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            Abstract
Genome sequencing and analysis allow researchers to decode the functional information hidden in DNA sequences as well as to study cell to cell variation within a cell population. Traditionally, the primary bottleneck in genomic analysis pipelines has been the sequencing itself, which has been much more expensive than the computational analyses that follow. However, an important consequence of the continued drive to expand the throughput of sequencing platforms at lower cost is that often the analytical pipelines are struggling to keep up with the sheer amount of raw data produced. Computational cost and efficiency have thus become of ever increasing importance. Recent methodological advances, such as data sketching, accelerators and domain-specific libraries/languages, promise to address these modern computational challenges. However, despite being more efficient, these innovations come with a new set of trade-offs, both expected, such as accuracy versus memory and expense versus time, and more subtle, including the human expertise needed to use non-standard programming interfaces and set up complex infrastructure. In this Review, we discuss how to navigate these new methodological advances and their trade-offs.
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                    Fig. 1: Overview of genomic analysis pipelines.[image: ]


Fig. 2: Genomic compression and sketching.[image: ]
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Glossary
	Accelerators
	
                  A hardware device or software program that enhances the overall performance of the computer. A software accelerator implements as many system functions as possible in software and moves performance-critical functions into special-purpose external hardware to reduce compute time.

                
	Bloom filters
	
                  An indexing approach for storing the presenceÂ or absence of k-mersÂ in a dataset; they have been leveraged to considerably reduce the amount of space and still run in constant time. However, they can have high false positive rates (that is, query hits when there are none).

                
	CIGAR strings
	
                  (Concise idiosyncratic gapped alignment report strings). The sequence alignment map (SAM) file formatâ€™s compressed representation of a read alignment to a reference.

                
	Cloud computing
	
                  The use of computing resources distributed in the â€˜cloud-shapedâ€™ Internet to store, manage and analyse data, rather than doing so on a local server or personal computer.

                
	Complexity
	
                  Algorithm complexity is generally measured as an upper bound on its long-term growth rate: how its runtime or space requirements grows as the input size grows, rather than its absolute magnitude, and thus constants are omitted. In practice, a set of algorithms can share the asymptotic complexity despite some of them being a constant 2, 3 or even 1,000 times slower than their counterparts in the set.

                
	Compute resources
	
                  The amount of compute power (for example, central processing units (CPUs) and memory) that can be requested, allocated and used for computing.

                
	Domain-specific languages
	
                  Computer languages tailored to a specific domain such as genomics.

                
	Field-programmable gate arrays
	
                  (FPGAs). Hardware accelerators that can be configured/reprogrammed by a customer after manufacturing. They enable custom hardware acceleration without needing entirely new chips to be manufactured.

                
	Graphics processing units
	
                  (GPUs). Hardware accelerators that can process many pieces of data simultaneously. They were historically used primarily for rendering computer graphics, but the massive parallelism makes them useful for applications such as machine learning.

                
	Jaccard index
	
                  A measure of the similarity between two sets, defined as the size of the intersection divided by the size of the union.

                
	
                           k-mer
	
                  Genomic data normally come in long strings of nucleotides (A, C, G and T). Many genomic algorithms process these strings by looking at exact matches of length-k substrings, which are known as k-mers.

                
	Kryderâ€™s law
	
                  Disk drive density doubles every 13â€‰months, determined by the capability of hard drive storage media over time.

                
	Lossless compression
	
                  A procedure that takes advantage of redundancy/repetition to reversibly transform a large file into a smaller one â€” for example, storing the string â€˜ACGTACGTACGTACGTACGTâ€™ as â€˜5*(ACGT)â€™. Note that although shorter, the transformed string contains all the same information as the original.

                
	Lossy compression
	
                  Sometimes, we are willing to discard some information when compressing a file. For example, if we start with data points â€˜12.362, 15.212, 92.786â€™ we could round the points and discard some precision to get â€˜12, 15, 93â€™, which can be stored in less space. However, after lossy compression, although we can still reproduce data that look similar to the same kind of format as the original, they are no longer an exact replica.

