
Journal of Human Genetics (2020) 65:49–60
https://doi.org/10.1038/s10038-019-0687-0

REVIEW ARTICLE

Visualization tools for human structural variations identified
by whole-genome sequencing

Toshiyuki T. Yokoyama1 ● Masahiro Kasahara1

Received: 5 August 2019 / Revised: 27 September 2019 / Accepted: 2 October 2019 / Published online: 30 October 2019
© The Author(s) 2019. This article is published with open access

Abstract
Visualizing structural variations (SVs) is a critical step for finding associations between SVs and human traits or diseases.
Given that there are many sequencing platforms used for SV identification and given that how best to visualize SVs together
with other data, such as read alignments and annotations, depends on research goals, there are dozens of SV visualization
tools designed for different research goals and sequencing platforms. Here, we provide a comprehensive survey of over 30
SV visualization tools to help users choose which tools to use. This review targets users who wish to visualize a set of SVs
identified from the massively parallel sequencing reads of an individual human genome. We first categorize the ways in
which SV visualization tools display SVs into ten major categories, which we denote as view modules. View modules allow
readers to understand the features of each SV visualization tool quickly. Next, we introduce the features of individual SV
visualization tools from several aspects, including whether SV views are integrated with annotations, whether long-read
alignment is displayed, whether underlying data structures are graph-based, the type of SVs shown, whether auditing is
possible, whether bird’s eye view is available, sequencing platforms, and the number of samples. We hope that this review
will serve as a guide for readers on the currently available SV visualization tools and lead to the development of new SV
visualization tools in the near future.

Introduction

Structural variations (SVs) are defined as large variations,
which are often 50 bp or longer [1, 2]. SVs are known to be
associated with human traits, genetic diseases, or cancers
[3, 4], and therefore identifying SVs plays an important role
in genome analysis. To identify SVs in a whole genome, the
following steps are usually performed: (1) library prepara-
tion and whole-genome shotgun sequencing, (2) aligning
the shotgun reads, (3) SV identification (SV call), (4) SV
annotation, and (5) SV visualization [5]. The last step, SV
visualization, is a critical step in the SV analysis; below, we

explain the importance of SV visualization tools in the
entire SV analysis.

Massively parallel sequencing technologies have enabled
the de novo detection of SVs of varying sizes [6]. Although
SV identification using the second-generation sequencing
(often referred to as the next-generation sequencing) tech-
nologies has suffered from an overwhelmingly large amount
of false positives due to their short read length, compre-
hensive de novo SV detection are realistic [7, 8], which was
impossible with the older sequencing technologies. With the
advent of third-generation sequencing technologies that
provide us with long reads, more complex SVs are expected
to be identified because longer reads are more easily aligned
to the reference genome. Indeed, recent studies using long-
read sequencing even revealed 3-hop fusion genes and the
long-range structure of chromothripsis [9, 10]. Further,
whole-genome sequencing using the third-generation
sequencing technology identified around 20,000 SVs
against the reference genome per human genome [8, 11–
13]. Because the outputs of SV callers still include many
false positives/negatives [14, 15], the manual inspection of
tens of thousands of SVs using read alignments and geno-
mic annotations is often needed to filter out false positive
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SVs. The visualization of SVs is a critical step for inter-
preting their potential impacts.

To visualize SVs, one has to consider several different
aspects, depending on the research goals; for example, the
choice of tools depends on which sequencing platforms the
data includes. However, there are more than 30 SV visua-
lization tools, and users often have difficulties choosing the
right tool. The way the SVs are visualized varies from tool
to tool; they provide fundamentally different views based
on different design concepts and on different research goals.

Here, we provide the first comprehensive review speci-
fically for SV visualization tools in the era of long-read
sequencing, such as PacBio Sequel II or Oxford Nanopore
Technologies MinION/PromethION. There are already
several technical reviews for the SV-calling process [5, 16],
which includes a survey of SV visualization tools, but
which does not reflect the recent development of dozens of
SV visualization tools. We focused on SV visualization
tools for visualizing a set of SVs identified from massively
parallel sequencing reads of one or more human genomes
but not limited to, regardless of the sequencing platforms
(short reads, long reads, or optical mapping), although
proprietary tools and unpublished tools might have been
missed.

We note that we omitted the following types of tools: (1)
Visualization tools for metagenomes, pangenomes, or
alternative splicing revealed by RNA-sequencing; the cur-
rently available implementations are not designed for SVs.
(2) Visualization tools for assembly graphs are not designed
for large genomes (e.g., human genomes); some of them are
too slow, and others can display a whole genome at once, so
the displayed graphs would be too complex and unin-
terpretable (so-called “hairball problem”); the rest of those
tools are not able to visualize genomic annotations and/or
read alignments, which is a non-negligible restriction for
visualizing SVs. (3) Synteny browsers for comparing mul-
tiple genomes across species; they do not focus on inde-
pendent SVs in human genomes.

We hope that this paper will help readers choose the
right SV visualization tools for their research goals, so
that they may be able to focus on biological questions
rather than spending their time surveying dozens of SV
visualization tools.

