







    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 Protocols]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	nature protocols

	protocols

	
                                    article


    
        
        
            
            
                
                    	Protocol
	Published: 09 October 2014



                    Detecting ultralow-frequency mutations by Duplex Sequencing

                    	Scott R Kennedy1, 
	Michael W Schmitt2, 
	Edward J FoxÂ 
            ORCID: orcid.org/0000-0002-3740-651X1, 
	Brendan F Kohrn3, 
	Jesse J Salk2, 
	Eun Hyun Ahn1, 
	Marc J Prindle1, 
	Kawai J Kuong1, 
	Jiang-Cheng Shen1, 
	Rosa-Ana Risques1 & 
	â€¦
	Lawrence A Loeb1,4Â 

Show authors

                    

                    
                        
    Nature Protocols

                        volumeÂ 9,Â pages 2586â€“2606 (2014)Cite this article
                    

                    
        
            	
                        20k Accesses

                    
	
                        268 Citations

                    
	
                            32 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	DNA sequencing
	Genomics
	Next-generation sequencing
	Rare variants


    


                
    
    
        
            
                
                    
                        
                    
                
            
            
                
                    A Corrigendum to this article was published on 20 November 2014

                
            
        

    

    
        
            
                
                    
                        
                    
                
            
            This article has been updated

        

    
    

                
            


        
            Abstract
Duplex Sequencing (DS) is a next-generation sequencing methodology capable of detecting a single mutation among >1 Ã— 107 wild-type nucleotides, thereby enabling the study of heterogeneous populations and very-low-frequency genetic alterations. DS can be applied to any double-stranded DNA sample, but it is ideal for small genomic regions of <1 Mb in size. The method relies on the ligation of sequencing adapters harboring random yet complementary double-stranded nucleotide sequences to the sample DNA of interest. Individually labeled strands are then PCR-amplified, creating sequence 'families' that share a common tag sequence derived from the two original complementary strands. Mutations are scored only if the variant is present in the PCR families arising from both of the two DNA strands. Here we provide a detailed protocol for efficient DS adapter synthesis, library preparation and target enrichment, as well as an overview of the data analysis workflow. The protocol typically takes 1â€“3 d.
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                    Figure 1: Overview of Duplex Sequencing.[image: ]


Figure 2: Schematic of the basic computational workflow for Duplex Sequencing.[image: ]


Figure 3: Quality control of the sequencing adapters at each step of synthesis.[image: ]


Figure 4: Representative tag family size distributions.[image: ]


Figure 5: Optimal peak family size.[image: ]


Figure 6: Example Agilent TapeStation 2200 electropherograms.[image: ]
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                Change history
	22 October 2014
Â In the version of this article initially published online, the sequence for the MWS21 oligonucleotide was incorrectly listed in Table 3 as 5â€²-CCAGCAGAAGACGGCATACGAGATXXXXXXGTGACTGGAGTTCAGACGTGTGC-3â€². The second nucleotide in the sequence should be A, not C, and the correct sequence is 5â€²-CAAGCAGAAGACGGCATACGAGATXXXXXXGTGACTGGAGTTCAGACGTGTGC-3â€². The error has been corrected in the PDF and HTML versions of this article. 
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Integrated supplementary information

Supplementary Figure 1 Algorithm for tag_to_header.py.
The tag_to_header.py program proceeds through the two raw FASTQ files in parallel with in-register reads for the read 1 and read 2 files being processed simultaneously. The first 17-nt of each read consists of a 12-nt random tag, followed by an invariant five base spacer sequence (Fig. 1a). Prior to extracting the tag sequence, reads can be optionally filtered on the presence of a valid adapter sequence (i.e. having the sequence TGACT) (Step 2). If one or both reads have a spacer that fails this this optional filter, the entire read pair is ignored. It should be noted that using this option on data from a low quality sequencing run can lead to a significant loss of data. We rarely use this option in our data analysis pipeline. Next, the two 12-nt tag sequences and the invariant 5-nt spacer sequence are parsed from each of the paired reads (Step 3). The tags are checked to ensure that they are only composed of valid nucleotides (A, G, C, or T) (Step 4). If a tag fails this filter, both read pairs sharing the tag are discarded. If both tags pass the basic quality filter, the final duplex tag is formed by concatenated the 12-nt tag from read 2 (i.e. seq2.fq) to the 12-nt tag from read 1 (seq1.fq) (Step 5). For example, if the seq1.fq barcode sequence is 'AGCT' (the remaining bases of the tag are removed for clarity) the seq2.fq barcode sequence is CCAT, the resulting duplex tag is AGCTCCAT. The read is then written out to a new FASTQ file (seq1.fq.smi) with the duplex tag appended to the header region (Step 6).


