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Abstract

Summary: We present trfermikit, a software tool designed to detect deletions larger than 50 bp occurring in Variable
Number Tandem Repeats using Illlumina DNA sequencing reads. In such regions, it achieves a better tradeoff be-
tween sensitivity and false discovery than a state-of-the-art structural variation caller, Manta and complements it by
recovering a significant number of deletions that Manta missed. trfermikit is based upon the fermikit pipeline, which

performs read assembly, maps the assembly to the reference genome and calls variants from the alignment.
Availability and implementation: https://github.com/petermchale/trfermikit.

Contact: aquinlan@genetics.utah.edu

Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction

A recent study that comprehensively compared long- and short-read
sequencing technologies found that most structural variations (SVs)
missed by a suite of standard short-read structural-variant callers lie
in tandem repeats (Chaisson et al., 2019). For example, 3895 out of
5031 deletions called from long- but not short-read sequencing data
(HG00514) lie in tandem repeats. This may be a simple consequence
of the fact that most SVs lie in tandem repeats (Linthorst ez al.,
2020), but is also likely due to the fact that short reads typically do
not span such repetitive sequences, confounding sequence alignment
and consequently variant detection.

Thus substantial gains in SV detection sensitivity stand to be
realized by optimizing SV calling in tandem repeats. Since callers
exist that have been designed specifically to capture SVs in simple
tandem repeats with motifs smaller than 6bp (Dashnow ez al.,
2018; Dolzhenko et al., 2019; Mousavi et al., 2019), we show here
how SV detection (specifically deletions longer than 50 bp) can be
optimized in Variable Number Tandem Repeats (VNTRs) composed
of repetitive motifs longer than 6 bps.

2 Materials and methods

2.1 Data provenance and caller evaluations

2.1.1 Chaisson et al. (2019) study

SVs were discovered in samples HG00514, HG00733 and NA19240
using Illumina Whole Genome Sequencing (WGS) (http://ftp.
1000genomes.ebi.ac.uk/voll/ftp/data_collections/hgsv_sv_discovery/),
aligned against GRCh38 and evaluated using truvari (https://github.
com/spiralgenetics/truvari) against a set of calls based upon PacBio

©The Author(s) 2021. Published by Oxford University Press.

WGS (https:/ftp.ncbi.nlm.nih.gov/pub/dbVar/data/Homo_sapiens/by_
study/genotype/nstd152/) (Chaisson et al., 2019). Alignments of local
assemblies of PacBio reads (obtained privately from Mark Chaisson;
http://’www-rcf.usc.edu/~mchaisso/hgsvg/local_assemblies/) were used
in the evaluation stage to filter out VNTRs not covered by Pacbio
assemblies.

2.1.2  Ebertet al., (2021) study

SVs were discovered in samples HG02818, HG03125, HG03486
and NA12878 using Illumina WGS obtainable via the following
HTTPS hyperlinks:

* https:/ftp-trace.ncbi.nlm.nih.gov/1000genomes/ftp/1000G
2504_high_coverage/additional_698_related/1000G_698_
related_high_coverage.sequence.index

* https:/ftp-trace.ncbi.nlm.nih.gov/1000genomes/ftp/1000G_
2504 _high_coverage/1000G_2504_high_coverage.sequence.
index

Reads were aligned to GRCh38. Truvari was used to evaluate
the Illumina-based calls against a set of calls based upon PacBio
WGS available at the following links:

* ftp:/ftp.1000genomes.ebi.ac.uk/voll/ftp/data_collections/
HGSVC2/release/v2.0/integrated_callset/variants_freeze4_sv_
insdel_alt.vcf.gz

* ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/data_collections/
HGSVC2/release/v2.0/integrated_callset/README_HGSVC_re
lease_v2
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The four samples considered here were sequenced using HiFi.
SVs in the benchmark that was smaller than 50 bp were filtered out.
Evaluation was performed only on VNTRs that overlapped regions
covered by PacBio reads; such regions were obtained from:

* https:/ftp.1000genomes.ebi.ac.uk/voll/ftp/data_collections/
HGSVC2/working/20200728_Freeze2_PAV_PBSV/pavhifi/
${sample}/align/${sample}_hifi_aligned_tig_${haplotype}.bed.
gz

where ${haplotype} was either ‘h1> or ‘h2’ and ${sample} was one
of the four samples: HGO02818, HGO03125, HG03486 and
NA12878. VNTRs that lie on the Y chromosome, or that overlap a
set of low-confidence regions, were removed prior to benchmarking;
the low-confidence regions are obtainable from:

*  http://ftp.1000genomes.ebi.ac.uk/voll/ftp/data_collections/
HGSVC2/technical/filter/20210127_LowConfidenceFilter/
LowConfidenceFilter.bed.gz

* http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/data_collections/
HGSVC2/technical/filter/20210127_LowConfidenceFilter/
README 20210127_LowConfidenceFilter

2.2 trfermikit modules

2.2.1 Make-regions module

Tandem repeats are classified by length (minRepeatLength in config.-
json, published at (McHale, 2021)) and period (minRepeatPeriod),
merged into intervals that contain at least one positive-class tandem
repeat, and filtered on length (maxRegionLength). If the user provides
a set of ‘functional’ intervals, then only those merged intervals that
intersect the functional intervals are retained. Merged intervals are
then filtered on short-read coverage.