SV visualization

View modules for visualizing SV

There are many visualization methods for SVs and many
have significant overlaps in the ways they display data.
We organized the displaying methods into ten major cate-
gories (Table 1; Fig. 1), namely, linear genome browser,Ta
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dot plot, scatter plot, SV table, linear coordinate plot, circos,
two-way view, multiway view, graph view, and population
view. We will denote them as view modules throughout this
paper.

Linear genome browsers, such as UCSC genome
browser [17], JBrowse [18, 19], and Integrative Geno-
mics Viewer (IGV) [20, 21] (Fig. 1A), display a genomic
interval of a reference genome and nucleotide sequence

A. Linear Genome Browser

B. Dot Plot

F. Linear Coordinate Plot

G. Two-way View

H. Multi-way View

I. Graph View

J. Population View

D. SV Table

C. Scatter Plot

E. Circos Plot
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horizontally, and various types of custom tracks super-
imposed over the reference genome as parallel lines.
Custom tracks are displayed in various ways. For exam-
ple, read alignments are displayed as pileups of the reads
against the aligned genomic interval, gene/repeat anno-
tations are displayed as rectangles to represent the range
on reference genomes, and read coverages are displayed
as a line or bar chart, whose x-axis is the reference gen-
ome. Since the linear genome browsers were designed
when long-read sequencing, now critical for SV identi-
fication, was not available, linear genome browsers are
not the most suitable for visualizing SVs, especially when
the SVs are not small deletions. However, linear genome
browsers provide a sophisticated visualization for read
alignments that is not usually available in other types of
view modules, such that linear genome browsers are
useful when we need individual alignments. The recent
updates of IGV include supports for viewing large-scale
SVs, such as linking split alignments and showing
insertion sequences, among others [22]. Several SV
visualization tools for the manual reviewing of SVs use
IGV as a backend tool for generating the screenshots of
the alignments around the SVs. Web-based genome
browsers (or libraries), such as JBrowse [18], igv.js
(https://github.com/igvteam/igv.js/), Dalliance [23], or
pileup.js [24], provide view modules that are embeddable

in future SV visualization tools; users can create a custom
web-based tool with the full power of linear genome
browsers to display individual read alignments and
annotations.

Dot plot (Fig. 1B) has been commonly used in the field
of comparative genomics for drawing alignments between
two given sequences. Recent tools such as Assemblytics
[25] or Ribbon [26] support dot plots to show the
nucleotide-level alignments to whole genome alignments
for displaying SVs of arbitrary sizes. In a dot plot, the X-
and Y-axis represent two sequences to be compared.
Alignments between the two sequences are shown as
diagonal segments, each of which represents a single
alignment that starts/ends at the positions projected on the
X- and Y-axis.

Scatter plot (Fig. 1C) is often used to describe the
difference in the copy number of genomic segments over
chromosomes. Here, we define a scatter plot for
copy number variations (CNVs) as a figure in which
the estimated copy numbers for genomic segments are
shown as the Y-coordinate of points, lines, or bars along
genomic segments on the X-axis. Scatter plot is imple-
mented in several CNV visualization tools such as
CNVKit [27] or iCopyDAV [28]. This view module is
useful for quickly capturing the genome-wide distribution
of CNVs.

A simple table is also commonly used for showing a list
of SVs. Here, we denote this as SV table (Fig. 1D). SV
Table is simple but provides a critical navigation method for
users. For example, when users wish to inspect all SV
candidates output by an SV identification tool, clicking on
the SV table would quickly take users to individual SVs
without asking users to manually input the chromosome
numbers or positions. SV table often is equipped with a
filtering function.

Circos plot (Fig. 1E) has many applications for visua-
lizing genome features [29]. In the context of the SV
visualization of human genomes, chromosome 1–22, X, and
Y are arranged as arcs of a circle, and the SVs are repre-
sented by the curves. This view module is useful for
viewing large SVs when the number of the large SVs is
small enough so that we can recognize them.

Linear coordinates plot (Fig. 1F) displays one or more
chromosome (often karyotypes) and SVs. Chromosomes
are vertically or horizontally placed, and lines or curves
connect the two-end points of SVs. Linear coordinates plot
that displays multiple chromosomes in parallel is often
known as a parallel coordinates plot [30] in the context of
SV visualization. This view module is also useful for
viewing large intra-chromosomal SVs or inter-
chromosomal SVs.

Two-way view (Fig. 1G) is a concept that is applied to
other view modules, such as linear genome browser. Two-

