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Abstract

Summary: Structural variants (SVs) are abundant across all life, and have major impacts on the genome
and transcriptome. However, it is difficult to appreciate the individual significance of SVs when they are
heterogeneously distributed across a genomic neighborhood. Further, low-input sequencing technologies
or sequencing of many individuals across a population introduce variance that complicates SV counting
and association studies. Tools exist to simplify SV datasets, but these SV mergers begin to fail on large or
highly variable datasets. To address this issue, we introduce a new SV merger called SVCROWS (Structural
Variation Consensus with Reciprocal Overlap and Weighted Sizes). This option-rich R package merges and
summarizes SV regions using a size-weighted reciprocal overlap framework, effectively accounting for
skewed impacts of variable-length SVs. User input directs stringency of comparisons across a range of sizes,
enabling different levels of resolution in complex genome regions that harbor both small and large SVs.

When compared to other SV merging programs, SVCROWS accurately merges SVs while maintaining less
frequent genotypes of the unmerged SV calls. SVCROWS proves to be especially useful with large and
highly variable single-cell datasets for enabling SV discovery. Overall, the novel size-weighted comparisons

of SVCROWS presents a framework for improved interpretation of SV calls, and its ease of use allows it to
be applied to virtually any upstream analyses.
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Introduction

Genomic structural variations (SVs) are large (>50 bp) duplications, deletions, inversions, insertions, and/or
translocations. SVs are both evolutionarily important for organisms and causative factors in many human
disease'™. Their abundance in all life makes them prime targets of study. Recent advances in sequencing
technologies have improved detection of SVs, as well as the sequence accuracy and breakpoint mapping
of those calls®. Validation of these programs and protocols has become more accessible using
benchmarking datasets like the Genome in a Bottle consortium’, and the 1000 Genomes Project
consortium®. However, newly developed tools and benchmarking programs largely focus on single-sample
SV detection (i.e. from bulk sequencing), abstaining from more complex comparisons across individuals in
a population (i.e. single-cell (SC) genomics or metagenomics).

As studies focusing on the association between rare genotypes and phenotype become more common,
researchers must evaluate larger datasets with increased heterogeneity. Therefore, SV merging from multi-
sample data is a key step prior to SV interpretation including checking for an expected genotype (i.e.
validation) or detecting new genotypes (i.e. discovery). The outcome of the merging is an influential step
in many analysis pipelines. In the case of both validation and discovery, merged SVs have greater statistical
strength to make associations with a phenotype®*2, Determining how to merge SVs is challenging
because small shifts in their position can have major impacts on SV interpretation. Accurate SV merging
must maintain a balance between removing redundancy across a dataset by merging similar SVs and
preserving heterogeneous and rare SVs.

How best to address merging challenges is still debated, but strides have been made by several SV merging
algorithms to reconcile this issue®*3-1°, However, these existing approaches have limitations. Firstly, many
rely on high-depth coverage and have only been validated in that context. When sequencing depth is
limited (e.g. for SC genomics), the reference genome is low quality, or SVs sit in highly repetitive regions
of the genome, these programs have reduced effectiveness®. Large population studies also remain
challenging despite high sequencing quality, because the increased SV heterogeneity leads to
overmerging'#'#20. Another common limitation is incompatibility of mergers with different data types
because many mergers are incorporated into larger analysis pipelines to increase effectiveness. This places
constraints on the input type or upstream SV caller, invalidating certain study designs. Further, while SV
mergers generally have options to control SV matching parameters, their direct impact is not immediately
transparent to the user without performing several iterations. Overall, overmerging of variable regions
across many samples leads to a loss of information, or generates misleading information. Therefore,
flexible SV merging programs that effectively resolve variance are critical to defining accurate genotype-
phenotype relationships in the current big data era.