2.2.2 Make-calls module

Short reads are pulled that originally aligned to the merged intervals,
and fermikit is used to assemble those reads into unitigs, map them
to the reference genome (using minimap2) and call variants from the
alignment.

2.2.3 Filter-calls module

Each SV call is filtered on its size and the mapping quality of its sup-
porting unitigs (i.e. those unitigs comprising a gap that aligns with
the call). Each such unitig is composed of ‘blocks’: aligned regions
of the unitig that are free of indels. trfermikit determines the largest
block upstream and largest block downstream of the call. If either is
smaller than a threshold value (minUnitigBlock Length), then trfer-
mikit considers the call to be a FP and filters it out. The remaining
calls are ascribed a ‘confidence’ equal to (max_block_size_upstrea-
m_of_call + max_block_size_downstream_of_call)/len(blocks),
reflecting our observation that true-positive calls were often sup-
ported by ‘clean’ unitigs, in which blocks were individually long and
few in number. In a final filtering step, calls are clustered by genom-
ic position, and the call with the highest ‘confidence’ (as defined
above) in each cluster is retained.

2.3 Exploration of parameter space

By exploring combinations of multiple trfermikit parameter values
[see manta_complementarity__DEL-manta-all_regions.json, pub-
lished at McHale (2021)], we generated a region in recall-FDR
space, not a curve as would be achieved by varying a single param-
eter. Part of the boundary of that region is a Pareto front (a term
borrowed from economics) and represents a set of operating points
that are optimal in that, for each such point, there is no other oper-
ating point with better recall and better FDR. Trfermikit’s default
operating point [as defined in config.json and published at McHale
(2021)] is indicated by a red circle in Figure 1B and C.
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Fig. 1. (A) Stages of the trfermikit pipeline. (B and C) Performance of trfermikit on
deletions in sample HG00514. (B) trfermikit is characterized by a better recall-FDR
tradeoff than Manta. TP = number of true positives; FP = number of false positives;
FN = number of false negatives. The Pareto front of trfermikit operating points is
indicated in white (Supplementary Information) and the default operating point is
indicated with a red circle (also shown in panel C). (C) trfermikit is complementary
to Manta (default mode). Same set of trfermikit parameters as in (B). Throughout,
regions were formed by merging tandem repeat regions with motifs >6 bp and tan-
dem-repeat length >100bp and calls <50bp in size were filtered out. Functional
regions (see panel A) were not used

2.4 Manta operating points

In addition to Manta’s standard operating mode (labeled ‘default
manta’ in Fig. 1B), we explored two additional configurations.
The configurations labeled ‘more sensitive manta’ and ‘less
sensitive manta’ are defined by {minEdgeObservations: 2,
minCandidateSpanningCount: 2} and {minEdgeObservations: 1,
minCandidateSpanningCount: 1}, respectively.

2.5 Figure generation
Two Jupyter notebooks that reproduce the figures in this manuscript
are published at (McHale, 2021).

3 Results

We developed a pipeline, which we termed trfermikit, that chooses a
set of VNTRs, runs fermikit on those VNTRs (Li, 2015) and filters
out false-positive variant predictions (Fig. 1A). We then assessed
the performance of trfermikit for a variety of its parameter values on
a sample for which both Illumina data and Pacbio data are available
(sample HG00514 from (Chaisson et al., 2019)). Trfermikit has a
better tradeoff between recall and false discovery than that obtained
by running Manta (Chen et al., 2016) on the same set of regions
using three different settings of its parameters (Fig. 1B and
Supplementary Information). At its default operating point (red cir-
cle in Fig. 1B), trfermikit runs in roughly 32 CPU hours per sample
(CPU = Central Processing Unit).

The superior performance of trfermikit on VNTRs is due to, pri-
marily, two factors (Fig. 1A). When assembled reads are aligned to
the reference genome, the gap penalty is reduced to a value much
smaller than is typical of SV callers, enabling trfermikit to detect
deletions that other callers would miss. Supplementary Figure S2A,
C, D and F illustrate, using a synthetic assembled contig, the efficacy
of this approach to uncover deletions accurately, even in tandem re-
peat regions. The second key ingredient of trfermikit is its call filter-
ing strategy, as reducing the gap penalty ipso facto introduces many
false-positive calls. Manual inspection revealed that many of these
false positives are characterized by ‘noisy’ contigs that contain a
plethora of gaps and comprising only short ‘blocks’ of contiguously
aligned bases. Experiments revealed that we could selectively re-
move these false positives via simple heuristics involving the size and
number of those blocks [see Section 2.2.3 (filter-calls module) in
Section 2].