Fig. 1 Screenshots of view modules. a Linear Genome Browser (here,
IGV) shows Illumina read alignments and annotations for a cancer cell
line, LC-2/ad: a large deletion in chromosome 9 with read alignments
(in the middle) and repeat annotations (in the bottom) is shown.
Alignments courtesy of Mr. Sarun Sereewattanawoot and Prof. Yutaka
Suzuki. b Dot plot implemented in Ribbon shows the split-read
alignment between a long PacBio read and the two regions on the
human genome: a breast cancer cell line, SK-BR-3, exhibits a trans-
location between chromosome 16 and 19. c. Scatter plot in CNVKit
shows the distribution of copy number alterations identified by Illu-
mina reads: a semi-log scatter plot shows the normal-tumor copy ratio
across all chromosomes in a melanoma sample. d SV table in MoMI-G
for filtering and navigation: a list of SVs identified in CHM1, a
hydatidiform mole genome. e Circos plot shows inter-chromosomal
SVs identified by using 10x Chromium: SVs between the human
reference genome and the NA12878 sample. f Linear Coordinate plot
shows SVs between the NA12878 sample and the human reference
genome: SVs between chromosome 4, 12, and 20 are shown. g Two-
way view in AGFusion shows two fusion partner genes with details on
each side: a fusion gene across DLG1 and BRAF (535 amino acids in
total) in the mouse genome. hMulti-way view in svviz shows Illumina
read alignments along three genomic intervals: the two breakpoints are
suggested by the paired-end mapping of the Illumina reads from a trio
sample (HG002/003/004). i Graph view in MoMI-G (implemented by
using SequenceTubeMap) shows a graphical view of a genomic region
with long-read alignments: a deletion of >200 bp is identified by the
read alignments. j Population view in UCSC Xena shows SV calls,
gene expression, and the copy numbers of multiple genomes: copy
numbers on ERG across more than 300 samples represented as a
heatmap
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way view is used, for example, for displaying fusion genes,
for which we need to display two distant genomic intervals
involved in the fusion. The essential feature of two-way
view is that two (but no more) genomic intervals are shown
in a single panel. The two intervals are usually arranged side
by side or may occasionally be the X- and Y-axis (c.f., in dot
plot). Gene annotation, read coverages, read alignments,
and isoforms on the two intervals may be shown along the
two intervals.

Multiway view (Fig. 1H) is an extended concept of
two-way view; multiway view enables us to visualize
more than two intervals of read alignments/coverage on a
single panel. The intervals are arranged along an axis and
read alignments or coverages may be shown along the
intervals. Multi-way view often assumes long reads that
may align with multiple distant locations on the genome,
whereas two-way view often assumes short reads that may
span up to two locations.

Graph view (Fig. 1I) is a view based on graph genome.
Graph genome is an emerging approach for representing
SVs by embedding them in a mathematical graph that
models genomes and SVs as nodes and edges. There are
three reasons to use graph genomes and graph view. First,
variant calling using linear reference genomes is known to
have a bias toward the reference alleles [10, 11], but variant
calling using graph reference genomes effectively elim-
inates this bias [31]. Second, displaying heterozygous and
large SVs in existing (linear) genome browsers is difficult
because the implementation of existing linear genome
browsers implicitly assumes that a target genome has only
small variants to the reference genome. Third, to our
knowledge, there is no linear genome browser that displays
nested SVs in a way that they can be easily recognized as
nested. Graph genome and graph view provide a natural
way to understand the structure of SVs, regardless of their
size, their originating chromosomes, SV types (insertion/
deletions/etc.), or the existence of nesting SVs. Because the
development of graph genome algorithms is still in the early
stage, the way in which graph view modules display gen-
omes and SVs is expected to change quickly over time.
Therefore, users who prefer stable and robust implementa-
tions may not wish to use graph view. Nevertheless, graph
view is expected to deliver more accurate, natural, and
unbiased ways for users to understand the complex natures
of SVs in human genetics, population genetics, and cancer
genetics.

Population view (Fig. 1J) displays multiple tracks, each
of which represents either an individual genome or a
representative genome of a group. It is specifically designed
to visualize population genomes, rather than focusing on a
single human genome. A possible implementation could be
a heatmap, where each row represents a single individual/
group and each column represents a single variant.

SV visualization tools

We define SV visualization tools as tools for visualizing one
or more SVs. Because a variety of SV visualization tools
have been developed by researchers worldwide to achieve
slightly different research goals, the best choice of SV
visualization tool for the end users depends on many
factors.

To help readers choose which SV visualization tools to
use, in the following, we review SV visualization tools
(Table 2; Supplementary Table 1) based on various criteria,
including but not limited to (1) what sequencing platforms
are used, (2) if graph genomes are the preferred way for
representing genomic variants, (3) if CNVs are to be
examined, (4) if manual reviewing of SVs is needed, (5) if
the bird’s eye view of SVs is needed, and (6) if the number
of samples is in the hundreds or thousands.

Traditional linear genome browser

The starting point for most users is integrative genomics
viewer (IGV) [20, 21]. IGV has long been used for the
visualization of genomic annotations and read alignments,
and therefore IGV has the largest user base among genome
browsers. Users can easily display various kinds of anno-
tations, such as gene annotations, repetitive elements, his-
tone marks, gene expressions, and conservation levels, as
well as read alignments, with explicit support for long
reads. Furthermore, IGV has a built-in list of URLs from
which users can download the common annotation data
such as the GENCODE genes in GRCh37; users do not
have to specify the individual URLs for the common
annotation data. Therefore, users may be able to find the
biological implications of identified SVs faster than with
other tools. The implementation is mature and stable; there
are many articles and books describing how to use IGV, and
therefore many users are already familiar with IGV. Among
other linear genome browsers, New Genome Browser
(NGB) [32] and BasePlayer [33] are notable for SV ana-
lysis. NGB can help users navigate quickly through the
variants in the list (SV table). BasePlayer shows the split-
read alignments of long reads, even for reads that are
aligned with distant genomic regions (Multi-way view).
BasePlayer also supports multiple samples as input (popu-
lation view). Other traditional linear genome browsers are
not generally recommended. Ensembl and UCSC genome
browser are difficult to install on a local system, and the
official public web servers cannot be used to work with
clinical human genomes due to privacy concerns. JBrowse
is not recommended because it lacks explicit support for
SVs. Artemis [34] is useful when users wish to annotate
gene structures with read alignments and output from ana-
lysis or prediction tools.

