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            Abstract
The simultaneous sequencing of a single cell's genome and transcriptome offers a powerful means to dissect genetic variation and its effect on gene expression. Here we describe G&T-seq, a method for separating and sequencing genomic DNA and full-length mRNA from single cells. By applying G&T-seq to over 220 single cells from mice and humans, we discovered cellular properties that could not be inferred from DNA or RNA sequencing alone.
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                    Figure 1: G&T-seq enables integrated analysis of the genome and transcriptome of a single cell.[image: ]


Figure 2: Simultaneous detection of chromosomal aneuploidy and gene expression dosing in single cells.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Performance of G&T-seq whole-genome amplification in HCC38 and HCC38-BL cells.
(a) Copy-number concordance between bulk DNA sequencing of HCC38(-BL) cells and single-cell or multicell G&T-seq following MDA or PicoPlex WGA. For reference, single-cell DNA copy-number concordances obtained with conventional MDA and PicoPlex are shown. (b) Heat map of the genome-wide DNA copy number (LogR) in single cells and in multicell controls isolated from HCC38 and HCC38-BL cells and amplified using MDA. For reference, the copy-number profile derived from bulk HCC38 DNA (not subjected to WGA) is shown on the left. (c) Lorenz curve illustrating the relationship between the cumulative fraction of the genome covered (x-axis) and the cumulative fraction of mapped bases (y-axis). (d) Normalized read count as a function of %GC content. The distributions are shown for all HCC38 G&T-seq samples amplified with MDA (purple) and PicoPlex (green). For comparison, the distributions for bulk (no WGA, blue), conventional single-cell MDA (black) and conventional single-cell PicoPlex (orange) are shown.


Supplementary Figure 2 Performance of G&T-seq whole-transcriptome amplification in HCC38 and HCC38-BL cells.
(a) Transcript detection following G&T-seq of HCC38 and HCC38-BL single cells. The number of expressed genes (y-axis) in HCC38 single cells (red lines) and HCC38-BL single cells (blue lines) versus TPM (x-axis). At TPM > 1 (dashed line), between 4,000 and 11,000 transcripts were detected per cell, with substantially more transcripts detected in HCC38 cells. (b) Principal-component analysis of HCC38 and HCC38BL single-cell transcriptomes. Cells in which genomic aneuploidies were detected are highlighted. (c) Heat map displaying Spearman correlation of 8,237 protein-coding genes expressed in at least 32 samples with TPM > 1. (d) Expanded heat map showing the top 200 differentially expressed genes between HCC38 and HCC38-BL cells. The TPM of each gene is â€˜normalizedâ€™ by the median of the TPM of this gene across all samples and is presented as the log2-fold difference from this median.


Supplementary Figure 3 Sequence coverage over transcript length and intronic and gene flanking regions in single-cell G&T-seq transcriptome data.
Read coverage in (a) 2 kb, (b) 10 kb and (c) 15 kb transcripts is shown. Numbers indicate the distance from the poly(A) tail in the exonic region only. Regions upstream of the transcription start site (TSS) and transcription termination site (TTS), as well as intronic regions, are also shown.


Supplementary Figure 4 Comparison of RNA-seq data generated with the G&T-seq and conventional Smart-seq2 protocols.
In this comparison, 28 single cells (8 HCC38 and 20 HCC38-BL single cells) were used for G&T-seq, and 20 single cells (14 HCC38 and 6 HCC38-BL single cells) were applied for conventional Smart-seq2. Importantly, these cells came from the same cultures, were isolated at the same time, were processed (when possible) with the same batches of reagents, and were eventually sequenced together. (a) Transcript detection following G&T-seq or conventional Smart-seq2 amplification of HCC38 and HCC38-BL single cells. The number of transcripts detected at TPM > 1 is displayed. (b) Detection of ERCC transcripts relative to ERCC input amount; the plot shows the averaged normalized read count across all single-cell samples in a G&T-seq experiment versus the number of molecules of each ERCC sequence that was spiked in. (c) Detection of ERCC transcripts relative to ERCC input amount in a parallel Smart-seq2 experiment. (d) Sequence coverage over transcript length and intronic and gene flanking regions in single-cell G&T-seq and Smart-seq2 transcriptome data. Read coverage in 2 kb transcripts is shown. Numbers indicate the distance from the poly(A) tail in the exonic region only. Regions upstream of the transcription start site (TSS) and transcription termination site (TTS), as well as intronic regions, are also shown. (e) Transcript detection in bins of transcript GC content for HCC38 and HCC38-BL single-cell transcriptomes generated by G&T-seq and Smart-seq2 (SS2). The upper panel shows the proportion of genes detected in each bin, and the lower panel displays the proportion of GC content in each bin.