Supplementary Figure 2 Algorithm for ConsensusMaker.py.
ConsensusMaker.py takes a Samtools generated sorted paired-end *.bam file as input. The script attempts to load all reads that map to the same genomic position (i.e. reads sharing the same POS field) into memory, but applies several filters while doing so. Importantly, all PCR duplicates needed for the creation of a SSCS molecule will map to the same position in the reference genome, and will share the same tag sequence. Reads can be filtered based on the value of their bitwise flag (i.e. FLAG field) (Step 2). We currently group and filter read by four main classes: 1) reads forming a proper read pair (FLAG values 83, 99, 147, 163), 2) paired, but not properly paired (FLAG values 65, 81, 97, 113, 129, 145, 161, and 177), 3) single-mapping reads (FLAG values 69, 73, 89, 117, 133, 137, 153, and 181), and 4) non-mapping read pairs (FLAG values 77 and 141). We recommend filtering out the non-mapping read pairs and any other FLAG values not indicated by the other three classes of reads. Reads not passing the FLAG filter are saved in a file (SSCS_NM.bam) in case they are needed for troubleshooting purposes. The filtered reads sharing the identical tag sequence are further sorted and sub-grouped by their CIGAR string (Step 3). Reads can also be optionally filtered to remove reads that overlap at their 3'-end or harbor soft-clipped bases (Step 4). Overlapping reads are found by first adding the read length to the value in the POS field and then comparing this sum to the value in the MPOS field. If the sum is greater than the MPOS field value, the read is considered overlapping. Soft-clipped reads are determined by the existence of a 'S' in the CIGAR string. Reads failing these filters can be written to a separate file (SSCS_NM.bam) or discarded from further analysis. Within each family, the number of reads with each CIGAR string is checked to find the most common CIGAR string. Only reads sharing the most common CIGAR string are considered for consensus making; all others can written out to a separate file (SSCS_LCC.bam) or discarded (Step 6). For example, if a family has four reads, three of which have a cigar string of 84M, and one of which has a cigar string 30M1D54M, only those reads with a cigar string of 84M will be considered as members of the family for consensus making. Those reads that remain are then checked to see if the number of reads in a tag family is greater than a minimum cutoff value (Step 7). We currently use a miminum membership of three reads. In addition, we have also instituted a maximum membership cutoff that limits the family size and reduces the computational time to process large families. We currently set this limit to 1,000 members. If the number of reads is below the minimum cutoff, the entire tag family is discarded and a consensus is not made. If the family size is greater than the maximum cutoff value, then the number of reads corresponding to the maximum cutoff value are randomly selected from the family and used to make the consensus. The rest of the reads in the family are ignored. After all the filters are applied, reads that share the same tag sequence and CIGAR string are subjected to consensus making (Step 8). The consensus sequence each position in a read is determined by a majority rules algorithm. Specifically, for each position index, the proportion of A's, T's, C's, and G's is calculated from every read in a tag family (e.g. #A's / # reads in tag family). The consensus for each position index is the base that occurs with a proportion greater than a user defined minimum value. If no proportion is greater than the minimum cutoff, the position is considered undefined and a 'N' is used as the consensus value for that position. Following consensus making, the SSCS may optionally be filtered based on the proportion of positions containing N's (Step 9). At this stage, the duplex tag from the header field, the genomic position, the cigar string, the flag, and the mate position are retained from the original reads, while the quality scores, mapping quality and optional tag fields can either replaced with dummy values or discarded. The final SSCS is written to a file (SSCS.bam) (Step 10). If additional tag families are available for consensus making that map to the same genomic position (i.e. share the same value for the POS field), then they are submitted for consensus making using the same filtering and consensus making algorithms (Steps 11 & 12). If no more families are available, all the reads mapping to the next position in the reference genome are loaded into memory, and the process begins again (Steps 13 & 14).


