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            Abstract
Single-cell RNA sequencing (RNA-seq) is a powerful tool to reveal cellular heterogeneity, discover new cell types and characterize tumor microevolution. However, losses in cDNA synthesis and bias in cDNA amplification lead to severe quantitative errors. We show that molecular labels—random sequences that label individual molecules—can nearly eliminate amplification noise, and that microfluidic sample preparation and optimized reagents produce a fivefold improvement in mRNA capture efficiency.
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                    Figure 1: Molecule counting using UMIs.


Figure 2: Reproducibility of molecule counting.


Figure 3: Transcriptional noise in ES cells.



                


                
                    
                
            

            
                Accession codes

              
              
                Primary accessions

                
                  Gene Expression Omnibus
	
                    
                        GSE46980
                      

                  


                
              
            

References
	Mortazavi, A., Williams, B.A., McCue, K., Schaeffer, L. & Wold, B. Nat. Methods 5, 621–628 (2008).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Cloonan, N. et al. Nat. Methods 5, 613–619 (2008).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Wang, Y. et al. Nat. Genet. 40, 1478–1483 (2008).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Tang, F. et al. Nat. Methods 6, 377–382 (2009).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Islam, S. et al. Genome Res. 21, 1160–1167 (2011).
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Ramsköld, D. et al. Nat. Biotechnol. 30, 777–782 (2012).
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Hashimshony, T., Wagner, F., Sher, N. & Yanai, I. Cell Rep. 2, 666–673 (2012).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Kivioja, T. et al. Nat. Methods 9, 72–74 (2012).
Article 
    CAS 
    
                    Google Scholar 
                

	Shiroguchi, K., Jia, T.Z., Sims, P.A. & Xie, X.S. Proc. Natl. Acad. Sci. USA 109, 1347–1352 (2012).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Fu, G.K., Hu, J., Wang, P.H. & Fodor, S.P. Proc. Natl. Acad. Sci. USA 108, 9026–9031 (2011).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Casbon, J.A., Osborne, R.J., Brenner, S. & Lichtenstein, C.P. Nucleic Acids Res. 39, e81 (2011).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Shalek, A.K. et al. Nature 498, 236–240 (2013).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Picelli, S. et al. Nat. Methods 10, 1096–1098 (2013).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Carter, M.G. et al. Gene Exp. Patterns 8, 181–198 (2008).
Article 
    CAS 
    
                    Google Scholar 
                

	Kobayashi, T. et al. Genes Dev. 23, 1870–1875 (2009).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Chambers, I. et al. Nature 450, 1230–1234 (2007).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Galvin-Burgess, K.E., Travis, E.D., Pierson, K.E. & Vivian, J.L. Stem Cells 31, 48–58 (2013).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Maurer, J. et al. PLoS ONE 3, e3451 (2008).
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Raj, A., Peskin, C.S., Tranchina, D., Vargas, D.Y. & Tyagi, S. PLoS Biol. 4, e309 (2006).
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Dar, R.D. et al. Proc. Natl. Acad. Sci. USA 109, 17454–17459 (2012).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Islam, S. et al. Nat. Protoc. 7, 813–828 (2012).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Langmead, B., Trapnell, C., Pop, M. & Salzberg, S.L. Genome Biol. 10, R25 (2009).
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Meyer, L.R. et al. Nucleic Acids Res. 41, D64–D69 (2013).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Huang, D.W. Nat. Protoc. 4, 44–57 (2009).
Article 
    CAS 
    
                    Google Scholar 
                


Download references




Acknowledgements
Illumina sequencing experiments were performed by A. Johnsson and A. Juréus (Karolinska Institutet). ES cells were generously provided by the Karolinska Center for Transgene Technologies. Recombinant Tn5 transposase was a generous gift from R. Sandberg (Karolinska Institutet). We are grateful for the advice and support of B. Jones and B. Fowler (Fluidigm). This work was supported by grants from the Swedish Research Council (STARGET) and the European Research Council (261063) to S.L. and from the Swedish Cancer Society, Swedish Research Council and Ragnar Söderberg Foundation to M.K.


