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Abstract

Profiling genetic variants—including single nucleotide variants, small insertions and deletions, 

copy number variations and structural variations (SVs)—from both healthy and diseased 

individuals is a key component of genetic and biomedical research. SVs are large-scale changes in 

the genome and involve breakage and rejoining of DNA fragments. They may affect thousands to 

millions of nucleotides, and can lead to loss, gain and reshuffling of genes as well as regulatory 

elements. SVs are known to impact gene expression and potentially resulting in altered phenotypes 

and diseases. Therefore, identifying SVs from human genomes is particularly important. In this 

review, I describe advantages and disadvantages of the available high throughput assays for the 

discovery of SVs, which are the most challenging genetic alterations to detect. A practical guide is 

offered to suggest the most suitable strategies of discovering different types of SVs including 

common germline variants, rare variants, somatic variants and complex variants. I also discuss 

factors to be considered, such as cost and performance, for different strategies when designing 

experiments. Lastly, I present several approaches to identify potential SV artifacts caused by 

samples, experimental procedures and computational analysis.
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Introduction

Structural variations (SVs) are an important class of genetic variants in the human genome 

(Feuk et al., 2006; Stankiewicz and Lupski, 2010). They include deletions, duplications, 

insertions, inversions, translocations and other more complex forms (Figure 1). Some SVs 

change the dosage of DNA, such as deletions and duplications, and are also considered as 

copy number variations (CNVs); while others, such as inversions and balanced 

translocations, do not change the DNA dosage. The major difference between SVs and 

CNVs is that SVs always involve breakage and rejoining of DNA fragments. Hence, events 

like whole chromosomal gains and losses are not considered as SVs. In a given human 

genome, the germline SVs typically affect an order of magnitude more nucleotides than 

single nucleotide polymorphisms (SNPs) (Mills et al., 2011). The size of SV can range from 

dozens to millions of base pairs. Conventionally, SVs with less than 50bp in size are called 

small insertion/deletions (indels). The strategies of indel discovery are very different from 
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large SVs (Mullaney et al., 2010; Xu, 2018). In this guide, we will only discuss SVs that are 

larger than 50bp.

Other than the simple forms of SVs, more complex SVs are also frequent in normal 

individuals as well as in patients with genetic disorders, such as duplication-inverted 

triplication-duplication (Carvalho et al., 2011), insertion or inversion inside deletion (Kidd et 

al., 2010; Yang et al., 2013), templated insertion (Li et al., 2020), etc. Recently, an extremely 

complex form of SVs was described in cancer called chromothripsis, in which dozens to 

hundreds of breakpoints on one or a few chromosomes are involved (Stephens et al., 2011). 

Such event is considered to occur at one time rather than many simple SVs being 

accumulated over a long period of time. Chromothripsis was originally reported in many 

different types of cancers (Stephens et al., 2011; Molenaar et al., 2012; Rausch et al., 

2012a), and was also found in germline genomes causing developmental disorders and 

neuronal disorders (Liu et al., 2011; Chiang et al., 2012). Similar complex events have been 

named chromoanasythesis (Liu et al., 2011), chromoanagenesis (Holland and Cleveland, 

2012) and chromoplexy (Baca et al., 2013) in various contexts.

SVs are usually caused by erroneous DNA replication and DNA damage repair as well as 

activities of repetitive elements (Cordaux and Batzer, 2009; Lee et al., 2012). A number of 

molecular mechanisms are known to form SVs in the germline and somatic cells (Hastings 

et al., 2009; Bunting and Nussenzweig, 2013). These include nonhomologous end joining 

(NHEJ), alternative end joining (alt-EJ), non-allelic homologous recombination (NAHR), 

single-strand annealing (SSA), break-induced replication (BIR), fork-stalling and template 

switching (FoSTeS), etc. Chromothripsis is known to be induced by micronuclei formed via 

chromosomal segregation error (Zhang et al., 2015a), chromatin bridge due to telomere 

attrition (Maciejowski et al., 2015), template switching at stalled replication fork (Liu et al., 

2011; Yang et al., 2013) and breakage-fusion-bridge (BFB) cycles (Li et al., 2014).

There are two main impacts of SVs: change of DNA dosage and change of DNA order. 