Here, we introduce a new SV-merger, ‘SVCROWS’ (Structural Variation Consensus with Reciprocal Overlap
and Weighted Sizes) that fulfills these criteria. SVCROWS merges SVs into representative SV regions (SVRs),
in a way that simplifies irrelevant variation while preserving rare alleles. Additionally, size-weighted
reciprocal overlap (RO) comparisons allow the user to control stringency based on the study design.
Because SVCROWS incorporates multiple lines of evidence to construct SVRs, this application is particularly
useful for resolving multi-sample datasets and parsing high-variance regions that require a more granular
evaluation. SVCROWS is an R-package that uses an original input format that is compatible with virtually
all SV calling platforms. Overall, the size-weighted comparisons introduced in SVCROWS offers a new and
relevant framework for SV merging from any input data format.
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Materials and Methods

A framework of size-weighted comparisons to capture significant SVs

SVCROWS uses the principle of RO thresholds to determine whether to place SVs in the same SVR (i.e.
matching/merging SVs). While the RO-based approach is used in existing applications!>?'2?2, these rely on
a single, fixed RO threshold value. This static method overlooks the disparity in SV lengths and their
potential biological impacts, creating a false equivalency between small and large SVs. For instance, if we
measure biological impact by the number of genes within an SV (Fig. 1A-B), a larger SV is more likely to
have a greater effect (e.g. encompasses more genes and regulatory regions) on the phenotype than a
smaller SV (e.g. encompasses few genes or even a promotor region). Specifically, as depicted in Figure 1A-
B, there are two obvious inconsistencies in treating different sized SVs with the same stringency: 1) SV2
matches both large and small reference SVs, despite causing a 3X increase in potential impact in the larger
SV (i.e., involving 3 genes); 2) When either SV size lacks just one gene compared to the reference, the small
SV matches at a 55% RO (Fig. 1A, SV2) while the larger SV matches at 95% (Fig. 1B, SV1). Using this
reasoning, we posit that when a size-static matching parameter like RO is used, it is more likely to reflect
genotypes disproportionate to their impact. This is basis for the size-weighted caparisons used by
SVCROWS.

Selecting parameters to dictate stringency using size-weighted comparisons

To address high variance in SV length and position, the user directs SVCROWS to increase or decrease the
requirements of the RO threshold and other factors involved in the decision to merge two SVs (i.e.
stringency) according to the SV size (Fig. 1C). Dynamic RO thresholding by SVCROWS involves 6 input
parameters to define the stringency based on analysis needs (Fig. 1C, colored boxes). First, SVCROWS
creates size categories to group SV-comparison stringencies by SV size. By default, these parameters are
determined by the first and third quartiles of SV length in the given dataset. These can be further refined
based on the minimum and maximum SV sizes the user considers relevant in their organism or study
interest. For example, in an analysis of CNVs the ‘small’ category could be the average exon size, while the
‘large’ category could reflect the average size of CNVs reported in that genome. (Fig. 1C, blue inputs 1&2).
Secondly, users dictate bounds that allow SVCROWS to match breakpoints between input SVs (Fig. 1C,
green inputs 3&4, Fig. 1A). Finally, users define RO thresholds at the boundaries of the size categories (Fig.
1C, yellow inputs 58&6). Collectively, these inputs set the SVCROWS algorithm to respond to SV size (Fig.
1C red line). More details on parameters and functions are provided in the Supplemental Methods.

SVR consensus generation

SVCROWS merges SVs and organizes data into a table of distinct SVRs according to the input parameters.
The algorithm processes SVRs in descending order of length (Fig. 1D, top). Therefore, the largest SV in the
region dictates boundaries, and the breakpoints reflect those provided by the upstream SV-caller. When
used as recommended, the stringency is higher for larger SVs than smaller SVs (Fig 1D); though stringency
can be assigned so that the opposite is true as well. SVCROWS quantifies matching SVs on the number of
RO and SV breakpoint (BP) matches at 5’ and 3’ ends of an SV (Fig. 1D, bottom).
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Figure 1. The SVCROWS algorithm compares SVs with regard to size, and potential impact. A) A small (50,000bp)
reference SV (light blue) encompassing 2 genes and, B) A large (250,000bp) reference SV (dark blue)
encompassing 6 genes; being compared to 3 potential SVs (teal) at a static 50% Reciprocal Overlap threshold.
Using each gene as a unit of biological impact; smaller SVs are more tolerant to changes in size when reflecting
similarity to the original SV. C) Six inputs defined by the user weight the reciprocal overlap determination by size.
x-axis: “Small” and “Large” SV category thresholds (variables 1&2). Left y-axis: The width (in base pairs) of BP-
Matching region (see Fig. S1, variables 3&4 respectively). Right y-axis: The required level of RO-threshold (as a
percentage) for SV matching (variables 3&4 respectively). These inputs generate the SVCROWS Calculation
Trajectory (purple) which defines the dynamic RO stringencies. D) Logical workflow of SVCROWS merging
function. A list of SVRs is produced, from a single input list. The number of matches is tabulated (bottom). ‘Dup’
= duplication, ‘Del’ = Deletion, ‘#RO’ = Number of matching SVs, ‘BP-Start/End’ = matching breakpoints on the
3’/5’ ends of the SVs. Options to augment the matching style are also available.
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Optional inputs and functions