Visualization tools for human structural variations identified by whole-genome sequencing 53
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Visualizing SV identified by long reads

Long reads, such as PacBio reads or Oxford Nanopore
reads, are more likely to be aligned uniquely with the
reference genome because those reads are often longer than
the lengths of interspersed repetitive sequences in the
human genome. This allows the identification of large,
complex, and nested SVs that were previously impossible to
accurately and robustly find using only short reads. For
example, Oxford nanopore reads can be longer than 1Mb,
which can span very large SVs. These ultra-long reads
spanning complex or nested SVs may be aligned with more
than two separate regions of the reference genome. The new
class of SVs found with long reads necessitates the visua-
lization of large, complex, and nested SVs.

To this end, new SV visualization tools specifically
designed for SVs identified by long reads have been
developed. One mathematically simple way for this pur-
pose is to use mathematical graphs as an underlying data
structure for representing genomes with SVs. We intro-
duce this approach in the next subsection. Another
approach extends the traditional way of displaying gen-
omes and read alignments to long reads. Ribbon and
SplitThreader [26, 35] are a pair of web-based tools for
visualizing SVs with various view modules, such as circos
plot, linear coordinate plot, and multiway view. Base-
Player provides multiway view for displaying distant
genomic intervals spanned by a long-read alignment,
whereas svviz [36] and SVCurator provide multiway view
for displaying long reads over an SV. Samplot (https://
github.com/ryanlayer/samplot) provides two-way view of
long-read alignments for translocations and large SVs, and
also provides a web interface to browse the plots for a
VCF file with SVs.

Graph genome-based SV visualization tools

Visualizing large, complex, and nested SVs using linear
genome browsers is difficult. For example, if a genome of
Asian origin has a large Asian-specific insertion relative to
the international human reference genome, and if one of the
haplotypes (haplotype X) contains a small insertion relative
to the other haplotype (haplotype Y), the latter haplotype
(haplotype Y) has a nested insertion relative to the inter-
national human reference genome (Fig. 2). In linear genome
browsers, both haplotypes are shown as containing inser-
tions relative to the reference genome. However, the rela-
tionship between the two haplotypes cannot be shown, and
it is therefore difficult for the user to realize that haplotype
A is haplotype B plus a small insertion. Graph genomes can
handle large, complex, and nested SVs more naturally than
linear genomes, where SVs are represented as the differ-
ences from the reference genomes.Ta
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MoMI-G [37] provides a graph-based visualization for
SVs in human genomes and a customizable layout of
view modules with circos plot, SV table, graph view, and
linear genome browser. MoMI-G demonstrated that it was
able to display nested SVs and a large SV of megabases
with long-read alignments in an intuitive way. It may be
useful to visualize a smaller region of the human genome,
such as the HLA region, GfaViz [38] or graphviz [39],

although users have to write a custom script to construct
graph genomes to visualize SVs. gGnome (https://github.
com/mskilab/gGnome) is an R library that provides
graph view for displaying SVs with gene annotations and
copy number alterations. Fastbreak [30] is an early work
that employed graph view to display multiple distant
genomic intervals and their connections (SVs) in a
single view.

A

B

Reference genome

Haplotype X

Haplotype Y Alu

Asian-specific Insertion

C

Fig. 2 An example of nested insertion. b Both haplotype X and hap-
lotype Y have insertion sequences of different sizes against the
international reference genome such as GRCh38. Both haplotype X
and Y contain the same insertion sequence against the reference
genome; for example, imagine that this insertion is an Asian-specific
insertion relative to the reference genome. Haplotype Y also contains
another insertion, which is often a transposable element. The inner-
most insertion is a nested insertion relative to the international human
reference genome. b A typical representation of the nested insertion

shown in a by linear genome browser. We see the two insertions
relative to the international reference genome, but the relationship
between the two insertions is not clear. c A graph genome repre-
sentation of the nested insertion shown in a. Each node (rounded
rectangles) represents a sequence. A colored thick line represents a
single haplotype. We can easily see that the two insertions are largely
the same except that the insertion on haplotype Y has a small trans-
posable element in it
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Visualizing copy number variations

The best way to visualize SVs in general is still an open
question. There are many ways to visualize SVs, but however,
to our knowledge, CNVs are always drawn as a scatter plot or
a heatmap (Population View). Therefore, visualization tools
for CNVs output functionally similar figures.