Firstly, the gains and losses of important genes and regulatory elements due to SVs will 

impact phenotype and cause diseases (Stankiewicz and Lupski, 2010; Weischenfeldt et al., 

2013). The dosage changes of genes and their contributions to diseases have been 

extensively studied (Zhang et al., 2009; Stankiewicz and Lupski, 2010; Tang and Amon, 

2013). Recently, it has been reported that duplications or deletions of enhancers and super-

enhancers lead to misregulation of their target genes (MYC, AR, SOX9 and KLF5) and 

cause diseases such as cancer and sex development disorders (Zhang et al., 2015b; Takeda et 

al., 2018; Croft et al., 2018; Zhang et al., 2018a). Secondly, the SVs can reorganize the DNA 

contents and connect two distal fragments together. This will lead to gene fusions and 

chimeric proteins when two distinct genes are joined into one. Gene fusions are often major 

cancer-driving events, especially in pediatric cancers and liquid tumors (Mertens et al., 

2015). Moreover, the interactions between genes and regulatory elements can also be altered 

by SVs. A number of oncogenes, such as MYC, BCL2, EVI1, TERT, GFI1, etc., are 

activated by distal enhancers through somatic SVs (Boxer and Dang, 2001; Gröschel et al., 

2014; Davis et al., 2014; Northcott et al., 2014; Valentijn et al., 2015). When enhancer-gene 

interactions are rewired by various types of SVs such as deletion, duplication or inversion 

around the WNT6/IHH/EPHA4/PAX3 locus, the misregulated genes can lead to different 
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forms of limb malformation (Lupiáñez et al., 2015). Duplications of different regions near 

SOX9 can cause sex reversal or limb malformation depending on the types of newly formed 

gene-enhancer interactions (Franke et al., 2016). Furthermore, inherited rare SVs in cis-

regulatory elements are found to be associated with autism (Brandler et al., 2018).

Methods overview

Here, I briefly describe the methods used for SV discovery. The main goal for these methods 

is to detect unknown SVs. The methods to confirm if a particular SV exist in a genome or 

not are described in the last section “Validation and genotyping”.

1. Cytogenetics

Cytogenetic testing used to be routinely performed on diagnosis and screening for genetic 

diseases. Recurrent translocations were found in cancer by cytogenetic analysis decades ago. 

Karyotyping (Figure 2A) is the most common cytogenetic testing technique (Wan, 2014). 

Dividing cells are required to view condensed chromosomes at metaphase. Chromosomes 

are stained or colored probes are hybridized to chromosomes. The chromosomal banding 

patterns are visualized with microscope. Only large SVs visible under the microscope can be 

detected, such as deletions, duplications and inversions that are at least 5 Mb in size as well 

as translocations. Mosaic events (SVs exist in a subset of cells but not all cells) are less 

likely to be detected. The SV breakpoints are not precise. Complex SVs are typically not 

detectable. Nowadays, karyotyping is rarely used for SV discovery due to its low sensitivity 

and precision.

2. Microarray

DNA microarray (Figure 2B) is an advanced version of florescent in situ hybridization 

(FISH) described in Section 5 where probes are designed to hybridize with DNA and the 

readout is florescent signal (Heller, 2002; Bumgarner, 2013). On a microarray, thousands to 

millions of probes are printed on a very dense surface. The intensity of florescent signal 

represents the amount of DNA that can hybridize to the probes. This feature can be used to 

quantify the copy number of DNA (Figure 2C top panel). Microarray-based Comparative 

Genomic Hybridization (array CGH) is particularly designed to detect CNVs (Pinkel and 

Albertson, 2005; Lockwood et al., 2006). SNP genotyping array can also be used to measure 

DNA copy number as well (Schaaf et al., 2011; Lin et al., 2013). The current cost for human 

DNA microarray ranges from $100 to $500 per sample depending on the probe density. For 

SNP array, in addition to probe hybridization intensity, the minor-allele (B-allele) 

frequencies can also be used to infer CNVs. For example, in copy neutral regions, the 

germline heterozygous SNPs should have B-allele frequencies of 0.5. In one-copy loss 

regions, the B-allele frequencies will become 0 or 1. Similarly, they will be 0.33 and 0.67 in 

one-copy gain regions. Since there is always noise in the florescent signal, CNVs are 

typically called when there are several consecutive probes supporting the events. CNVs less 

than 50kb in size are usually undetectable from microarray. The breakpoints cannot be 

precisely determined. In addition, balanced SVs are not detectable because there is no DNA 

dosage change. Due to its high throughput nature, microarray was widely used to study 

CNVs in normal population (Conrad et al., 2005; McCarroll et al., 2008) as well as many 
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diseased individuals (Zack et al., 2013; Sebat et al., 2007; Bochukova et al., 2010). Although 

microarray has been mostly replaced by second-generation sequencing in scientific research, 

it is still commonly used in clinical diagnosis for genetic disorders.