In addition to size-weighted comparisons, SVCROWS incorporates several features to construct and
qguantify SVRs. While some features mirror existing functionality, SVCROWS integrates these functions into
a single platform and provides other novel functionality (denoted with * below). Seven major optional
features are outlined below, with detailed descriptions available in the Supplemental Methods:

i *Automatic input parameter calculation: SVCROWS calculates six input parameters based on the
first and third quartiles of input SV sizes. This allows SVCROWS to dynamically adjust to the specific
characteristics of the dataset.

ii. *Breakpoints as a secondary SV matching factor: Users can opt to incorporate breakpoint
matching to aid SV merging (Fig. S1A). When enabled, SVCROWS reduces the required RO
threshold to its minimum value (user input 5) for SVs with matching breakpoints. This feature is
useful for identifying matches in repetitive genomic regions where one breakpoint is consistent,
but the other is misaligned.

iii. *Use of ‘Known’ regions in input: A user can define input ‘known’ SVs, which reduces all
requirements for matching in that region to only a single base pair (Fig. S1B). For example, by
defining the region of AMY1 in the human genome as a ‘known’ CNV?, a user can remove all
variation in this genomic neighborhood.

iv. *Convenient annotation of all input SVs by sample: SVCROWS uses a niche input format that allows
the program to individually track the outcome of all input SVs. This is especially convenient for
workflows that require a per-sample analysis.

V. Expansion of SVRs to maximum size: The user can employ this option to set SVR size based on the
maximum and minimum matching breakpoint of all SVRs in a region (Fig. S1C). This functionality
may be useful when downstream applications benefit from larger SVRs (e.g., gene ontology
studies).

vi.  Querying against a list of features: The user can alternatively use the “Hunt” function, which takes
a secondary input, a ‘feature list’, for comparison with an input list of SVs (or SVRs). For example,
this functionality allows the user to compare a set of genes to SVRs determined from “Scavenge
mode” using the size-weighted framework.

vii. Enumeration of other variables: As SVs match, the user can provide numeric information that 1)
takes the number or reads originally used to call the SV and adds them together and 2) takes the
quality score of each SV and averages them together.

HGO002 dataset processing and analysis

The HG002 SV Truth Set (HG002_SVs_Tierl v0.6.tsv) is part of the Genome in a Bottle (GIAB) consortium,
a high confidence, multi-validation genome assembly?28, This dataset consists of 9641 individual SVs
(>50bp) confirmed by at least 3 independent SV calling programs, including both long- and short-read data.
For this analysis, we used only Tierl (GIAB certified highest confidence) SVs, including representative SVs
that allow assessment of merger efficacy in regions with multiple SV calls across the same region. The
HGO002 SV Truth Set includes both deletions and insertions, but because not every merger can handle
insertions, we excluded them from this analysis.

To test SV mergers, we used HG002 genome SV calls from 5 different programs as input: LUMPY?, pbsv,
Sniffles3!, MrCaNaVaR3?, and MetaSV33. We combined all calls into a single ‘aggregate list’ (termed the SV
aggregate list), many of which are not part of the HG0002 SV Truth Set (~¥90%), either because they are
false positive calls, or they did not reach the threshold to be called in the Truth Set (i.e. called by 3
programs). SV calls not represented in the HG002 SV Truth Set are included in the SV aggregate list in order
to assess accuracy in the context of typical variance experienced across callers. Further, because the largest
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SV in the HG002 SV Truth Set was ~1Mb, we excluded SVs >2Mb. This represents the manual filtering step,
which is part of most SV calling pipelines.

We calculated Jaccard indices of the SV mergers using the Bedtools-jaccard method on the SV aggregate
list, which essentially takes into account both the coverage and depth of represented regions to calculate
differences in merging (see Supplemental Methods).