The visualization tools designed for CNV include
cnvCurator [40], CNView [41], CNVKit [27], iCopyDAV
[28], and gGnome. The first four tools display copy number
alteration on a chromosome by scatter plot. The other tool,
gGnome, is able to display intra-chromosomal and inter-
chromosomal connections between regions of different
copy numbers. Among these tools, cnvCurator is a stand
alone tool, provided as a jar file, that supports both tumor-
normal analysis and the manual curation of CNVs by
looking at the read coverage and alignments. The tools
other than cnvCurator are command-line tools for generat-
ing publication figures. CNView provides a coverage plot
and supports trio analysis. CNVKit supports heatmaps for a
hundred genomes (Population View). gGnome visualizes
read alignments with copy number and gene annotations on
a linear interval.

Manual reviewing tools for SV

SV identification tools are still in the early stage of their
development. Outputs by SV callers often disagree with
each other [14, 15]. Therefore, false positive SVs have to be
spotted manually by experts. To this end, several groups
have developed tools for experts to review SVs for the fil-
tering out of false positive SVs.

VIPER [42] and SVCurator [43] take screenshots of a
genome browser for the manual reviewing of SVs; users can
easily collect figures without manually launching a genome
browser or manually seeking the genomic intervals of SVs.
SVCurator employs IGV and svviz2 (the successor of
svviz) as its backend, while VIPER employs IGV. Both
support long reads and VCF [44] input. SV-plaudit [45]
employs samplot as a means to generate figures of SVs, and
provides a web interface for rapidly audit SVs, although
SV-plaudit requires Amazon S3 and DynamoDB. SVPV
[46] shows the range of SV and read coverages against the
specific interval of a linear reference genome. targetSeq-
View [47] provides two-way view to visualize short read
alignments.

Looking at the distribution of SVs

If the user only needs an overview of the SVs in a whole
genome, or wishes to quickly view the structure of a given
genome without looking at the read alignments, there are
several tools available.

Circos [29] has been widely used for visualizing the
distribution of SVs. Chromosomes are arranged along a
circle, while SVs are drawn as curves that connect the
breakpoints of the SVs. Other information, such as gene
annotations and read depth, can be displayed with some
customization. Because Circos is a general-purpose tool not
specifically designed for SVs, and because circos is flexible,
the users will need to spend some time writing a config-
uration file for customizing the output view. There are
several circos-based visualization tools, such as Seqeyes
[48] and CIRCUS [49], but however, as of writing, they are
not currently unavailable. Paplot [50] provides circos plots
and a scatter plot that shows the breakpoint distributions of
cancer genomes on a web interface.

Visualization tools for special measurement devices

When measurement devices other than DNA sequencers, such
as 10x Chromium or Bionano Saphyr, are used, proprietary
browsers specifically designed for the devices are tools that
cannot be missed. If a user obtains their sequencing reads using
10x Chromium and has identified SVs, the company’s official
browser, Loupe (http://loupe.10xgenomics.com/loupe/), pro-
vides multiple view modules, including dot plot, linear
genome browser, and two-way view, which are specifically
designed for reads barcoded by 10x Chromium. Data
obtained using Bionano Saphyr can be displayed with the
Bionano’s official browser, Bionano Access (https://biona
nogenomics.com/support-page/bionano-access/); it provides
circos plot, linear genome browser, and SV table to
(implicitly) display SVs. However, these tools do not sup-
port reads from other sequencing platforms, so users may
have to use other visualization tools, if needed.

Visualization tools for a few samples

Certain types of analysis, such as trio/pedigree analysis or
tumor/normal pair analysis in cancer studies, require gen-
omes to be visualized side by side in order to determine if
variants are de novo or not. The following tools allow for
the visualization of multiple samples. This subsection is
dedicated to tools for the visualization of 2–10 samples; the
tools for the visualization of hundreds or even more samples
will be discussed in the next subsection.

Modern genome browsers, such as IGV or BasePlayer,
can arrange vertically the tracks of both read alignments and
identified variants of several genomes, allowing us to
compare the several genomes with each other. These full-
featured browsers are recommended for general use. There
are also tools for visualizing SVs across samples in a more
specialized setting. svviz displays the read alignments of
multiple samples horizontally. cnvCurator supports tumor/
normal analysis. samplot, CNView, SV-plaudit, and SVPV
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support multiple samples, including trio. Paplot provides
circos plots for each sample and a heatmap for mutations
across the samples.

Visualization tools for multiple samples

Since not many research groups visualize SVs in thousands
of genomes, the visualization tools for thousands of gen-
omes are not yet mature. For users who wish to analyze
hundreds or thousands of genomes, SV-Pop [54], UCSC
Xena [55], and BasePlayer are tools that may be of interest.
UCSC Xena displays the heatmap of SVs, including copy
numbers, across samples with other data types (e.g., gene
expression level) in a modern user interface. SV-Pop dis-
plays variant frequencies calculated in each population as
multiple tracks of line plots. BasePlayer is the only tool in
this category that allows users both (1) to easily capture the
entire view of thousands of genomes in a heatmap-like
genotype matrix and (2) to trace a variant down to read
alignments in an individual genome for manual reviewing.
BasePlayer may be the only tool for visualizing whole-
genome sequencing data of thousands of individuals with
underlying raw read alignments. CNVkit can display the
copy numbers of dozens of genomes.