3. Second-generation sequencing

More than 10 years ago, a number of second-generation sequencing technologies became 

available, including pyrosequencing (Roche 454), sequencing by synthesis (Illumina/

Solexa), sequencing by ligation (Life Technologies SOLiD), nanoball sequencing (Complete 

Genomics/BGI), Ion Torrent sequencing (Life Technologies), etc. Over the years, the 

sequencing quality has improved significantly while the cost continues to drop. Whole-

genome sequencing (WGS) has become quite affordable and enabled SV detection to the 

base pair resolution (Figure 2D). The current cost for library preparation and Illumina 

sequencing (150bp paired-end) of a 30x human genome is between $800 to $1,300. In 

second-generation sequencing experiments, genomic DNA is first shredded into small 

fragments and then sequenced from both ends of the DNA molecules (paired-end 

sequencing). Sequencing reads are typically short (<500bp). With high coverage WGS, since 

all genomic regions are sequenced, theoretically, all SVs may be detected including balanced 

SVs and complex events. However, due to the limitation of short read-length and the 

repetitive nature of the human genome, SVs in repetitive regions and segmental duplicated 

regions remain difficult to identify. Furthermore, sampling bias and gaps in reference 

genome will also affect SV detection. Fresh and fresh-frozen samples are recommended to 

study SVs for both second- and third-generation platforms. In formalin fixed paraffin 

embedded (FFPE) samples, DNA is highly degraded and chimeric molecules are abundant. 

There will be many artifact SVs detected. Therefore, FFPE samples are generally not 

recommended for SV discovery.

4. Third-generation sequencing/imaging

Third-generation sequencing technologies feature long reads. PacBio Single-molecule real-

time (SMRT) sequencing passes single-strand DNA through an immobilized DNA 

polymerase to detect florescent light. Oxford Nanopore detects bases via ion current when 

DNA or RNA passes through the protein nanopores. Both technologies can produce tens of 

kb to Mb sequences at the single molecule level without amplifying the templates. The cost 

for a 30x human genome sequenced by both PacBio continuous long reads (CLR) and 

Nanopore PromethION including library preparation ranges between $3,000 to $5,000. A 

major drawback of long-read sequencing is the high error rates (15% for PacBio and 30% 

for Nanopore). Hence, long-read sequencing technologies by themselves are great for SV 

discovery but not optimal for detection of single nucleotide variants (SNVs) or small indels. 

To overcome the high error rate, the latest HiFi reads from PacBio substantially improved 

the base quality by sequencing the same molecules multiple times. The cost of a 30x human 

genome with PacBio HiFi sequencing is about $15,000. An alternative approach is linked-

read sequencing offered by 10X Genomics. Long DNA molecules are embedded in 

individual microfluidic droplets called Gel-bead in EMulsion (GEMs) containing unique 

barcodes. DNA fragments are sequenced by Illumina short-read sequencing platform and the 

barcodes can be used to link short reads into longer contigs. The cost of linked-read 

sequencing is about $2,000 for a 30x human genome. In addition, microscopic imaging can 
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provide genomic information through very long range as well. The genome mapping 

technology offered by BioNano Genomics labels specific sequence motifs in the genome 

and scan these labels by imaging. The maps of sequence motifs can then be used for SV 

detection and genome assembly. However, the resolution of SV breakpoints in optical 

mapping is much lower than sequencing based approaches. The cost of Bionano Optical 

Mapping is about $1,500 for a human genome. All of the third-generation sequencing and 

imaging technologies can overcome the major limit of second-generation short-read 

sequencing. The long-range information is ideal to resolve complex SVs as well as SVs in 

repetitive regions (Figure 2E). Note that the third-generation sequencing and imaging 

platforms depends on high molecular weight (HMW) DNA so that the long DNA molecules 

can be sequenced or imaged. The HMW DNA extraction costs another $500 to $1,000 per 

sample on top of the library preparation and sequencing costs. Fresh or fresh-frozen samples 

are recommended for third-generation sequencing and imaging.

5. Validation and genotyping

Validation and genotyping are often performed to confirm the presence of SVs in the query 

samples or new samples. Usually, validation needs to be performed using an orthogonal 

method. The widely used methods are PCR/Sanger sequencing, florescent in situ 

hybridization (FISH), or another sequencing platform that differs from the variant discovery 

platform. Genotyping can be done by PCR/Sanger sequencing, low coverage WGS or 

targeted sequencing.

Study design

Both karyotyping and microarray are rarely used for SV discovery any more due to their cost 

inefficiency, labor intensity and low throughput. Sequencing and imaging have become the 

go-to choices. According to the brief introduction in the previous section, clearly third-

generation sequencing/imaging technologies are superior, but often cost more. Therefore, in 

a specific study, researchers always need to find the balance between the cost and 

performance. The performance often depends on the choice of platform and sequencing 

coverage. Data analysis will certainly play important role as well. Here, I provide some 

recommendations on different types of variants.

1. CNV detection

If detecting CNV is the major goal, and balanced SVs as well as the precise breakpoints do 

not matter, low-coverage short-read WGS will be the most cost-efficient method. We have 

shown that at 2x coverage, Illumina WGS can achieve comparable or even better accuracy 

and precision than SNP array (TCGA Network, 2012). The sequencing cost will be much 

less than microarray. However, with such coverage, other types of variants, such as SNVs, 

cannot be detected. In addition, the breakpoints are not at the base pair resolution.

