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Abstract

Insertion mutagenesis via mobile genetic element is a common technique for the analysis of gene 

function in model organisms. Next-generation sequencing offers an attractive approach for 

localizing the site of insertion, but alignment-based mapping of mobile genetic elements is 

challenging. A computational method for identifying insertion sites is reported herein. The 

technique was validated by mapping transposons in both bacterial and nematode species. The 

approach should be extensible to other systems that employ mobile genetic elements to generate 

mutations.
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Next-generation sequencing provides an attractive means to map mutations on a genome-

wide scale, and various bioinformatics tools have been developed for this application 

(reviewed in Reference 1). Alignment of the sequenced reads to a reference genome allows 

the identification of mutations. Mobile genetic elements (referred to hereafter as 

transposons) pose a particular alignment challenge. Transposon insertion generates novel 

sequence junctions that are absent from the reference. Furthermore, the reference either 

lacks the transposon sequences (for introduced transposons) or contains multiple copies (if 

endogenous) that are typically masked. Those problems can be addressed by constructing 

mate-pair libraries of sufficient insert size to span the transposon. Insertions produce read-

end alignments separated by less than the insert size, although the exact nature and position 

of the insertion is unknown.

Herein we describe split-end alignment, which is an alternative approach for transposon 

insertion mapping. It utilizes independent alignment of the two ends of short sequence reads 

from standard (non–mate-pair) libraries to the genome reference and a transposon-specific 

reference. The rationale for this strategy is straightforward, and is analogous to the split-read 
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method used for mRNA splice junctions (2). If the transposon junction is located near the 

center of the read, then the different ends can be aligned independently to the different 

references.

To test this approach, sequence libraries were constructed from genomic DNA samples from 

Escherichia coli strain M5964, a derivative of strain GC4468 (3), and 11 mutant lines 

generated from M5964 (Judah L. Rosner and Robert G. Martin, personal communication). 

Multiplexed samples were prepared according to the manufacturer’s protocol (Illumina, San 

Diego, CA, USA). Thirty-six–cycle sequencing of the starting strain (one lane) and pooled 

mutant libraries (three lanes) yielded 11,552,833 and 55,334,250 high-quality reads, 

respectively. The multiplexed samples were deconvoluted into the 11 constituent mutant data 

sets using CASAVA (version 1.6.0; Illumina). Depth of coverage was 89× for the starting 

strain and 25–59× for the mutants.

The genome sequence of E. coli strain MG 1655 (4) was used as the reference for alignment. 

A second reference file (designated IS) was constructed from sequences (length 20 

nucleotides) derived from the 5′ and 3′ ends of known E. coli insertion elements. Seven 

deletion mutations had been engineered into the starting strain using a FRT-flanked 

kanamycin-resistance cassette and flippase recombination (5); therefore, 20-nucleotide 

sequences from each end of that cassette were also included in the IS reference file. Note 

that those sites are conceptually equivalent to insertions of an introduced transposon.

Sixteen nucleotides from the 5′ and 3′ end of each sequence read were aligned to the 

genome and IS reference sequences using the program ELAND (version 2; Illumina). 

Because the algorithm allows up to two mismatches, it creates a window of eight nucleotides 

(read length of 36, less 14 from each end) where the novel junction can fall without affecting 

the end-segment alignments. Starting strain M5964 was analyzed for detection of known 

insertion elements by screening for reads that aligned to the genomic reference at one end 

and the IS reference at the other end. Five of the 46 insertion elements present in the 

reference genome MG1655 lie within a large deletion of the starting strain (see 

Supplementary Materials for details). All of the remaining 41 insertion elements were 

readily identified, as were all seven of the engineered deletion mutations (data not shown). 

No additional insertion elements were discovered. Each insertion element was represented 

by 44 reads on average (range of 17–91).

Split-end alignment was repeated for each of the 11 samples from mutation lines. Nine 

differed from the starting strain by the novel transposition of a single insertion element 

(Table 1). Three lines contained the identical mutation at position 3,411,632 between envR 
and acrE, and likely arose from a single transposition event that occurred prior to mutant 

screening. Three additional lines contained independent transposon insertions within the 

same interval. Two other lines contained independent insertion elements in the hns gene, 

while another mutant line contained an insertion in yeiT. Transpositions were not detected in 

the two remaining lines.

All of the samples were further analyzed for additional variants using the programs BFAST 

(6) and SAMtools (7) to permit detection of SNPs as well as small insertions and deletions. 
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The only additional difference observed between the starting strain and any of the mutant 

lines was a single SNP in one of the two lines that lacked a novel transposition (Table 1). 

The SNP was a G→T missense mutation in hns that caused an alanine–to–glutamic acid 

substitution at amino acid 18. Note that the same gene was identified by two of the 

transposon insertions. The mutation in the remaining line has yet to be identified.

To determine if split-end alignment was applicable to a larger, more complex genome, the 

endogenous transposons of Caenorhabditis elegans were mapped from short-read sequence 

data. Seven active transposons have been reported for C. elegans (8). BLAST alignment of 

the transposon sequences to the reference genome (Wormbase release WS190; Reference 9) 

identified 91 intact (containing both terminal inverted repeats) transposons. Libraries were 

constructed from an N2 Bristol strain derivative, in which transposition is quiescent (10). 

One lane of 76-cycle sequencing yielded 20,810,145 high-quality reads (~16× coverage). 

Split-end alignment was performed as above to the genome and transposon reference files 

(see Supplementary Materials for details). Eleven transposons lay in repeated or low-

complexity sequences, typically near gene-poor chromosome ends, which precluded 

unambiguous alignment to the reference genome; as expected, those transposons were not 

identified. All of the remaining 80 transposons were successfully recovered (Table 2), 

demonstrating the suitability of this strategy for model organisms with larger genomes.

Identification of transposon insertions by split-end alignment offers several advantages over 

current methods. No new software is required, and most alignment programs can be adapted 

to this purpose without major modification of existing data analysis pipelines. The primary 

requirement is construction of a transposon-specific reference file. Both novel, introduced 

transposons as well as endogenous, multi-copy transposons can be identified. The 

construction of mate-pair libraries is obviated, and the nature and position of the insertion is 

known with base-pair resolution. The data set of paired genome/transposon reads generated 

by this method is sufficiently small to be analyzed by bench scientists using desktop 

computers and/or web-based tools.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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