Given that many tandem-repeat loci that are associated with dis-
ease are known to reside in gene bodies (Bakhtiari et al., 2020;
Bennett et al., 1997; De Roeck et al., 2018; Hannan, 2018; Kyo
et al., 1999; Lalioti et al., 1997; Li et al., 2016; Sulovari et al., 2019;
Yang et al., 2000), we ran trfermikit on VNTRs that lie in gene
bodies by specifying a corresponding functional region as input to
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trfermikit (Fig. 1A), yielding a recall of 0.30 and a false discovery
rate of 0.48. These numbers are comparable to those obtained when
interrogating all VNTRs (recall = 0.29 and FDR = 0.46). Running
trfermikit on VNTRs that not only lie in gene bodies, but also in
exons and/or UTRs, yields a recall of 0.23 and a FDR of 0.56. For
all three sets of genomic intervals, trfermikit significantly comple-
mented Manta, recovering 17, 18 and 16% of deletions that Manta
missed when applied to all VNTRs, those in gene bodies, and those
in exons and/or UTRs, respectively (Fig. 1C).

One might expect a tradeoff between VNTR length and ability
to assess variation at such loci, e.g. because assembly of Illumina
reads is less accurate, or more fragmented, in longer repetitive
regions. Consistent with that expectation, we found that the recall
of both trfermikit and Manta decreases at larger VNTR loci
(Fig. 2A), while their FDRs increase with VNTR length (Fig. 2B).
For those VNTR size classes in which deletion events are common,
trfermikit’s sensitivity exceeds that of Manta (Fig. 2A and C),
explaining why trfermikit recall is greater than Manta when pooled
over all VNTRs (Fig. 1B).

An oft-employed strategy for combining call sets is to compute
their intersection, with a primary objective of reducing FDR. While
this strategy does reduce FDR (Fig. 2B), it does not drive it to zero,
indicating that some false positives are common to both callers.
Moreover, the recall of the intersection call set is lower (Fig. 2A), as
many of the true positives are unique to a single caller, e.g. trfermikit
recovers 40% of Manta false negatives occurring in VNTRs in the
size range of 125-150 bp (Fig. 2D).

In light of the complementarity of trfermikit and Manta, we con-
jectured that combining their call sets (i.e. creating their union)
would increase recall relative to what either caller could achieve
alone. Our experiments support this conjecture (Fig. 2A), and,
moreover, show that the combined call set has an FDR comparable
to the individual callers (Fig. 2B).

We noticed that recall and FDR move in opposite directions, as
one varies the VNTR size class in which the metrics are measured
(compare Fig. 2A with B). At first glance, this might appear to
contradict the well-known tradeoff between recall and FDR in
which recall and FDR move in the same direction as one tunes a
variant caller. The explanation follows from two facts. First, the
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ratio, R, of the number of events to the number of calls per VNTR
size class is approximately constant across classes (compare the blue
and orange bars, respectively, in Fig. 2C). Second, recall and FDR
obey the following formula: recall = (1 — FDR)/R. Together, these
facts imply that recall goes down as FDR goes up, as we observe in
our data (Fig. 2A and B).

Given that trfermikit was tuned to perform optimally on a single
sample (HG00514), and might therefore be overfit, we assessed the
degree to which its performance generalizes to other samples.
Figure 3 shows that performance of both trfermikit and the com-
bined call sets (the union or intersection of trfermikit and Manta)
are qualitatively the same for two other samples from the same
study HG00514 was taken from (Chaisson et al., 2019). A more re-
cent study from the same consortium has recently produced PacBio
assemblies of higher quality (Ebert ez al., 2021), potentially provid-
ing a more accurate benchmark on which to assess trfermikit. We
therefore ran trfermikit and Manta on four samples from that study.
Figure 3 shows that performance measured relative to the more ac-
curate benchmark (Ebert et al., 2021) is higher than that of the less
accurate benchmark (Chaisson et al., 2019), further validating the
generalizability of trfermikit.

4 Discussion

We describe a new genetic variant detection strategy that discovers
a significant number of deletions missed by Manta in VNTRs, sug-
gesting that both trfermikit and Manta should be run in rare dis-
ease cases for which compelling single-nucleotide variant or
deletion variant candidates have not been identified by tools such
as GATK (Genome Analysis ToolKit) (McKenna et al., 2010).
Moreover, our results argue that call sets should be combined by
taking their union (instead of their intersection), as the intersection
strategy significantly reduces recall, whereas the union strategy
significantly increases recall without impacting appreciably upon
FDR.

We note that trfermikit is less sensitive to insertions than Manta
(Supplementary Fig. S1). Two effects explain why. First, reducing
the gap penalty to favor alignment gaps exposes deletions but can
mask insertions (Supplementary Fig. S2). Second, many insertions
harbor a soft-clipped unitig signature (e.g. Supplementary Fig. S2B)
that Manta but not trfermikit can detect.
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