To calculate merger accuracy, the we first further filtered the SV aggregate list to include only those that
had overlapping bases with the HG002 SV Truth Set (termed ‘on-truths’, [VCFTools n Truth_Set] > 1bp)
After merging the ‘on-truths’, we then overlapped the SVRs against the HG002 SV Truth Set using bedtools
at 3 stringencies of static RO (50%, 80%, and 95%). We counted true positive/negative merges (uniquely
matched against the HG002 SV Truth Set), false negatives (non-unique matches to HG002 SV Truth Set),
and false positives (SVRs that had no matches to the HG002 SV Truth Set) and used these numbers to
calculate the F1 score (see Fig. 1A and Supplemental Methods).

Single Cell dataset acquisition and SV calling

We used Pyega3 download the single-cell ovarian cancer dataset, EGAD00001009455, with permission of
the European Genome Agency (EGA)**. The authors note their compliance with best practices detailed by
the EGA. The dataset consists of 326 single cell (SC) whole genome sequences derived from a solid ovarian
cancer tumor from a single patient (termed SC dataset). Notably the patient also had triple negative breast
cancer. The full Galaxy-based pipeline can be found at https://usegalaxy.eu/u/sillycrow/w/lumpy. Briefly,
we used downloaded BAM files to generate files containing only split and discordant reads as determined
by previous sequence alignments. Then, all three BAM files are used as input into the LUMPY SV caller.
LUMPY was chosen for this analysis due to its high precision breakpoints and utility in single-cell
datasets?>3>3, We used default parameters except for the expected read length (150 base pairs) and the
minimum read mapping quality for inclusion (=5). For this analysis, we excluded BAM files with less than
1000 elements in either the split-read or discordant-read files due to issues with LUMPY performance in
low-read support samples®”3. Additionally, we limited the SC analysis to only duplications and deletions
with a length of less than 1Mb called by LUMPY for simplicity. Prior analysis of this dataset detected high
frequency SVs with variable breakpoints, a common feature in cancers®. Overall, 4771 total SVs were
detected across the dataset (Tables S1 & S2).

SV merging for HG002 SV Truth Set and SC dataset

Our study compares SVCROWS to several SV mergers with a variety of algorithm types: Jasmine?’,
Survivor®, SVimmer?®, Truvari'®, and CNVRuler'®. We chose these five SV mergers because they are
compatible with most upstream SV callers. Because each program uses a different framework for SV
comparison, we instructed each program to function with parameters as close to the parameters of
SVCROWS as possible; where the ‘default’ parameter assignment was used and the breakpoint matching
and expansion of RO region options enabled (see Fig. S1). Default SYVCROWS parameters use the first and
third quartiles of SV sizes to demark size boundaries, 10% of respective lengths to set the size of breakpoint
boundaries, and 40% and 70% as the small and large RO thresholds.

The precession of each program ranges from a single basepair to no more than 500bp. Because all mergers
(excluding SVCROWS) include breakpoint distance to some capacity in merging decisions, we ran all
mergers with a lenient 1000bp buffer region around either end of the SV; this is larger than previously
used in order to encourage SV comparison®®. See Supplemental Methods for the precise command-line
run for each program.
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We manually compiled the SV input lists for SYCROWS and CNVRuler®® and organized them into a TSV files
used for each run matching their individual formats (Tables S1 & S2). Jasmine'’, Survivor®’, and SVimmer?®®
accept the raw VCF files from the SV caller. For the HG002 SV Truth Set analysis, SVs were first consolidated
for Truvari®® as recommended in their user wiki BCFTools*!, which essentially concatenates all SVs together
without merging. We noted this concatenation step with BCFTools led to artifacts in complex regions in
our dataset (see Fig. S2B), and opted to use a different BCFTools condition that did merge purely redundant
SVs (i.e. those with precisely matching breakpoints) before further merging. This largely fixed the artifacts
(See Supplementary Methods for more details). To normalize for any inconsistencies between output from
each caller, all alternative alleles were manually converted to either “<DUP>" or “<DEL>", and we replaced

“un

the sample field with a “”.

For the SC dataset specifically, we tuned SVCROWS to interpret differences in the human genome by using
the average size of a human exon (~1.3kb*) and the average size of a gene-plus-intergenic region (~38kb**~
%) as small and large SV sizes, respectively (see Table S3 for details of specific run parameters and output).