Author information
Authors and Affiliations
	Department of Medical Biochemistry and Biophysics, Karolinska Institutet, Stockholm, Sweden
Saiful Islam, Amit Zeisel, Gioele La Manno, Pawel Zajac, Peter Lönnerberg & Sten Linnarsson

	Department of Biosciences and Nutrition, Karolinska Institutet, Stockholm, Sweden
Simon Joost & Maria Kasper


Authors	Saiful IslamView author publications
You can also search for this author in
                        PubMed Google Scholar



	Amit ZeiselView author publications
You can also search for this author in
                        PubMed Google Scholar



	Simon JoostView author publications
You can also search for this author in
                        PubMed Google Scholar



	Gioele La MannoView author publications
You can also search for this author in
                        PubMed Google Scholar



	Pawel ZajacView author publications
You can also search for this author in
                        PubMed Google Scholar



	Maria KasperView author publications
You can also search for this author in
                        PubMed Google Scholar



	Peter LönnerbergView author publications
You can also search for this author in
                        PubMed Google Scholar



	Sten LinnarssonView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
S.L. conceived the study. S.I., A.Z. and P.Z. developed the protocols and performed the RNA-seq experiments. S.J. and M.K. prepared cells. A.Z., G.L.M. and S.I. developed the tagmentation protocol. P.L. wrote the bioinformatics pipeline. P.L., S.L. and A.Z. analyzed data. S.L. and S.I. wrote the manuscript with support from all authors.
Corresponding author
Correspondence to
                Sten Linnarsson.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Text and Figures
Supplementary Figures 1–13 and Supplementary Note (PDF 1466 kb)


Supplementary Table 1
List of noisy genes (XLSX 42 kb)


Supplementary Table 2
List of custom oligonucleotides (XLSX 14 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Islam, S., Zeisel, A., Joost, S. et al. Quantitative single-cell RNA-seq with unique molecular identifiers.
                    Nat Methods 11, 163–166 (2014). https://doi.org/10.1038/nmeth.2772
Download citation
	Received: 27 September 2013

	Accepted: 25 November 2013

	Published: 22 December 2013

	Issue Date: February 2014

	DOI: https://doi.org/10.1038/nmeth.2772


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

                
                    	
                            
                                
                                    
                                        GLORI for absolute quantification of transcriptome-wide m6A at single-base resolution
                                    
                                

                            
                                
                                    	Weiguo Shen
	Hanxiao Sun
	Chengqi Yi


                                
                                Nature Protocols (2024)

                            
	
                            
                                
                                    
                                        Correcting PCR amplification errors in unique molecular identifiers to generate accurate numbers of sequencing molecules
                                    
                                

                            
                                
                                    	Jianfeng Sun
	Martin Philpott
	Adam P. Cribbs


                                
                                Nature Methods (2024)

                            
	
                            
                                
                                    
                                        Plant biotechnology research with single-cell transcriptome: recent advancements and prospects
                                    
                                

                            
                                
                                    	Muhammad Ali
	Tianxia Yang
	Yu Zhang


                                
                                Plant Cell Reports (2024)

                            
	
                            
                                
                                    
                                        Three tyrosine kinase inhibitors cause cardiotoxicity by inducing endoplasmic reticulum stress and inflammation in cardiomyocytes
                                    
                                

                            
                                
                                    	Huan Wang
	Yiming Wang
	Sen Han


                                
                                BMC Medicine (2023)

                            
	
                            
                                
                                    
                                        A new and effective two-step clustering approach for single cell RNA sequencing data
                                    
                                

                            
                                
                                    	Ruiyi Li
	Jihong Guan
	Shuigeng Zhou


                                
                                BMC Genomics (2023)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Contact
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    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 Methods (Nat Methods)
                
                
    
    
        ISSN 1548-7105 (online)
    
    


                
    
    
        ISSN 1548-7091 (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


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    Sign up for the Nature Briefing newsletter — 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
            
        


    









    








