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Abstract

Manual review of aligned reads for confirmation and interpretation of variant calls is an important 

step in many variant calling pipelines for next-generation sequencing (NGS) data. Visual 

inspection can greatly increase the confidence in calls, reduce the risk of false positives, and help 

characterize complex events. The Integrative Genomics Viewer (IGV) was one of the first tools to 

provide NGS data visualization, and it currently provides a rich set of tools for inspection, 

validation, and interpretation of NGS datasets, as well as other types of genomic data. Here we 

present a short overview of IGV’s variant review features for both single nucleotide variants 

(SNV) and structural variants (SV), with examples from both cancer and germline datasets. IGV is 

freely available at https://www.igv.org.
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Introduction

Visual inspection of read alignments has been an important component of variant detection 

since the advent of next-generation sequencing (NGS). Although the identification of 

putative variants has been largely automated with tools such as the Genome Analysis Toolkit 
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(GATK) [1], visual review remains critical to the verification and interpretation of these 

putative variants in many applications.

The Integrative Genomics Viewer (IGV) [2, 3] was one of the first tools to provide NGS data 

visualization. In May 2009, we introduced support for viewing short-read sequence 

alignment datasets in the, then nascent, SAM/BAM file format [4]. IGV remains in active 

development and is used extensively for variant inspection in research and clinical settings. 

It supports a rich set of features for quick identification of sequencing and analysis artifacts 

leading to errant single nucleotide variant (SNV) calls, as well as support for viewing large 

scale structural variants (SV) detected by paired-end read technology. More recently we 

have developed a suite of specialized features to support third-generation long-read 

sequencing technologies. Here we present a short overview of IGV variant visualization 

capabilities illustrated with examples drawn from cancer and germline datasets.

Single Nucleotide Variants

Currently, the most common application of next-generation sequencing technology in a 

clinical setting is the detection of SNVs and small insertions and deletions with respect to a 

reference genome. Output from the sequencer is typically run through a standard analysis 

pipeline, such as the GATK, to produce a list of putative variants (“calls”). Finally, manual 

review of aligned reads is often performed to reduce the risk of false positives and incorrect 

results [5–9].

A number of IGV features have been developed specifically to aid this manual review step, 

specifically: (1) highlighting mismatched bases in individual reads in color, to aid detection 

of unusual patterns and mis-mapped alignments; (2) highlighting ambiguously mapped reads 

(mapping quality = 0), indicative of high reference sequence homology, as such regions are 

known to produce many false positives; (3) shading of mismatched bases by read base 

quality, as clusters of bases of low quality can be indicative of sequencing errors; and (4) 

sorting, grouping, and coloring alignments by alignment, sequencing, and platform meta-

data, which can be useful for detecting systematic errors upstream of read alignment. These 

features are described in more detail in the IGV user guide (http://www.broadinstitute.org/

igv). Here we review a selection of these features for single nucleotide variant review 

focused on detection of possible false positives and mis-characterization of variants.

Figure 1A and the video in Supplementary Data illustrate a false positive potentially caused 

by a sequencing error. The locus was originally called an A→C SNV due to a variant base 

in 6 of 23 reads. However, close examination reveals an abnormally high number of variant 

“C” base calls on reads containing the putative variant, many of low base quality, which are 

indicated in IGV by shading of the bases. These “C” variants appear to be distributed 

randomly and are not well supported by other reads. This is an unusual pattern and 

indicative of possible sequencing errors. Importantly, sorting and coloring the alignments 

reveals that all variant bases at this locus are on the same read strand. The expected strand 

distribution for the protocol used for the sequencing of this sample is 50–50. Thus, this is 

likely to be a false positive.
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In the clinical setting, false positive mutation calls may direct patients to wrong therapy 

decisions either by identifying a false actionable mutation or by inflating tumor mutation 

burden which has become a marker for immunotherapy trials. As a result, manual review of 

mutation calls from clinical samples is essential for proper patient management. An example 

of a false positive somatic mutation from a clinical cancer sample is presented in Figure 1B. 

The left panel presents an IGV screenshot of alignments from the tumor and normal samples 

as seen by the mutation caller, which had set a mapping quality threshold to filter out all 

alignments with mapping quality lower than 20. To simulate this, we set the IGV mapping 

quality to 20 to filter alignments below this threshold from view. The SNV was called a 

somatic mutation due to absence of a non-reference allele in the normal sample. However, 

visual inspection reveals the presence of a single read in the normal sample supporting the 

mutation, also in phase with a nearby deletion as seen in the tumor sample. Removing the 

mapping quality filter from IGV reveals a more complex region (right panel). The normal 

sample appears to harbor this mutation, albeit in lower mapping quality reads that are not 

filtered out in this view. The presence of non-unique mappings in the region, indicated by 

semi-transparent alignments in the IGV view, is evidence that the locus is homologous with 

other regions of the genome. As a result, we cannot conclude whether the mutation is 

germline or originates in the regions of the genome homologous to this locus. While the 

frequency of this type of false positive call may change from gene to gene, they occur 

frequently enough that we recommend manually reviewing all mutation calls passing 

pipeline filters.

Misclassification of variants is another source of errors. In a cancer genomics setting, variant 

misclassification can lead to actionable mutations being classified as novel or variants of 

unknown significance. This is a particular problem with complex multi-nucleotide variants. 

The majority of variant callers used in practice today cannot correctly identify these events. 

An example of a complex mutation from a cancer sample is presented in Figure 1C. The 

EGFR–L747_A750delinP mutation is a common EGFR event that is clinically actionable. 