Results

SVCROWS preserves accurate and sensitive SVR calls compared to other SV mergers

Besides SVCROWS' size-weighted algorithm, we assessed performance from 4 major types of SV mergers
including: distance-based algorithms (SVimmer®® and Survivor®®), a minimum spanning forest-based
algorithm (Jasmine'’), a multifactored algorithm (Truvari®), a static RO algorithm (CNVRuler?®), as well as
a pure redundancy removal algorithm (VCFTools*) denoted by color below. In order to directly compare
SV merger performance, we employed the HG002 SV benchmarking dataset?® form the (GIAB) consortium
as an SVR ‘Truth Set’. The test SV dataset consisted of simple, high-quality deletions compiled from 5
independent SV callers (see Materials and Methods). After SV merging using the 6 total tools, we
compared the resulting SVR lists to each other, and then to the HG002 SV Truth Set (Fig. 2A).

We first used Jaccard indices to compare SV merger performance on the SV aggregate list. Higher Jaccard
values reflect more similarity between lists generated by two different tools. Because each SV merger had
the same input data, even small differences in the Jaccard index represent regional under- or overmerging.
While, SVCROWS bared higher than average similarity to the other mergers (SVCROWS = 0.91, study
average = 0.86), the wide range (0.62 — 0.99) of indices we observe denote marked differences in the
performance of the SV mergers (Fig. 2B, Table S4). For example, Truvari was more dissimilar across all
comparisons (index average = 0.70), and CNVRuler was relatively more similar to other mergers (index
average = 0.81), but still less than the study average (0.86). Because CNVRuler and Truvari both reported
far fewer total SVRs than the other mergers (Fig. 2C), it is possible that both programs overmerge SVRs.
However, the Jaccard index between Truvari and CNVRuler is the lowest of the analysis (0.62) indicating
algorithm-specific differences independently increased the rate of merging by each algorithm. Meanwhile,
the similar SVimmer and Survivor algorithms exhibited a high Jaccard index (0.997). Overall, the Jaccard
analysis emphasized the importance merging algorithm choice; despite the relative simplicity of the
dataset, the internal architecture of the SV merging algorithm affects the final SVR list.

Each SV merger produced between ~70,000-80,000 SVRs from the SV aggregate list (Fig. 2C). As expected,
due to their similar algorithms, Survivor and SVimmer yielded a similar number of SVRs. Meanwhile,
Jasmine and SVCROWS yielded the most SVRs. When we compared the size distribution of resulting SVRs,
all SV mergers produced a nearly identical SV size range except for Jasmine (Fig. 2D). Upon further
investigation, Jasmine introduced SVR size alterations in the form of both truncations and extensions that
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are not found in the un-merged SV aggregate list (Fig. S2A). Despite its dependence on size, the SVCROWS
algorithm reflected a size distribution similar to other SV mergers, indicating a lack of size-related bias.

We also compared the merged SVRs to the HG002 SV Truth Set to assess merging accuracy using F1 scores.
Jasmine and SVCROWS had the highest F1 scores of any SV mergers (Fig. 2E). In all 3 overlap stringencies,
the number of true positive SVRs were ~30% higher for SYCROWS and Jasmine compared to other
programs while false positives were 20-40% lower on average. SVCROWS and Jasmine had similar false
positive rates (only 3% higher for SVCROWS, on average across all stringencies). However, Jasmine
consistently had false negative merges where SVCROWS had none (Table S5). A lack of false negatives
reflected SVCROWS' tendency to avoid undermerging (Fig. 2A) and therefore circumvents loss of statistical
power in downstream analysis. Truvari’s F1 score was the lowest in this analysis, which mirrors its low
Jaccard indices (Fig. S2B). When we directly visualized Truvari’s SVRs, we observed occasional merging
artifacts that increase the rate of false negatives (Fig. S2B, examples 1&2). Further, in complex SVRs,
Truvari fails to preserve genotypes from the SV aggregate list (Fig. S2B, example 3). Combined, these
inconsistencies led to both under- and overmerging by the Truvari algorithm. Overall, using a high-quality
dataset, SVCROWS strikes a balance between accuracy and sensitivity to maintain the potential for rare
genotype discovery with no indication of SV size-related biases.
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Figure 2. Comparison of SVRs from 6 different SV mergers to the HG002 SV Truthset. An SV aggregate list from
the GIAB consortium’s HG002 reference genome. The aggregate list was merged using 6 different SV merging
algorithm types (yellow; distance based (Survivor, SVimmer), green; minimum spanning forest based (Jasmine),
blue; multifactored (Truvari), light purpl; static RO (CNVRuler), durk purple; size weighted RO (SVCROWS), gray
pure redundancy (VCFTools)) and then assessed for a variety of metrics. A) Schematic for assessing quality of SV
mergers. SVs from 5 SV callers were combined, merged and compared to each other, and then assessed for
incidences of false positive and false negative merging. The resulting SVRs were then overlapped to a subset of
the HG0O02 SV Truth Set (on-truths) at 3 stringencies, which determined the rate of true positive calling. B)
Comparison of SV merger output using Jaccard index of region overlap (Table S4). C) Comparison of total SVR
number after merging. D) Distribution of SVR sizes after merging. E) Accuracy of merger validation against the
HGO0O02 SV Truth Set. True positive SVRs uniquely overlapped to a single Truth Set SV. False negative SVRs exhibit
non-unique matching or do not match to any Truth Set SV. False positives are those that had no overlaps (Table
S5).