2. Common germline variants

SVs including CNVs are known to have more drastic effects on gene expression (Stranger et 

al., 2007; Chiang et al., 2017). Microarray has been used for genome-wide association 

studies (GWAS) on common germline CNVs (Craddock et al., 2010; Glessner et al., 2009). 
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Common SVs can be used to study their associations with diseases as well. Low-coverage 

short-read WGS is again a cost-efficient choice for common variant detection. The rationale 

is that common variants are shared in population. When sequencing many individuals, the 

signal can be combined for variant discovery. The 1000 Genomes Project has used this 

strategy to interrogate SVs and the software Genome STRiP was designed for this particular 

purpose (Handsaker et al., 2011). Once the variants are called, the same sequencing data can 

be used to genotype the variants in all individuals.

3. De novo variants and rare germline variants

De novo variants are the ones not inherited from parents, and likely occur during germ cell 

formation of the parents. Rare germline variants are inherited from parents, but the allele 

frequencies are very low in the general population. Both of these variants may be associated 

with diseases (Bochukova et al., 2010; Georgieva et al., 2014; Redin et al., 2017). Since rare 

variants and de novo variants are typically not shared between individuals, their discovery 

must rely on deep sequencing. High coverage (>20x) short-read WGS is very powerful to 

detect SVs in non-repetitive regions. However, resolving SVs in repetitive regions is very 

challenging. A recent study using very high coverage (average depth 65x) PacBio long-read 

sequencing platform reported that as much as 87% of the germline SVs discovered by long-

read sequencing cannot be detected by short-read sequencing (Audano et al., 2019). Most of 

the SVs missed by short-read sequencing are associated with variable number of tandem 

repeats (VNTRs). Larger-scale efforts to elucidate the full spectrum of SVs in human 

genome by integrating multiple sequencing platforms are ongoing. For individual studies, 

such as to identify disease-associated variants, it is recommended to perform second-

generation sequencing initially. If there are reasons to believe the pathogenic SVs are located 

in the repetitive regions, third-generation sequencing technologies may be considered to 

extend the search.

4. Mosaic variants and somatic variants

Mosaic variants and somatic variants both refer to variants that occur during cell divisions 

after the formation of fertilized eggs. Therefore, in an individual, only a subset of his/her 

cells carry such variants in contrast to germline variants and de novo variants being present 

in all cells. It is widely accepted that all somatic cells carry somatic mutations to some 

extent because DNA polymerase cannot replicate DNA 100% accurately. In every cell cycle, 

a small number of point mutations are accumulated. Sometimes, some cells will acquire 

growth advantage, expand the cell population (Martincorena et al., 2015; Blokzijl et al., 

2016; Lodato et al., 2018), and even become cancerous. Tumor cells from a cancer patient 

are mostly derived from a common ancestor cell, although in some cases, it is possible for 

tumors to develop with multiple independent origins. Somatic variants acquired by the 

common ancestor cell are shared by all tumor cells. These variants are called clonal variants. 

During the clonal expansion, additional somatic variants occur. The ones occur after the 

major clonal expansion and not shared by all tumor cells are subclonal variants, which may 

play important roles in tumor evolution and drug response (Schmitt et al., 2016). Mosaic 

variants and somatic variants are almost always private and not present in other individuals. 

Even for the highly frequent pathogenic SVs, such as translocations leading to BCR-ABL1 
fusion, the precise locations of translocation junctions are clustered, but still differ between 
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patients (Groffen et al., 1984). So pooling data from multiple individuals will not be helpful 

for SV discovery. The difficulty in SV detection caused by repetitive regions described 

previously also applies to mosaic and somatic variants. So, the rationale to choose between 

short-read and long-read technologies presented in the previous paragraph also applies here. 

A major issue that is specific to mosaic and somatic variants is sequencing depth. Typically, 

30x sequencing coverage is sufficient to confidently detect 99% of the heterozygous variants 

that are present in all cells. However, for variants present in half of the cells, 60x coverage 

will be needed to achieve the same sensitivity. As a proof-of-concept, we performed a simple 

simulation to test how sequencing coverage affects SV detection (Figure 3). Various types of 

SVs as well as Illumina sequencing reads are simulated, and SVs are called by Meerkat 

(Yang et al., 2013). As expected, at 30x coverage, almost all SVs are detectable. At 20x 

coverage, about 80% of the SVs remain detectable. When the coverage is lower than 10x, 

more than half of the SVs are missed. The undetected SVs are mostly due to the lack of 

supporting reads. Similar trend was observed in SNV calling by down-sampling a 410x 