This event was initially classified as two independent events E746_R748del and A750P. 

Visual inspection by an analyst confirms that the events are in phase, and somatic, and 

should be merged.

Structural Variants

While short-read NGS sequencing can directly detect SNVs and short indels, discovery of 

larger structural variants relies on interpretation of unexpected alignments of paired reads 

from the ends of the sequenced molecule. Evidence can include anomalies in mapped 

distance between the alignments and in their orientation with respect to each other. IGV 

supports visualization of discrepant pairs through color-coding, revealing distinctive patterns 

that can be used to distinguish between variant classes such as inversions, duplications, and 

translocations.

“Third-generation” long-read sequencing technologies produce average read lengths of 

10,000 base pairs or more, making it possible to directly sequence and visualize many 

structural variants that are undetectable or poorly resolved by second-generation paired-end 

approaches [10]. IGV 3.0 includes new features to support these technologies, including: (1) 
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support for linking split alignments that are common with longer reads; (2) a “consensus 

mode” that removes random single base and small indel errors from view; (3) a “quick-

phasing” operation for grouping reads by base call at a selected locus; (4) new options for 

labeling indels and soft clipped regions; (5) the ability to expand and view inserted 

sequences in place; and (6) support for searching the reference genome for sequences similar 

to the sequence of an insertion, through an external BLAT server [11].

Figure 1D illustrates an inversion sequenced with both Illumina short-read paired-end 

alignments (top panel) and PacBio® SMRT® [12] long-read sequencing (bottom panel). 

Individual reads in the short-read data are of insufficient length to span the inversion, 

however paired reads from each end of the same molecule can be used to detect it. Pairs that 

conform to the expected orientation are colored grey, other pairs are assigned a color 

according to orientation. In an inversion, pairs spanning the left breakpoint will point “right-

right”, while pairs spanning the right breakpoint point “left-left”. The approximate location 

of breakpoints can be ascertained by careful examination of the extent of the 3′ ends of the 

outside alignment of each discrepant pair. Dips in coverage are further evidence of 

breakpoints as individual reads will in general not align across the breakpoint.

By contrast, the long reads represented in the bottom panel are of sufficient length to 

completely span the inversion. Aligners tuned for long reads are able to split reads that span 

the breakpoint into multiple alignments as required to obtain the highest overall mapping 

score for the read. In this example, IGV options have been used to re-connect split 

alignments from the same read and to color-code each constitutive alignment by its strand. 

The breakpoints are clearly visible at the junctions of contrasting strand.

Figure 1E illustrates PacBio SMRT long reads supporting a 4.3 kilobase translocation from 

chromosome 19 to chromosome 16 in the SK-BR-3 breast cancer cell line [13]. In this view, 

new IGV features for base consensus and small indel filtering are enabled, suppressing 

random noise to reveal the putative rearrangement as a matched deletion and insertion event. 

The deleted sequence in chromosome 19 is represented by a black line labeled with the size 

of the deleted sequence. This sequence appears as an insertion in chromosome 16 of the 

same approximate size. IGV’s split-screen view is used to display both regions side by side. 

Right-clicking the insertion in chromosome 16 and performing a BLAT search on its 

sequence reveals a strong hit in the region of the deletion in chromosome 19.

Availability

IGV is freely available at https://www.igv.org under an MIT open-source license.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
This figure illustrates five examples of how IGV was used to visually highlight anomalies in 

aligned sequencing data to aid the investigator in their interpretation.

A. Example of a false positive in a GC-rich region. Bases that do not match the reference 

genome are drawn with the letter of the called base (A, C, G, or T). Sorting and coloring 

alignments by strand reveal a strong strand bias indicative of a sequencing artifact. Pink and 

blue reads were aligned to the forward and reverse strand, respectively.

B. A germline mutation mischaracterized as a somatic NOTCH2 mutation in a clinical 
cancer sample. The mutation caller used a mapping quality filter with threshold set to 20, 
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removing most alignments that support the variant from the normal sample and resulting in a 

reference call. The short horizontal black lines in the alignments represent 2-nucleotide 

deletions, and the colored bars in the grey alignments represent bases that did not match the 

reference sequence. In particular, the green bars represent bases that were called as A’s.

C. A clinically actionable multi-nucleotide deletion-insertion event (L747_A750delinsP) 
initially misclassified as two independent events. The horizontal black lines in the grey 

alignments represent deletions in alignments that otherwise match the reference sequence. 

The blue column of C’s indicates a large number of mismatches against the G at that locus 

of the reference sequence.

D. Comparison of NGS paired-end short reads (top panel) and third-generation long 
reads (bottom panel) spanning a 500 base pair inversion. The short reads are colored by 

pair orientation. The two reads of each pair were expected to point inward toward each other 

when aligned to the reference sequence. The teal color represents pairs where both reads 

unexpectedly aligned in the “right” direction, and the dark blue represents pairs where both 

aligned in the “left” direction. Breakpoints can be inferred from the short reads by careful 

examination of the outer read extents and dip in coverage. The long reads are split into 

multiple alignments and each alignment color-coded by strand. Pink and blue segments were 

aligned to the forward and reverse strand, respectively. The breakpoints are directly visible 

as the boundaries between alternating strands.

E. PacBio long reads support a 4.3 kb translocation from chr19 to chr16 in the SK-
BR-3 breast cancer cell line. A black line represents a deletion, and a purple box is an 

insertion. Deletions and insertions are labeled with the event size.
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