SVCROWS allows control of SV merging in heterogeneous datasets
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While SVCROWS performs well in the context of accurately defining SVRs compared to a small, high-quality
truth set (Fig. 2), we also wanted to assess its capabilities on a larger and more heterogeneous dataset
(the SC dataset). Using real-world data, we sought to evaluate how specific factors drive differences in the
final SVR output.

We first assessed the three SVCROWS user input parameters using this dataset: size categories (blue lines,
Figs. 3A-C), breakpoint (BP) overlapping region sizes (green lines, Figs. 3A-C), and RO threshold (yellow
lines, Figs. 3A-C). As expected, RO had the strongest effect on the number of final SVRs (Fig. 3A). The
median size of the resulting SVRs was largely not affected by parameter stringency (Fig. 3B). However, low
stringency in breakpoint matching lead to an increase in size, which suggests that this parameter is useful
for preferentially merging relatively smaller SVs.

Further, we assessed two optional features that directly impact SVR construction: breakpoint matching
(BP, optional feature ii), and expanding the RO boundary (ExRO, optional feature v). We noticed that higher
stringency parameters were more affected by these SVCROWS features (Fig. 3C). While not as impactful
as input stringency, BP matching helps to offset false negative SV merging decisions at high stringencies or
when used in conjunction with ExRO.

Next, we assessed the SC dataset using three stringencies with consistent secondary options (BP and ExRO
enabled). We then adjusted for RO threshold stringency (see Supplemental Methods). As expected, only
the final number of SVRs was impacted by stringency, while the distribution of sizes and SV type remained
relatively unchanged (Fig. 3D-F).

To better understand the direct impacts of SVCROWS'’ stringency on SVR discovery, we visualized and
guantified a complex centromeric region of the genome on chromosome 6 using the SC dataset (Fig. 3G-
K). There were 143 raw calls originally across this region, with only 43% harboring breakpoints that exactly
match with another SV (i.e. pure redundancy). However, only using pure redundancy removal when using
an algorithm like VCFTools likely contributes to undermerging, making it difficult to draw significance from
most downstream analyses (Fig. 3G). The three stringencies of SVCROWS provide different resolutions of
the complex loss-SV pattern within the region (Fig. 3H, 1). Importantly, SYVCROWS maintained the major
genotypes (the large gain-SV and boxed loss-SV), preserving the same breakpoints called in the input
dataset (Fig. 3J). The algorithm also conserved unique SVs (only appearing in a single sample across the
dataset) indicating avoidance of overmerging (Fig. 3K). Ultimately, with the appropriate parameter set,
SVCROWS reduced the complexity in this region while maintaining some level of its original heterogeneity.