SV analysis by genome comparison

All the tools described so far visualize the SVs identified by
comparing the whole-genome shotgun reads and the refer-
ence genome. Assemblytics [25] compares two (assembled)
genomes without shotgun reads, and displays an interactive
dot plot of all-vs-all genome alignments on a web interface.

visualization tools for fusion genes

Fusion genes that originate from an SV are often searched
in cancer genome analysis [56]. MAVIS [57] provides two-
way view for visualizing fusion genes with a nifty diagram
of exon–intron structures and, optionally, with gene
expression levels. AGFusion [58] is a command-line tool
for visualizing a fusion gene in two-way view. There are
many other visualization tools for fusion genes, but we have
omitted them because they are based only on transcripts and
do not visualize genomes with SVs.

Visualization tools in a large analysis pipeline

There is an another class of visualization tools, shipped with
large genome analysis pipelines. These visualization tools
are specifically designed for those genome analysis pipe-
lines, providing integrated views that show the relationships
between SVs and other features, such as read alignment
depth, breakpoints, gene annotations, and gene expression

levels at the exon level, among others. Breakpoint Surveyor
[59] is a set of tools that compares two genomes, such as a
virus genome and a human genome, and displays the copy
number distributions of two genomes, as well as breakpoint
positions and gene expression levels. MAVIS includes a set
of tools for clustering, validation, and annotation of SVs, as
well as a visualization tool.

Discussion

In this review, we provided a comprehensive survey of
more than 30 SV visualization tools. Because there are
many SV visualization tools with significant overlaps in
functionality, users can spend hours surveying several tools
before they decide which SV visualization tool to use for
their project. Here, we first analyzed that how each SV
visualization tool displays SVs and related data, before
categorizing these into the ten view modules according to
the way in which the SV visualization tools display data,
including SVs, read alignments, and annotations. We
introduced SV visualization tools from a variety of aspects,
including the type of SVs, the need for manual auditing, the
number of samples, and the type of sequencing platforms.
We hope that this paper will serve as a guide for readers
when selecting the right tool for their research goals.

The development of SV visualization tools, especially
those for long reads or for population genomes, is still in the
early phase. Because layout algorithms for rendering graph
genomes are not yet mature, rendered graphs are often not
easy to interpret by biologists who are not familiar with
mathematical graphs. More intuitive views for graph gen-
omes should be developed in the near future. SV analysis
methods for population genomes are yet to be explored, and
therefore visualization methods for population SVs still
need improving.

Although the individual tools we described in this article
solve a particular set of visualization issues for SVs, no tool
solves all of them simultaneously. For example, gGnome
supports displaying phasing and MoMI-G supports dis-
playing read alignments in insertions (i.e., sequences not in
the reference genome), but however, no visualization tools
support both phasing and read alignments in insertions. We
hope that new tools will be developed to solve this problem.

Another point to consider is that we desperately need a
standard format for describing SVs. Indeed, the VCF format
is designed for this purpose, but there are many ways to
describe the same SV in the current VCF specification; as a
result, all SV visualization tools can correctly interpret only
particular dialects of VCF. For example, the orientation of
the breakends of SVs is described either in the ALT field or
in the INFO field depending on SV callers, but SV visua-
lization tools usually cannot interpret both ways.
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Given the rapid increase in the read length and in the cost
reduction of long reads, increasing SVs of various com-
plexities and sizes will be identified by long reads in the
near future. Visualization tools for SVs identified by short
reads cannot handle sequences that significantly diverge
from the reference genomes, which is the reason that they
are not suitable for SV analysis based on long reads. Also,
the development of SV callers for long reads is needed
because existing SV callers do not seem to be able to reveal
the entire picture of SVs in the human genome yet and
output too many false positives, which hinders the fully
automated analysis of SVs in population genomes. The best
way to visualize SVs remains an open problem and there is
still a great need for new visualization methods.

Acknowledgements This work was supported in part by JSPS
KAKENHI (grant numbers 16H06279 and 19J21608).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Tattini L, D’Aurizio R, Magi A. Detection of genomic structural
variants from next-generation sequencing data. Front Bioeng
Biotechnol. 2015;3:1–8.

2. Chin C-S, et al. Phased diploid genome assembly with single-
molecule real-time sequencing. Nat Methods. 2016;13:1050–4.

3. Alkan C, Coe BP, Eichler EE. Genome structural variation dis-
covery and genotyping. Nat Rev Genet. 2011;12:363–76.

4. Carvalho CMB, Lupski JR. Mechanisms underlying structural
variant formation in genomic disorders. Nat Rev Genet.
2016;17:224–38.

5. Pabinger S, et al. A survey of tools for variant analysis of next-
generation genome sequencing data. Brief Bioinform.
2014;15:256–78.

6. Stankiewicz P, Lupski JR. Structural variation in the human
genome and its role in disease. Annu Rev Med. 2010;61:437–55.