                
	Metagenomics
	
                  Ordinary genomics studies the genome of a single organism. Metagenomics is the simultaneous study of a collection of many different speciesâ€™ genomes in a single sample, typically that of microbial communities.

                
	Mooreâ€™s law
	
                  Computing power (in TeraFLOPS) doubles every 18â€‰months, determined by the number of transistors you can pack per unit area on a chip.

                
	Multicore
	
                  A single computing processor with two or more independent computing units (called cores). Running multiple instructions on multiple cores at the same time can increase the overall speed of programs.

                
	Parallelization
	
                  Parallel computing allows numerous calculations to be performed simultaneously, thereby accelerating computation. Based on this principle, many large-scale computational tasks can then be divided into smaller ones and solved on multiple machines concurrently.

                
	Parsing
	
                  The input data to a computer program can come in various formats. Before performing any type of complicated analysis, programs must first translate those data into an internal representation, in a process known as parsing.

                
	Random access memory
	
                  (RAM). Short-term storage for data the computer is actively using to speed access.

                
	Random access
	
                  Access to any element of stored data as easily and efficiently as any other.

                
	RNA sequencing
	
                  A genomic approach for the detection and quantitative analysis of mRNA molecules in a biological sample.

                
	Scale
	
                  Scalability typically refers to how an algorithm handles larger amounts of data; for example, an algorithm scales with the amount of data if its runtime and space requirements growÂ slowly enoughÂ inÂ requiredÂ time and size to solve the problem.

                
	Single-threaded
	
                  Computation that operates as a single sequential series of operations without any parallelization. It is often used as a benchmark for the speed of a method without using any types of hardware tricks or multi-threaded acceleration.

                
	Sketching
	
                  These methods reduce the number of data points considered, while still capturing salient features of the underlying data, to minimize the computational resources required for large-scale analyses. Unlike lossy data compression, it is generally not possible to reproduce even an approximate copy of the original data, because the sketch only summarizes a few important features.

                
	Space-complexity
	
                  Computer scientists traditionally measure the amount of computer memory (random access memory (RAM)) an algorithm needs to run by asking how the amount of memory needed scales with the size of the data. Often, the same types of terms are used as for time-complexity, and we speak of linear, log-linear or quadratic space algorithms.

                
	Technology refresh lifecycle
	
                  The cycle of regularly updating compute infrastructure to maximize a systemâ€™s performance.

                
	Tensor processing units
	
                  (TPUs). Systems developed by Google for application-specific integrated circuits to accelerate machine learning workflows.

                
	Time-complexity
	
                  Computer scientists traditionally measure how fast an algorithm is by asking how the number of central processing unit (CPU) operations scales with the size of the data. An algorithm is linear time if doubling the amount of data to be processed doubles the number of CPU operations needed. An algorithm is quadratic time if doubling the amount of data quadruples (Ã—4) the number of CPU operations. A log-linear time algorithm is only marginally slower than a linear time algorithm, although the exact scaling requires a bit more mathematical formalism to describe. Most practical algorithms are either linear or log-linear.

                



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
Berger, B., Yu, Y.W. Navigating bottlenecks and trade-offs in genomic data analysis.
                    Nat Rev Genet 24, 235â€“250 (2023). https://doi.org/10.1038/s41576-022-00551-z
Download citation
	Accepted: 27 October 2022

	Published: 07 December 2022

	Issue Date: April 2023

	DOI: https://doi.org/10.1038/s41576-022-00551-z


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
                        








            


            

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


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


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Credits
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Publishing model
                                
                            
	
                                
                                    Editorial input and checks
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    Webcasts
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Calendars
                                
                            
	
                                
                                    Conferences
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                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 Reviews Genetics (Nat Rev Genet)
                
                
    
    
        ISSN 1471-0064 (online)
    
    


                
    
    
        ISSN 1471-0056 (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: Translational Research]
                    Sign up for the Nature Briefing: Translational Research newsletter â€” top stories in biotechnology, drug discovery and pharma.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


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

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in translational research, free to your inbox weekly.
            Sign up for Nature Briefing: Translational Research
            
        


    









    [image: ]







[image: ]
