes are converted by a series of molecular cloning steps to a library compatible with Illumina sequencing. Illumina paired-end Y-adaptors are represented in blue.


Extended Data Figure 2 Mutation frequencies of transitions and transversions.
Because transitions (Ts) and transversion (Tv) occur at different rates, the overall frequencies of these types of mutations stabilize at different levels. The lower the mutation frequency, the longer it takes to stabilize, because smaller quantities of error can more dramatically impact their measured frequency. An important consideration for CirSeq is at what quality score to threshold data in order to minimize the contribution of error in the final output and maximize the total quantity of the data used.


Extended Data Figure 3 Genome coverage per base.
a, Coverage for sequenced passages. The coverage for each base for each library above the minimum quality threshold of average Q20 was mapped. On average, we obtained 204,205-fold coverage for our populations. The coverage profile is extremely consistent between libraries and experiments. b, Effect of RNA fragment size on coverage bias. Use of fragments less than 80â€“90 bases in length results in over-representation of A-rich sequences. This bias is likely the result of inefficient priming of certain short templates by reverse transcriptase. Fragments should be at least 80â€“90 bases, which limits coverage bias to within approximately 10Ã—, typical of RNA-seq.


Extended Data Figure 4 Frequency measurement error.
a, b, Error in measurement of mutation frequencies is determined by coverage depth and mutation frequency. A library prepared from 30 base fragments, which increases variability in the level of coverage (see Extended Data Fig. 3b) over different regions of the poliovirus genome, was broken into 10â€‰million read sets (sets 1 and 2). The frequency of each variant for the two sets was mapped against each other to visualize their correlation. a, Measurement error can be estimated as the standard error of a binomial distribution. Per cent error is obtained by dividing this standard error by the variant frequency. Low measurement error corresponds to high correlation between variant frequencies measured in each set. b, Correlation between measured variant frequencies also corresponds to coverage, where greater coverage increases correlation. The amount of coverage required to obtain good correlation between measurements scales with variant frequency. c, Amplification bias. The distribution of frequencies of nonsense mutations generated by Câ€‰>â€‰U mutation are shown for passages 2 and 3. In each case, frequencies are tightly distributed around the mean, ruling out PCR amplification bias in contributing substantially to measurement error of variant frequencies.


Extended Data Figure 5 Inferred population structure and selection over seven passages.
a, Simulation of population structure from sequencing data. The histograms display the proportion of genomes at each passage containing the given number of mutations (Hamming distance from the reference) after removing genomes containing lethal mutations from the population. The proportion of genomes containing single point mutations is relatively constant throughout the passages whereas the proportions of wild-type and multi-variant genomes decrease and increase, respectively. Theses proportions are based on a simulation where mutations are distributed randomly and all viable mutants have fitness equivalent to wild type. b, Accumulation of mutations by selection. The frequency of mutations accumulated as a result of selection, that is, after removing de novo mutations, is plotted for each passage. Mutations accumulate approximately linearly over the course of the experiment suggesting that selection is constant.


Extended Data Figure 6 Analysis of mutational fitness effects.
a, Spatial distribution of synonymous mutations by fitness effect. Synonymous mutations were binned by the magnitude of their fitness effect and plotted against their respective genome position. Each bin of fitness effects is well distributed across the genome, indicating that synonymous mutations with strong fitness effects map to discrete regions. b, The distributions of mutational fitness effects of synonymous mutations for structural (black) and non-structural (green) genes are similar. c, Summary of mutational fitness effects. Differences in variance are statistically significant between non-synonymous mutations in structural and non-structural genes both including and excluding lethal mutations (Pâ€‰<â€‰0.001, one-sided F-test). Differences in variance are also statistically significant between non-synonymous and synonymous mutations the coding sequence both including and excluding lethal mutations (Pâ€‰<â€‰0.001, one-sided F-test).


Extended Data Figure 7 Number of passages used to calculate fitness affects accuracy.
Fitness for each variant was calculated for varying numbers of serial passages and normalized to the fitness calculated using the full set of seven passages. As the number of passages used to calculate fitness increases, the variation in fitness decreases, indicating that the calculated fitness is more accurate.


Extended Data Figure 8 Simulation of genetic drift and its impact on fitness measurement.
Top row shows one thousand simulations of a mutation-selection-drift process in a population of 106 genomes are shown for mutations initiated at their mutation rate: 10âˆ’3 (black), 10âˆ’4 (blue), 10âˆ’5 (green) and 10âˆ’6 (red). Because of the low number of mutations in populations where the mutation rate was set to 10âˆ’6, it is common for the population to lose the mutant by drift. As frequency was plotted on a log scale, a frequency of 0 was represented as 10âˆ’7. The histograms show fitness calculated using a simple mutation-selection model for each simulation. The standard deviation for each set of calculations is noted in the title of each set of simulations. The stronger drift experienced by low frequency variants reduces the accuracy of fitness measurements. To account for this effect, we have incorporated drift into our fitness model.


Extended Data Table 1 Summary of data collected from sequenced passagesFull size table


Extended Data Table 2 Comparison of the phenotypes of published mutants16 35 36 37 38 39 with fitness calculated using CirSeqFull size table
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Evolving RNA viruses sequenced
Raul Andino and colleagues report a new approach to the determination of mutation frequencies within RNA virus populations. The new technique, circular sequencing (CirSeq), uses circularized genomic RNA fragments to generate tandem repeats that then serve as substrates for next-generation sequencing. The authors use CirSeq to track the genetic composition of populations of poliovirus replicating in human cells in culture and uncover the mutational landscape of the population. The extent of change in mutation frequency for each variant over the course of passage in cell culture is a measure of the relative fitness of each variant, thereby delineating the fitness landscape for an evolving RNA virus.
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