7. English AC, et al. Assessing structural variation in a personal
genome—towards a human reference diploid genome. BMC
Genomics. 2015;16:286.

8. Huddleston J, et al. Discovery and genotyping of structural var-
iation from long-read haploid genome sequence data. Genome
Res. 2017;27:677–85.

9. Cretu Stancu M, et al. Mapping and phasing of structural variation
in patient genomes using nanopore sequencing. Nat Commun.
2017;8:1326.

10. Nattestad M, et al. Complex rearrangements and oncogene
amplifications revealed by long-read DNA and RNA sequencing
of a breast cancer cell line. Genome Res. 2018;28:1126–35.

11. Chaisson MJP, et al. Resolving the complexity of the human
genome using single-molecule sequencing. Nature. 2015;517:
608–11.

12. Shi L, et al. Long-read sequencing and de novo assembly of a
Chinese genome. Nat Commun. 2016;7:265–72.

13. Seo J, et al. De novo assembly and phasing of a Korean human
genome. Nature. 2016;538:243–7.

14. Fang L, Hu J, Wang D, Wang K. NextSV: a meta-caller for
structural variants from low-coverage long-read sequencing data.
BMC Bioinf. 2018;19:1–11.

15. Wenger AM et al. Highly-accurate long-read sequencing improves
variant detection and assembly of a human genome. 2019:1–27.
https://doi.org/10.1101/519025.

16. Guan P, Sung W-K. Structural variation detection using next-
generation sequencing data. Methods. 2016;102:36–49.

17. Kent WJ, et al. The human genome browser at UCSC. Genome
Res. 2002;12:996–1006.

18. Buels R, et al. JBrowse: a dynamic web platform for genome
visualization and analysis. Genome Biol. 2016;17:66.

19. Skinner ME, Uzilov AV, Stein LD, Mungall CJ, Holmes IH.
JBrowse: a next-generation genome browser. Genome Res.
2009;19:1630–8.

20. Robinson JT, et al. Integrative genomics viewer. Nat Biotechnol.
2011;29:24–6.

21. Thorvaldsdóttir H, Robinson JT, Mesirov JP. Integrative geno-
mics viewer (IGV): high-performance genomics data visualization
and exploration. Brief Bioinform. 2013;14:178–92.

22. Robinson JT, Thorvaldsdóttir H, Wenger AM, Zehir A, Mesirov
JP. Variant review with the integrative genomics viewer. Cancer
Res. 2017;77:e31–4.

23. Down TA, Piipari M, Hubbard TJP. Dalliance: interactive genome
viewing on the web. Bioinformatics. 2011;27:889–90.

24. Vanderkam D, Aksoy BA, Hodes I, Perrone J, Hammerbacher J.
ileup.js: a JavaScript library for interactive and in-browser
visualization of genomic data. Bioinformatics. 2016;32:2378–9.

25. Nattestad M, Schatz MC. Assemblytics: a web analytics tool for
the detection of variants from an assembly. Bioinformatics.
2016;32:3021–3.

26. Nattestad M, Chin C-S, Schatz MC. Ribbon: visualizing complex
genome alignments structural variation. bioRxiv. 2016:1–2.
https://doi.org/10.1101/082123.

27. Talevich E, Shain AH, Botton T, Bastian BC. CNVkit: genome-
wide copy number detection and visualization from targeted DNA
sequencing. PLoS Comput Biol. 2016;12:e1004873.

28. Dharanipragada P, Vogeti S, Parekh N. iCopyDAV: integrated
platform for copy number variations—Detection, annotation and
visualization. PLoS ONE. 2018;13:e0195334.

29. Krzywinski M, et al. Circos: an information aesthetic for com-
parative genomics. Genome Res. 2009;19:1639–45.

30. Bressler R, et al. Fastbreak: a tool for analysis and visualization of
structural variations in genomic data. EURASIP J Bioinform Syst
Biol. 2012;2012:15.

31. Garrison E, et al. Variation graph toolkit improves read mapping
by representing genetic variation in the reference. Nat Biotechnol.
2018;36:875–9.

32. Ahdesmäki MJ, et al. Prioritisation of structural variant calls in
cancer genomes. PeerJ. 2017;5:e3166.

Visualization tools for human structural variations identified by whole-genome sequencing 59

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1101/519025
https://doi.org/10.1101/082123


33. Katainen R, et al. Discovery of potential causative mutations in
human coding and noncoding genome with the interactive soft-
ware BasePlayer. Nat Protoc. 2018;13:2580–600.

34. Carver T, Harris SR, Berriman M, Parkhill J, McQuillan JA.
Artemis: an integrated platform for visualization and analysis of
high-throughput sequence-based experimental data. Bioinfor-
matics. 2012;28:464–9.

35. Nattestad M, Alford MC, Sedlazeck FJ, Schatz MC. Split-
Threader: exploration and analysis of rearrangements in cancer
genomes. 2016:1–8. https://doi.org/10.1101/087981.

36. Spies N, Zook JM, Salit M, Sidow A. Svviz: a read viewer for
validating structural variants. Bioinformatics. 2015;31:3994–6.