WGS dataset (Kishikawa et al., 2019). Our simulation reflects the best-case scenario. Other 

factors such as repeats, sequencing bias, sequencing error, chimeric molecules formed 

during library preparation, etc., are not considered. When deciding sequencing depth, 

aneuploidy, which is a hallmark of cancer, should be taken into account as well. Many 

chromosomes in tumor cells have more than two copies. With the same sequencing 

coverage, the reads spanning the variants in aneuploid chromosomes will be less if the 

variants are only present on only one copy of the chromosomes. Due to the existence of 

subclonal variants, in tumor sequencing studies, it is obvious that more somatic variants can 

always be identified with higher sequencing depth. The choice of sequencing coverage will 

depend on the importance of the subclonal variants. If the goal is to find cancer-driving 

events and actionable variants, it will not be necessary to sequence very deep, since the 

variants present in a very small fraction of cells are probably not the major drivers of the 

disease. It is recommended to select a coverage that allows 80% of the variants to be 

detectable. For example, if a tumor has a purity of 50% and is known to be aneuploid, 60x 

coverage would offer enough depth to detect the majority of clonal SVs and a good portion 

of subclonal variants. If the main goal is to interrogate the very low frequency variants, it is 

recommended to test very high coverage, such as 200x, in one or two samples, and down-

sample the reads to see if a lower coverage can achieve satisfying results.

5. Complex variants

Mildly complex SVs can be reconstructed by integrating copy number profiles and SV 

junctions (Greenman et al., 2011). The structure of chromothripsis events can still be 

inferred from short-read sequencing data (Yang et al., 2013), but it is an extremely 

challenging task. Therefore, long-read sequencing and imaging technologies will be very 

powerful to uncover the fine structures of very complex SVs. For example, linked-read 

sequencing was used to resolve haplotypes and somatic SVs in metastatic castration-

resistant prostate cancers (Viswanathan et al., 2018); short-read WGS, high-throughput 

chromosome conformation capture (Hi-C) and optical mapping were integrated to resolve 

complex SVs and phase multiple SVs to single haplotype (Dixon et al., 2018); and the 

structures of circular extra-chromosomal DNA in glioblastoma cell lines were determined by 

the combination of short-read WGS, optical mapping and super-resolution microscopy (Wu 
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et al., 2019). When the main goal is to characterize complex SVs, we recommend combining 

short- and long-read platforms in order to determine the long-range structure and the precise 

breakpoints at the same time. A combination of 30x short reads and 10x long reads shall 

perform well. If clonality and aneuploidy cannot be ignored, higher sequencing depth will be 

required as described previously.

6. Data recycling

Although WGS is preferred for comprehensive SV detection, other types of sequencing data 

can still be used to identify SVs. For example, short-read based whole exome sequencing 

(WES) data are commonly used for CNV detection. In addition, if SV breakpoints are 

present in the enriched regions being sequenced such as exons, they may be identified using 

the standard SV calling algorithms. It can be particularly fruitful if the data are readily 

available on a large number of samples even with limited sensitivity. For examples, rare 

germline CNVs were studied using nearly 60,000 exomes (Ruderfer et al., 2016), and 

somatic SVs in cancer were discovered in 5,000 tumor exomes (Yang et al., 2016). Although 

only 1% of the somatic SV breakpoints are detectable in WES data, a large portion of 

complex SVs such as chromothripsis can still be detected (Yang et al., 2016). The large 

sample size in those studies (Ruderfer et al., 2016; Yang et al., 2016) enabled meaningful 

biological inferences without generating any new data.

Variant calling

By far, there is no gold standard for how to call SVs from sequencing data. Numerous 

predicting algorithms are available, and the calls made by different algorithms on the same 

data may differ substantially. No algorithm can out-perform others in all types of SVs and 

across all size ranges. Numerous published papers and reviews have compared and 

benchmarked the available tools extensively. However, the benchmarking results also differ 

in different studies. The main reason is again the lack of gold standard. In this section, I will 

briefly describe computational tools for variant detection and strategies to determine which 

tool(s) to use.

Many algorithms have been developed to detect CNVs in short-read WGS data based on 

read depth, such as BIC-seq (Xi et al., 2011), CNVnator (Abyzov et al., 2011) and Control-

FREEC (Boeva et al., 2012). A comprehensive list of CNV detection software can be found 

at https://bioinformaticshome.com/tools/cnv/cnv.html. Many tools have been reviewed (Zhao 

et al., 2013; Pirooznia et al., 2015; Hehir-Kwa et al., 2015) and benchmarked (Trost et al., 

2018; Zhang et al., 2019). Evaluations of CNV detection tools in exome-sequencing and 

targeted-sequencing data are also available (Zare et al., 2017; Yao et al., 2019; Kadalayil et 

al., 2014).

For SV detection using short-read sequencing data, it is recommended to use BWA-MEM 

(Li, 2013) to align the reads to the reference genome because it can partially align reads. 