SVCROWS uses size-weighted RO, which may assist in interpreting regions prone to variation like cis-
regulatory elements (CREs) or super cis-regulatory elements (SCREs). They can rapidly alter expression
patterns in ways that drive developmental changes, phenotypic diversity, and adaptive evolution?’. In
order to assess SVCROWS performance in these regions, we examined a SCRE on chr16 in the SC dataset
(as called by the ENCODE database®*°, Fig. S5). Upon initial inspection, it was evident that several distinct
SVs were present in regions known for both upregulating and downregulating 4 genes immediately
downstream®. All 4 of these genes are implicated in ovarian and breast cancer (both of which this patient
had); some genes are more highly transcribed in cancers, while others are less transcribed in cancers (Fig.
§5)°0-53, By preserving the variation across this region, this region showcases how SVCROWS can be tuned
to limit merging across regions that contribute to important phenotypes.
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Figure 3. Options to control stringency and SVR construction in SVCROWS allows for optimized merging. A
complex, single cell (SC) dataset was used to evaluate SVR generation by SVCROWS. A-C) Comparison of SVCROWS
output to 2 common SV mergers: Svimmer — yellow dashed line, and CNVRuler — purple dashed line. Run inputs
are provided in Table S3. A) Effect of input factors on SVR totals over different SYVCROWS stringencies (see
Supplemental Methods and Table S3 for more details). B) Effect of input factors on median resulting SVR length.
C) Effect of breakpoint factor (BP) and expanding RO regions (ExRO) on SVR totals under 3 levels of RO threshold
stringency. D-F) SVCROWS applied to the dataset over optimized stringencies (strict, concise, or default, seeee
Supplemental Methods for more details): D) Distribution of SVR sizes in SC dataset in log2 to better visualize
differences, E) Total SVRs in SC Dataset. F) Distribution of losses and gains in the SC dataset, where losses and
gains are outlined by red and green boxes respectively. G, H) Integrated Genome Viewer visualization of resulting
SVRs in a representative 3.2kb centromeric region of chromosome 6 from: G) VCFTools, which removes purely
redundant SVRs; H) SVCROWS over three different stringencies. Dashed boxes indicate the most abundant loss
genotype detected in the dataset. I-K) Quantification of panel H: I) total number of unique SVRs in the chr6
region, J) total number of SVs matched to the SVR representing the abundant deletion present in ~14% of the
population, K) abundance of each of resulting SVRs across SC dataset samples.
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SVCROWS shows advantages for SV discovery compared to other SV mergers using a heterogeneous
dataset

Using the same SV merging tools used to evaluate the HG002 SV Truth Set, we sought to appreciate
differences in SV merger algorithm behavior on the multi-sample SC dataset (Fig. 4A-C). This dataset has
not been directly quantified for SVs, and represents an opportunity to compare SV merger capabilities for
SV discovery. Overall, basic characteristics of generated SVRs were more algorithm-dependent for the SC
dataset than the HG002 SV Truth Set. Specifically, we detected a wider range of resulting SVR sizes (Fig.
4A compared to Fig. 2D) and SVR numbers (Fig. 4B compared to Fig. 2C). Additionally, algorithms that
exhibited high levels of merging tended to report more losses across the higher complexity SC dataset (Fig.
4B and 4C). These differences reflect that as the number of samples and heterogeneity rises in a study,
differences in SV merging strategy become more pronounced.

Visualizing the differences between the SV mergers in a genomic region with a high rate of unique SVs
revealed information about each algorithm’s biases regarding SV discovery (Fig. 4D and 4E, Fig. S3). Firstly,
Jasmine undermerged both small and large SVs across this region (Fig. 4D, green). In contrast to its good
performance on a high quality dataset (Fig. 1), Jasmine failed to reduce complexity of this region compared
to other programs, perhaps due to the large range of SV sizes. On the other hand, distance-based
algorithms are well-balanced with regard to undermerging (Fig. 4D, yellow), but do have clear indications
of over-merging of smaller SVs (e.g., SVimmer has no small gain alleles towards the 3’ end). Truvari likely
undermerged smaller SVs, leaving overlapping SVs with as little difference as 90bp (9.5% of the total size)
unmerged. Further, by comparing SVCROWS to CNVRuler, we noticed that even the slight change in
algorithm type can lead to large changes in the outcome of large regions (Fig. S4).
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Comparison of SV Mergers across the whole SC dataset
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Figure 4. Comparison of SVCROWs to 5 SV merging programs using a heterogeneous SC dataset. SV merging
performance of different algorithms using a single cell (SC) dataset. A) Size distribution of resulting SVRs. B) Final
SVR count of each tool, compared to the unmerged raw lumpy calls. C) Distribution of gains and losses in final
SVRs. D) Integrated Genome Viewer visualization of resulting SVRs in the chr10 region for each program.