37. Yokoyama TT, Sakamoto Y, Seki M, Suzuki Y, Kasahara M.
MoMI-G: Modular multi-scale integrated genome graph browser.
2019:1–39. https://doi.org/10.1101/540120.

38. Gonnella G, Niehus N, Kurtz S. GfaViz: flexible and interactive
visualization of GFA sequence graphs. Bioinformatics. 2018:1–3.
https://doi.org/10.1093/bioinformatics/bty1046.

39. Gansner ER, North SC. An open graph visualization system and
its applications. Softw—Pr Exp. 1999;30:1203–33.

40. Ma L, et al. CnvCurator: an interactive visualization and editing tool
for somatic copy number variations. BMC Bioinf. 2015;16:1–8.

41. Collins RL, Stone MR, Brand H, Glessner JT, Talkowski ME.
CNView: a visualization and annotation tool for copy number
variation from whole-genome sequencing. 2016:1–2. https://doi.
org/10.1101/049536.

42. Wöste M, Dugas M. VIPER: a web application for rapid expert
review of variant calls. Bioinformatics. 2018;34:1928–9.

43. Chapman LM et al. SVCurator: a crowdsourcing app to visualize
evidence of structural variants for the human genome. 2019:1–5.
https://doi.org/10.1101/581264.

44. Danecek P, et al. The variant call format and VCFtools. Bioin-
formatics. 2011;27:2156–8.

45. Belyeu JR, et al. SV-plaudit: a cloud-based framework for
manually curating thousands of structural variants. Gigascience.
2018;7:265058.

46. Munro JE, Dunwoodie SL, Giannoulatou E. SVPV: a structural
variant prediction viewer for paired-end sequencing datasets.
Bioinformatics. 2017;33:2032–3.

47. Halper-Stromberg E, Steranka J, Burns KH, Sabunciyan S, Iri-
zarry RA. Visualization and probability-based scoring of struc-
tural variants within repetitive sequences. Bioinformatics.
2014;30:1514–21.

48. Park R, Gehlenborg N, Park PJ. Seqeyes: a multi-scale interactive
visualization tool for structural variations. 1st IEEE Symbosium
on Biological Data Visualization. Providence, RI; 2011.

49. Naquin D, D’Aubenton-Carafa Y, Thermes C, Silvain M. CIR-
CUS: a package for Circos display of structural genome variations
from paired-end and mate-pair sequencing data. BMC Bioinf.
2014;15:198.

50. Okada A, Chiba K, Tanaka H, Miyano S, Shiraishi Y. A frame-
work for generating interactive reports for cancer genome analy-
sis. J Open Source Softw. 2017;2. https://doi.org/10.21105/joss.
00457.

51. O’Brien T, Ritz A, Raphael B, Laidlaw D. Gremlin: an interactive
visualization model for analyzing genomic rearrangements. IEEE
Trans Vis Comput Graph 2010;16:918–26.

52. Sante T, et al. ViVar: a comprehensive platform for the analysis
and visualization of structural genomic variation. PLoS One.
2014;9:e113800.

53. Hiltemann S, et al. iFUSE: integrated fusion gene explorer.
Bioinformatics. 2013;29:1700–1.

54. Ravenhall M, Campino S, Clark TG. SV-Pop: population-based
structural variant analysis and visualization. BMC Bioinf.
2019;20:136.

55. Goldman M et al. The UCSC Xena platform for public and private
cancer genomics data visualization and interpretation. 2019:1–39.
https://doi.org/10.1101/326470.

56. Mertens F, Johansson B, Fioretos T, Mitelman F. The emerging
complexity of gene fusions in cancer. Nat Rev Cancer.
2015;15:371–81.

57. Reisle C, et al. MAVIS: merging, annotation, validation,
and illustration of structural variants. Bioinformatics. 2018;35:
515–7.

58. Murphy C, Elemento O. AGFusion: annotate and visualize gene
fusions. 2016:1–4. https://doi.org/10.1101/080903.

59. Wyczalkowski MA et al. BreakPoint surveyor: a pipeline for
structural variant visualization. Bioinformatics. 2017;33:3121–2.

60 T. T. Yokoyama, M. Kasahara

https://doi.org/10.1101/087981
https://doi.org/10.1101/540120
https://doi.org/10.1093/bioinformatics/bty1046
https://doi.org/10.1101/049536
https://doi.org/10.1101/049536
https://doi.org/10.1101/581264
https://doi.org/10.21105/joss.00457
https://doi.org/10.21105/joss.00457
https://doi.org/10.1101/326470
https://doi.org/10.1101/080903

	Visualization tools for human structural variations identified by�whole-genome sequencing
	Abstract
	Introduction
	SV visualization
	View modules for visualizing SV
	SV visualization tools
	Traditional linear genome browser
	Visualizing SV identified by long reads
	Graph genome-based SV visualization tools
	Visualizing copy number variations
	Manual reviewing tools for SV
	Looking at the distribution of SVs
	Visualization tools for special measurement devices
	Visualization tools for a few samples
	Visualization tools for multiple samples
	SV analysis by genome comparison
	visualization tools for fusion genes
	Visualization tools in a large analysis pipeline

	Discussion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