Supplementary Figure 5 Interphase FISH to detect trisomy 11 in a subset of HCC38-BL cells.
Chromosomes 11 and 3 were hybridized with a centromeric probe (labeled with FITC and Texas Red, respectively). The majority of HCC38-BL cells had disomy 11 (a), whereas trisomy 11 was observed in 2 out of 100 HCC38-BL cells analyzed (b).


Supplementary Figure 6 Relationship between chromosomal copy number and chromosome-wide expression in a mouse embryo at the eight-cell stage.
Reversine-treated mouse embryo at the eight-cell stage (embryo A) containing sister cells with reciprocal aneuploidies. (a) The genome-wide copy-number profile is shown for all eight cells in the embryo (numbered 1â€“8). Cell 1 failed QC at the genome level. Reciprocal aneuploidies were observed for cells 4 and 5 at chromosomes 2, 5 and 16. (b) Genome-wide expression binned per chromosome in the control (n = 16 cells, untreated and shown in blue) and reversine-treated (n = 8 cells, shown in red) embryos (RPKM of the latter are relative to the median-centered control RPKMs). The expected expression dosage resulting from the aneuploidies for chromosomes 2, 5 and 16 in the blastomeres (cells 4 and 5) was detected in the correct cellâ€™s transcriptome. Cells displaying concordantly higher and lower overall expression per chromosome are highlighted with a black asterisk. Cell 1, which also failed DNA-seq QC, is highlighted with a red asterisk. For all box plots, the lower and upper boundaries of the box represent, respectively, the 25th and 75th percentiles, with the bar being equal to the median. The whiskers represent the 5th and 95th percentiles.


Supplementary Figure 7 Relationship between chromosomal copy number and chromosome-wide expression in a mouse embryo at the eight-cell stage.
Reversine-treated mouse embryo at the eight-cell stage (embryo B) containing sister cells with reciprocal and nonreciprocal aneuploidies. (a) The genome-wide copy-number profile is shown for all eight cells in the embryo (numbered 1â€“8). A complex pattern of aneuploidy was observed in cell 2 (gain of chromosomes 4 and 16 and loss of chromosomes 5, 14, 18 and 19). Cell 3 had a gain in chromosome 15, and cell 5 had a gain in chromosome 8, while cell 8 gained an X-chromosome. (b) Genome-wide expression binned per chromosome comparing the cells from embryo B (reversine-treated, shown in red, n = 8) with those from control embryos (n = 16 cells, untreated and shown in blue). Cells displaying concordantly higher and lower overall expression per chromosome are highlighted with an asterisk. For all box plots, the lower and upper boundaries of the box represent, respectively, the 25th and 75th percentiles, with the bar being equal to the median. The whiskers represent the 5th and 95th percentiles.


Supplementary Figure 8 Relationship between chromosomal copy number and chromosome-wide expression in a mouse embryo at the eight-cell stage.
Reversine-treated mouse embryo at the eight-cell stage (embryo C) containing sister cells with reciprocal and nonreciprocal aneuploidies. (a) The genome-wide copy-number profile is shown for all eight cells in the embryo (numbered 1â€“8). Cell 1 failed QC following DNA-seq. Cell 2 had a loss of chromosome 11, whereas cells 3 and 6 showed reciprocal gains and losses at chromosomes 13 and 14. Cell 8 had lost a copy of chromosome 13. (b) Genome-wide expression binned per chromosome comparing the cells from embryo C (reversine-treated, shown in red, n = 8) with those from control embryos (n = 16 cells, untreated and shown in blue). Cells displaying concordantly higher and lower overall expression per chromosome are highlighted with a black asterisk. Cell 1, which failed DNA-seq QC, is highlighted with a red asterisk. For all box plots, the lower and upper boundaries of the box represent, respectively, the 25th and 75th percentiles, with the bar being equal to the median. The whiskers represent the 5th and 95th percentiles.