This function is particularly useful to detect reads spanning the SV breakpoints since they 

are marked as clipped reads. Several strategies can be used to predict SVs from short-read 

sequencing data (Alkan et al., 2011). Read depth can be used to interrogate SVs with copy 

number change. The presence of discordant read pairs (reads in a pair mapped to different 
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chromosomes, or in incompatible orientations, or not within the size limit of sequencing 

library) often suggests the presence of SVs. Reads spanning the SV breakpoint junction 

(split read) can be used to refine the precise locations of breakpoints. Reads around the 

breakpoints can be assembled for SV detection. Dozens of computational algorithms have 

been developed using one or several of the above strategies, such as Meerkat (Yang et al., 

2013), DELLY (Rausch et al., 2012b), Manta (Chen et al., 2016), novoBreak (Chong et al., 

2016), etc. A comprehensive list of SV detection software can be found at https://

omictools.com/structural-variant-detection-category. Several benchmarking studies have 

tested the performances of many of these tools (Lee et al., 2018; Kosugi et al., 2019; 

Cameron et al., 2019; Alaei-Mahabadi et al., 2016). If choosing only one SV caller, it is 

recommended to choose one that implements several SV detection strategies, for examples 

Meerkat and Manta, because such software often performs better than the ones only use one 

SV discovery strategy. To achieve the highest accuracy, the best practice is to use several 

tools and integrate their SV calls to minimize caller-specific bias (Sudmant et al., 2015; 

Campbell et al., 2020). Apparently, it will significantly increase the computational burden 

for large datasets. When SVs are called by multiple algorithms, one needs to identify the 

overlapping calls and merge them into a unified call set. Theoretically, the same SVs should 

have the same genomic coordinates called by different algorithms. However, read depth and 

read pair strategies cannot provide the precise locations of breakpoints. In addition, the SV 

breakpoints are often not blunt ends, but carry homologous sequences or insertions (Yang et 

al., 2013). Different algorithms handle homology and insertion sequences differently and 

provide slightly different coordinates. Practically, if two SVs have the same breakpoint 

orientations at both breakpoint junctions and the distances between the corresponding 

breakpoints are within 50bp, they can be considered as the same SV. The breakpoint 

orientation is determined by read mapping orientation. For example, for the deletion shown 

in Figure 2D, the breakpoint on the left is typically marked with orientation of “1” or “+” 

because the supporting reads near this breakpoints are mapped to forward strand, while the 

breakpoint on the right is marked as “−1” or “-”. See ref (Yang et al., 2013) for more 

examples. One widely used strategy to assemble a unified SV call set is that once the 

overlapping SVs are determined, caller specific SVs shall be removed. The remaining SVs 

supported by at least two callers are usually of high quality. Researchers can also consider 

different ways of combining SVs called by multiple algorithms, such as based on individual 

SV scores provided by callers. Different SV callers may be weighed differently. For 

example, if one algorithm is known to produce very few false calls, all SVs detected by this 

algorithm can be included in the final call set. Some tools run a suite of individual SV callers 

and provide an ensemble call set, such as Parliament2 (Zarate et al., 2018) and FusorSV 

(Becker et al., 2018).

For long-read sequencing and imaging platforms, there are a number of vendor provided 

software as well as open source tools for SV detection, such as SMRT Link (PacBio), 

EPI2ME (Nanopore), LongRanger (10X Genomics), Bionano Access (Bionano), NanoSV 

(Cretu Stancu et al., 2017), Picky (Gong et al., 2018), Sniffles (Sedlazeck et al., 2018), 

SMRT-SV (Chaisson et al., 2015), GROC-SVs (Spies et al., 2017), LinkedSV (Fang et al., 

2019), etc. Benchmarking studies have shown significant differences between different 

platforms and computational tools (Zook et al., 2019; Audano et al., 2019; Chaisson et al., 
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2019; Luan et al., 2020; De Coster et al., 2019). Therefore, it is recommended to combine 

multiple tools for SV detection to achieve best sensitivity and accuracy. For SV detection 

combining multiple platforms, although most pipelines are developed inhouse, a few of them 

are streamlined and publicly available, such as Multibreak-SV (Ritz et al., 2014) and HySA 

(Fan et al., 2017).

Quality control

Quality control after SV calling is as important as choosing sequencing platforms and 

deciding SV calling algorithms in order to achieve satisfying performance in SV detection. 

Poor quality samples, suboptimal library preparation and sequencing as well as SV calling 

algorithms may produce artifactual SV calls. Read-level quality control, such as FastQC 

(Babraham Bioinformatics - FastQC A Quality Control tool for High Throughput Sequence 

Data), may not pick up issues that affect SV calling. These issues include i) whole-genome 

amplification can produce artifactual duplications (Yang et al., 2019); ii) an unknown source 

during library preparation induces small inversion-like SVs with microhomology (Yang et 

al., 2016; Campbell et al., 2020); iii) random ligation of DNA fragments may produce 

chimeric molecules; iv) germline SVs may not be properly removed when calling somatic 

and de novo SVs due to poor-quality control samples or inadequate sequencing depth of 

control samples; and v) repetitive elements can lead to artifactual SV calls if not handled 

well. Much of our experiences in identifying artifacts came from comparisons of high 

coverage (>30x) short-read WGS (Li et al., 2020), lowpass (6–8x) short-read WGS (Zhang 

et al., 2018b), and short-read based WES (Yang et al., 2016) performed on the same samples 

of the Cancer Genome Atlas (TCGA) cohort. We compared somatic SVs detected in each 

approach and identified small duplications and small inversion-like events are often artifacts 

because they are not observed in the same samples profiled by another sequencing approach. 