Supplementary Figure 3 Using a lower consensus cutoff does not affect mutation frequency.
The plot shows the comparison of two different consensus cutoff values (0.9 vs 0.7) used to process the same sample of mtDNA. The original Duplex Sequencing paper (Schmitt et al. 2012)19 used a consensus cutoff of 0.9 (i.e. 90% of bases a position have to agree in order for a consensus to be called). Reducing this cutoff to 0.7 does not result in a significant change in the mutation frequency. Error bars represent the 95% confidence interval (Wilson Score interval).


Supplementary Figure 4 Algorithm for DuplexMaker.py.
DuplexMaker.py takes the SSCS.bam file generated by ConsensusMaker.py as input. The script begins by loading all SSCS reads that map to the same genomic position (i.e. reads sharing the same POS field) into memory. All SSCS's needed for the creation of the final DCS read will map to the same position in the reference genome. The 24-nt duplex tag is parsed from the read header (i.e. QNAME field). The script then attempts to find the matching read by transposing the two 12-nt halves of tag sequence and comparing this new tag to every remaining tag associated with reads mapping to the same position. For example, if the original tag has a sequence AGTC, the transposed form of the tag would be TCAG. The TCAG tag will be compared to all the remaining tags mapping at the same genomic coordinates. If a SSCS for the transposed tag (TCAG in this case) is present at the given genomic position, the original read (tag AGTC) and the transposed tag associated read (tag TCAG) are compared to one another at each nucleotide position. If the two positions match, the given nucleotide base is used in the resultant DCS. If the positions do not match, a 'N' is placed in the resultant DCS. After a DCS is created, the two tags are removed from further consideration and are no longer used to form DCS reads. Following duplex making, the DCS reads may be optionally filtered based on the proportion of positions containing N's. The sequence of the final DCS read with FLAG scores of with 65, 69, 73, 97, 99, 129, 133, 137, 161, and 163 is changed to its reverse complement. Once a read's mate pair (i.e. shares the same tag sequence) has been processed, the two reads are written, in FASTQ format, to two files (one read is written to one file and the mate pair is written to the other FASTQ file), a well as to a .bam file. Waiting to write DCS reads to their respective files is done in order to keep the mate pairs in register in the FASTQ files, thus maintaining proper read pairing. If one read of a read-pair fails to form a DCS, then a dummy pair consisting of N's is written in its place. This step is done to ensure that reads remain properly paired. Once all tags at a given position have been examined, the program moves on to the next reference position and repeats the process.


Supplementary Figure 5 dT-tailing is less efficient than dA-tailing.
(a) Sequence of the oligonucleotides used to test tailing efficiency. (b) To test the tailing efficiency when the terminal base is a dG, 10 pmoles of JS154 was first radiolabeled with Î³-32P-ATP using T4 polynucleotide kinase and then annealed to 10 pmoles of JS156 by heating to 95 Â°C for 1 min and allowing to slowly cool to room temperature (23 Â°C). The annealed oligonucleotides were either dA-tailed or dT-tailed with 1mM dATP or dTTP, respectively, at 37 Â°C using 15U Klenowexo- (New England Biolabs) according the manufacturer's instructions. After 1 hour, the reaction was heat inactivated at 65 Â°C for 20 min and run on a 14% Acrlamide/8M Urea PAGE gel. The radioactive bands were quantified by densitometry and the percent extension was calculated by dividing the amount of radioactivity in the extended band by the total amount of radioactivity in the lane. The tailing efficiency when the terminal base is a dT was determined in the same manner, with the exception that JS157 was radiolabeled with Î³-32P-ATP and then subsequently annealed to JS155. (c) Table showing the percent of dA and dT tailing. dT-tailing was only slightly less efficient than dA-tailing when the terminal base was a dG (JS154); however, when the terminal base is a dT (JS157), no detectable dT-tailing was observed, whereas ~40% was dA-tailed.


Supplementary Figure 6 Removal of PCR contaminants by AMPure XP bead purification.
(a) Electropherogram and associated size profile shows the presence of a PCR contaminant prior to the bead cleanup step. (b) Bead cleanup of the same sample removes the PCR contaminant. The arrow denotes the contaminant. We typically use a 1.2X bead:DNA ratio (vol:vol) of beads to select against these low molecular weight products.
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