Supplementary Figure 9 Relationship between chromosomal copy number and chromosome-wide expression in a mouse embryo at the eight-cell stage.
Reversine-treated mouse embryo at the eight-cell stage (embryo E) containing sister cells with reciprocal and nonreciprocal aneuploidies. (a) The genome-wide copy-number profile is shown for all eight cells in the embryo (numbered 1â€“8). Cells 1 and 4 had reciprocal aneuploidies for chromosomes 4, 7, 8, 10, 18 and 19, with cell 1 having an additional nonreciprocal loss of chromosome 6. Cell 2 had a gain at chromosomes 15 and X. Cell 3 had a gain of chromosome 1 and losses of chromosomes 4 and X. Cell 5 had a loss of chromosome 9 and 17. Cell 6 had a gain of chromosomes 6, 8 and 9 and losses of chromosomes 15 and X. Cells 7 and 8 had a loss of chromosome X. (b) Genome-wide expression binned per chromosome comparing the cells from embryo E (reversine-treated, shown in red) with those from control embryos (n = 16 cells, untreated and shown in blue). Cells displaying concordantly higher and lower overall expression per chromosome are highlighted with an asterisk. For all box plots, the lower and upper boundaries of the box represent, respectively, the 25th and 75th percentiles, with the bar being equal to the median. The whiskers represent the 5th and 95th percentiles.


Supplementary Figure 10 Relationship between chromosomal-arm copy number and chromosome-arm-wide expression in iPSC-derived neurons.
MA plot comparing the log2 ratio in mRNA expression levels between p and q chromosomal arms (M) to the average expression across the chromosome arms (A) for all cells containing trisomy 21. The acrocentric chromosomes 13, 14, 15, 21 and 22 and chromosome Y have been excluded. The values for chromosome 20 are shown in green for cells without evidence of gain or loss of the chromosomal arms, and cells with genomic evidence for loss of 20p and gain of 20q are shown in purple. Numbers indicate cell identifiers.


Supplementary Figure 11 Detection of a coding interchromosomal fusion in the genome and transcriptome of a single cell.
(a) Identification of a fusion transcript in the RNA-seq data from a single HCC38 cell (cell 63). A subset of the reads mapping to a fusion between exon 6 of MTAP (gene locus on chromosome 9) and exon 3 of PCDH7 (gene locus on chromosome 4) are shown. (b) Sequencing of single-cell cDNA using the PacBio RSII revealed that the full-length MTAP-PCDH7 fusion transcript consisted of exons 1â€“6 of MTAP and exons 3, 4 and 6 of PCDH7. Six mapped reads following single-molecule PacBio cDNA sequencing of a single cell are shown. (c) Illumina HiSeq X DNA sequence reads crossing the causative interchromosomal fusion between chromosomes 4 and 9 in the genome of the same single cell (HCC38 cell 63). A subset of the reads mapping across the genomic fusion are shown; the breakpoint itself is located at a distance of 3,208 bases downstream of exon 6 of MTAP and 105,180 bases upstream from exon 3 of PCDH7.


Supplementary Figure 12 Confirmation of MTAP-PCDH7 expression and detection of the associated genomic fusion by qPCR.
Taqman primer and probe sets were designed to detect (a) the MTAP-PCDH7 fusion transcript and (b) the genomic breakpoint that fuses chromosomes 4 and 9. Examples of consensus reads mapping across both breakpoints are shown, with the MTAP side colored red and the PCDH7 side colored blue. Primer/probe sets were specifically designed to span the breakpoints in both cases. (c) Detection of the MTAP-PCDH7 fusion transcript in cDNA from G&T-seq of HCC38 and HCC38-BL cells. (d) Detection of the MTAP-PCDH7 genomic fusion in MDA-amplified DNA from G&T-seq of HCC38 and HCC38-BL cells. (e) Venn diagram showing the overlap of detection of the fusion transcript and associated genomic rearrangement in parallel from the same single cells.





Supplementary information
Supplementary Text and Figures
Supplementary Figures 1â€“12, and Supplementary Tables 1 and 2 (PDF 17785 kb)


Supplementary Data 1
Excel spreadsheet containing sequencing and QC metrics for all cells presented in the paper. (XLSX 86 kb)





Source data
Source data to Fig. 1

Source data to Fig. 2




Rights and permissions
Reprints and permissions


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



Cite this article
Macaulay, I., Haerty, W., Kumar, P. et al. G&T-seq: parallel sequencing of single-cell genomes and transcriptomes.
                    Nat Methods 12, 519â€“522 (2015). https://doi.org/10.1038/nmeth.3370
Download citation
	Received: 18 November 2014

	Accepted: 27 March 2015

	Published: 27 April 2015

	Issue Date: June 2015

	DOI: https://doi.org/10.1038/nmeth.3370


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
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Separation and parallel sequencing of the genomes and transcriptomes of single cells using G&T-seq
                

                
	Iain C Macaulay
	Mabel J Teng
	Thierry Voet



                
    
        
            Nature Protocols
        
        Protocol
        
        
            29 Sept 2016
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: 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


    





        
    
        [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: ]