Detailed procedures of identification and filtering of SV artifacts in WES data were 

described in our previous paper (Yang et al., 2016).

Here, I offer several strategies to identify problematic samples and SVs:

1. The number of SVs detected in all samples shall be inspected to identify outliers. 

Samples with extremely high number of SVs require close attention. For 

example, in one of our study of somatic SVs in 98 tumors, the sample on the left 

in Figure 4A had much more somatic SVs than other samples in the same cohort. 

After detailed investigations using other strategies described in this section, this 

sample turned out to be fine. In our somatic SV study based on WES data, outlier 

samples were all discarded (Yang et al., 2016) due to artifactual amplification-

induced small duplications.

2. The SV composition shall be inspected. In the same cohort shown in Figure 4A, 

most samples had a mixture of deletions, duplications, inversions and 

translocations. However, a few samples carried predominantly deletions which 

require further investigation. In fact, these deletions were artifacts (see item 3 for 

more details).
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3. The SV size, microhomology at the breakpoints, number of supporting reads, 

location of breakpoints, etc. shall be inspected. For deletions in Figure 4A, when 

we plotted size, microhomology at breakpoints and number of supporting reads, 

we found a large number of deletions were around 300bp in size with 

microhomology of more than 10bp (Figure 4B). Compared to other deletions, 

these small deletions all had very few supporting reads. If these deletions were 

true somatic SVs, their unique size range and microhomology suggested they 

were likely being generated via a distinct mutational process. Few supporting 

reads suggested they were subclonal events that were only present in a subset of 

tumor cells. It is unlikely that a mutational process only operates in a subset of 

the cells. We then used a different SV caller and didn’t detect any of these 

deletions. Therefore, we concluded that the artifactual deletions were caused by 

the SV caller we used initially. Similarly, the small inversion-like events we 

identified in WGS and WES in TCGA cohort were also less than 1kb in size with 

large homology and few supporting reads. For germline SVs, the number of 

supporting reads is also a very useful measure. The allele fractions of 

homozygous and heterozygous SVs are 1 and 0.5, respectively. They can be 

calculated as the numbers of reads supporting SVs divided by read depths at the 

SV breakpoint junctions, or as the numbers of discordant read pairs divided by 

the sums of discordant and concordant read pairs. The allele fractions of 

germline heterozygous SVs should follow a binomial distribution with mean of 

0.5. If the allele fractions of SVs detected in a particular sample and/or of a 

particular type deviate substantially from the binomial distribution, the SVs are 

very likely to be artifacts.

4. The number and composition of SVs shall be compared with previous studies of 

similar cohorts to identify problematic samples and SVs. For germline SVs, a 

recent large population-based study reported an average of 4,400 germline SVs 

per individual (Abel et al., 2020) and the Genome Aggregation Database 

(gnomAD) reported 7,400 germline SVs per individual on average (Collins et al., 

2019). Both studies are based on Illumina short reads. The vast majority of 

germline SVs are deletions and insertions, while inversions and duplications are 

much less common. Recent comprehensive multi-platform studies reported 

13,000 SVs in a trio (Zook et al., 2019) and 27,000 SVs per germline genome 

(Chaisson et al., 2019). Since many germline SVs in a genome are common in 

population, studies focusing on germline SVs shall produce SV calls consistent 

with the above mentioned large-scale comprehensive studies. For somatic SVs in 

cancer, the Pan-Cancer Analysis of Whole Genome (PCAWG) reported that each 

tumor carries from 0 to up to 2,000 somatic SVs queried by Illumina high 

coverage WGS (Campbell et al., 2020). When we studied somatic SVs in cancer 

using WES data, samples with over 1,000 somatic SVs immediately rang alarm 

(Yang et al., 2016) because WES only captures about 2% of the genome. Those 

samples were discarded.

5. A better approach to identify somatic SV artifacts is to perform mutational 

signature analysis on SVs. Somatic alterations, including SNVs and SVs, form in 
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tumor cells via different molecular mechanisms, such as external mutagens, 

internal mutational processes and defects of DNA damage repair. It is 

mathematically feasible to decompose the mutational signatures if a large 

number of tumor samples are sequenced. Methods like Non-negative Matrix 

Factorization (NMF) can be used to extract such signatures (Alexandrov et al., 

2013b). NMF has been applied to deconvolute signatures of somatic SNVs 

(Alexandrov et al., 2013a, 2020) and SVs (Nik-Zainal et al., 2016; Li et al., 

2020) in cancer. If systematic artifacts are present in the variant calls, they are 

likely to be captured by one or more signatures (Alexandrov et al., 2020). In the 