Discussion

From an analysis perspective, SV breakpoints can vary across samples due to inherent inconsistency in
large data sets®* or by using different SV-calling applications on the same data set®. This makes it
challenging to identify whether multiple SVs within a genomic neighborhood are distinct. Resolving SV
location relies on accurate sequencing, precise mapping, and suitable coverage across a genomic region
of interest. Such standards are hard to achieve, especially across repetitive regions like telomeric,
centromeric, or rDNA arrays®®®” or when using low-input methods like single-cell sequencing®®>°.
Therefore, researchers need flexible tools that provide a robust framework for SV comparison.
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While some SV mergers are a part of more comprehensive pipelines, their merging function cannot be
used independent of the rest of the pipeline, and/or the merging function has only been validated with
defined upstream components (Fig. 4E,F) *>17. SYVCROWS, on the other hand, is a standalone merger that
is accessible and applicable for both SV validation and discovery. To our knowledge, it is the only R-based
SV merger, which requires little prior computational knowledge for use. Further, the text-based input
format of SVCROWS is flexible enough to incorporate all data types and formats, including VCF files.
Importantly, the algorithm offers a variety of options that incorporates standard functions found in other
programs. Finally, its construction around RO as the main means of determining SV matching (i.e. no
assignment of ‘scores’ or ‘weights’) simplifies how the program will function under different scenarios.

By comparing SVCROWS with several modern and widely used SV merging algorithms, we showed that
SVCROWS is as accurate as existing tools for validation (Fig. 2) while also being capable of maintaining
diversity during SV discovery in a multi-sample dataset (Fig. 4). Additionally, SYVCROWS can be uniquely
tailored at different levels of stringency (Fig. 3). Ultimately, it is the user’s choice as to whether it is more
important to remove or maintain variation in the final SVR data set. Because of this choice and its potential
impact, no merger can be said to be objectively ‘better’ than another. Instead, we emphasize the
importance of options and balanced outcomes, which are core principles of SYVCROWS, when choosing an
SV merger.

Overall, we demonstrated here that there are disparities between SV merging algorithms. The choice of
which to use is up to the researcher, but we present three considerations based on direct comparisons of
SV merging performance on both simple and complex datasets (Fig. 5). The first consideration is that the
output of the program must reduce the complexity of the region (Fig. 5, ‘Output’), especially overcoming
size disparities. In this analysis, all mergers were able to reduce SV redundancy; however, most failed to
strike a balance in under- or overmerging especially when a range of SV sizes were found in the same
genomic neighborhood (e.g. Jasmine, Truvari, and Survivor, Fig. 2E and 4D). We showed that SVCROWS
achieves this balance by simplifying SVs across the region while maintaining the diversity of the original
dataset (Figs. 3H and 3K). A second consideration is that the architecture of the algorithm needs to be
compatible with the study design (Fig. 5, ‘Technical’). The user should recognize that not all mergers work
on all platforms, nor are they compatible with all upstream steps. As mentioned above, SVCROWS can
accommodate most upstream steps and input formats. A third consideration is that the algorithm type
determines how the input SVs contribute to the resulting SVR (Fig. 5, ‘Algorithm Type’). For example,
Jasmine includes RO as an optional matching parameter, but prioritizes size and start location for merging
decisions. Conversely, SYVCROWS prioritizes RO and better reflects the relationship between SV size and
potential functionality of those SV.
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Figure 5. Comparison of tools based on proposed considerations to make when choosing an SV merging
algorithm. SV merging evaluation of different features of each program (left); Key for algorithm each type of
program uses (right).

We recognize that there are some limitations to SYVCROWS implementation. While the SVCROWS' input
format is flexible, manual conversion from some formats may be necessary and add extra steps to a
pipeline. While running SYVCROWS in R is convenient, this may lengthen the computational time compared
to other programs, especially when running on Windows platforms. Further, the SYVCROWS algorithm does
not include sequence information during merging decisions Other tools like Truvari or PanPop'® can
evaluate sequence identity at single-basepair resolution in certain SVs (e.g. >50bp insertions and
deletions), which may be more beneficial. Finally, manual inspection of SVRs showed a few instances of
poor merging decisions from SVCROWS outputs; however, this was rare and also observed across all tools,
especially in complex regions (Figs. S2 and S4). This observation emphasizes the continued challenges of
SVR construction prior to analysis of important datasets.

We propose that the size-weighted framework of SV comparisons can be applied in all SV-handling
algorithms, which may better reflect changes in genotype that produces a tangible outcome in phenotype.
While SV merging tools have been used to great effect in the past, it is worth continuing to implement
improvements to the field. This is especially true given the growing number of large, multi-sample datasets
that are harder to computationally refine accurately. Conversely, having tools that are capable of
discovering uncommon variants are critical to investigating diseases caused by rare mutations. The balance
of SV validation and discovery SVCROWS can be tailored to provide reflects these patterns in the field.
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