cohort shown in Figure 4A, we used signeR (Rosales et al., 2016) to decompose 

somatic SV signatures. All SVs were initially classified into deletions, 

duplications, inversions and translocations. For non-translocation events, they 

were then divided into 5 size ranges: <1kb, 1kb-10kb, 10kb-100kb, 100kb-1Mb 

and >1Mb. For each size range, the SVs were further divided into 7 categories 

based on homology length and insertion sequence length at the breakpoints 

(Figure 4C bottom zoomed-in panel). After applying such SV classification, we 

obtained 3 signatures in the cohort. Signature 1 represented less than 1kb 

deletions with more than 5bp homology. Signature 2 and 3 were small deletions 

(predominantly 1kb to 10kb in size) and large duplications (10kb to 1Mb in size) 

with short homology. If the homology and insertion sequence are not available 

for the SVs, the SVs can be classified based on event type and size (Nik-Zainal et 

al., 2016). After identifying signatures, the number of supporting reads and 

locations of breakpoints shall be inspected to identify possible artifact signatures 

as described previously. For example, the Signature 1 corresponded to the 

deletion artifacts shown in Figure 4B. In another study of a different cancer 

patient cohort, we also identified a somatic small deletion signature with large 

homology. The deletions were also around 300bp; however, the homology at 

breakpoints was between 10 to 15bp. The breakpoints of these deletions were all 

at the boundaries of Alu elements in the reference genome. These deletions were 

in fact germline Alu polymorphisms. The Alu insertions in the reference genome 

were not present in the query genome, so they appeared as deletions in the query 

genomes when compared to the standard reference genome (Figure 4D). The 10–

15bp homology reflected the target site duplication (TSD) of Alu insertions. In 

this particular study, the germline Alu polymorphisms were not properly filtered 

and remained in the somatic SV call set. In general, if the sequencing quality of 

matched normal tissue is poor or the read depth is not high enough, germline 

SVs may be unfiltered. Therefore, in the SV caller we previously developed, 

Meerkat (Yang et al., 2013), SVs detected in each tumor are filtered against all 

normal samples merged together so that the common germline variants can be 

filtered even if one or a few normal samples are of poor quality.

6. The read alignment shall always be inspected in IGV (Robinson et al., 2011) or 

other genome browsers for a random subset of samples and SVs, especially the 

suspicious samples and SVs. For short-read based sequencing, true SVs shall 

present clear support of discordant read pairs, split reads and sometimes changes 

in coverage (Figure 4E). Note that read depth won’t change for balanced SVs, 

Yang Page 12

Curr Protoc Hum Genet. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



such as inversions and balanced translocations. Users may need to change the 

insert size range setting to properly display the discordant read pairs in IGV. The 

insert size range can be set as either percentiles (e.g. >99.9% and <0.1%) or 

actual base pair length (e.g. >800bp and <200bp). For somatic SVs, one shall 

load the tumor and matched normal genomes at the same time. The somatic SVs 

should be well supported in the tumor genome, but not in the normal genome 

(Figure 4E). If similar supporting reads are present in the normal genome, the SV 

probably is a germline event. If no similar support reads are found in the normal, 

but the region has many other discordant read pairs, clipped reads and non-

unique mapped reads (reads shown as white boxes), this suggests that the read 

alignment of this region is problematic. The somatic SV called from this region 

may not be of high confidence.

Conclusions

SVs are important genetic variants to study population diversity and human diseases. The 

detection of SVs is particularly challenging compared to other types of variants. Various 

technologies and platforms are available to interrogate SVs in the human genome. These SV 

discovery technologies have their own pros and cons. Most of the time, to a specific research 

project, the major limitation would be budget. Researchers shall decide on their strategies 

based on their overall goal and cost. After computational detection of SVs, the researchers 

shall perform rigorous quality control to eliminate possible artifacts caused by sample 

quality, sequencing/imaging platforms and computational tools.
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Figure 1. 
Scheme of different types of SVs.
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Figure 2. 
SV detection platforms. A, Karyotyping. B, DNA microarray. C, Scheme of copy ratio and 

B-allele frequency profiles for copy neutral, one-copy loss and one-copy gain regions. D, 

Short-read sequencing. E, Long-read sequencing.
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Figure 3. 
The effect of sequencing coverage on SV detection sensitivity. All simulated SVs are 1kb in 

size. Synthetic heterozygous SVs are placed at uniquely mappable regions on a pseudo 

diploid chromosome. Illumina sequencing reads (paired-end 75bp) are simulated.
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Figure 4. 
Quality control of SVs detected from sequencing data. A, Numbers and composition of 

somatic SVs discovered in 98 tumors. B, Distribution of deletion size and microhomology 

size color-coded by number of supporting reads in 98 tumors. C, Somatic SV signatures in 

the 98 tumors. D, Scheme of germline Alu polymorphism. The Alu element shown is 

inserted in the reference genome, but not in the query genome. E, IGV screenshot of a true 

somatic SV.
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