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TSSV: MPS Software for Targeted analysis of Short Structural Variation

Abstract

Motivation: Advances in sequencing technologies and computational algorithms
have enabled the study of genomic variants to dissect their functional consequence.
Despite this unprecedented progress, current tools fail to reliably detect and characterize
more complex allelic variants, such as short tandem repeats (STRs). We developed
TSSV as an efficient and sensitive tool to specifically profile all allelic variants present
in targeted loci. Based on its design, requiring only two short flanking sequences, TSSV
can work without the use of a complete reference sequence to reliably profile highly
polymorphic, repetitive or uncharacterized regions.

Results: We show that TSSV can accurately determine allelic STR structures in
mixtures with 10% representation of minor alleles or complex mixtures in which
a single STR allele is shared. Furthermore, we show the universal utility of TSSV in
two other independent studies: characterizing de novo mutations introduced by
transcription activator-like effector nucleases (TALENS) and profiling the noise and
systematic errors in an lon Torrent sequencing experiment. TSSV complements the
existing tools by aiding the study of highly polymorphic and complex regions and
provides a high-resolution map that can be used in a wide range of applications, from
personal genomics to forensic analysis and clinical diagnostics.

Availability and implementation: We have implemented TSSV as a Python package
that can be installed through the command-line using pip install TSSV command. Its
source code and documentation are available at https://pypi.python.org/pypi/tssv and
http://wwwilgtc.nl/tssv.

Introduction

As a consequence of various mechanisms such as DNA recombination, replication
and repair-associated processes, the spectrum of human genetic variation ranges from
single nucleotide differences to large chromosomal events. Among the different types
of genetic changes, repetitive DNA sequences show more polymorphism than single
nucleotide variants (Conrad et al., 20 10; Hinds et al., 2006; lafrate et al., 2004; Kidd et al,,
2008; Redon et al,, 2006; Sebat et al, 2004; Tuzun et al., 2005), and they are important
in human diseases (Conrad et al,, 2010; de Cid et al, 2009; Girirajan et al,, 201 |; Hollox
et al, 2008; McCarroll et al, 2009; Pinto et al, 2010), complex traits and evolution
(Mills et al,, 201 I; Stephens et al,, 201 I; Sudmant et al., 2010). In particular; microsatellite
variants, also known as short tandem repeats (STR), and their expansion/shortening
have been linked to a variety of human genetic disorders (Mirkin, 2007; Pearson et al,,
2005; Sutherland and Richards, 1995), and have been used in genotyping (Kimura et al,,
2009; Weber and May, 1989) and forensic DNA fingerprinting studies (Kayser and de
Knijff, 201 |; Moretti et al, 2001).
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Chapter 2

Because of the repetitive nature of STRs and often the low level of complexity of the
DNA sequences in which they occur (Treangen and Salzberg, 2012), characterization
of STR variability and understanding of their functional consequences are challenging
(Weischenfeldt et al, 2013). So far, sequencing-based strategies have focused on
reads mapped to the reference genome and subsequent identification of discordant
signatures and classification of associated STRs (Medvedev et al., 2009; Mills et al., 201 I).
Yet, the mainstream aligners, such as BWA (Li and Durbin, 2009) or Bowtie (Langmead
and Salzberg, 2012), do not tolerate repeats or insertions and deletions (indels) as a
trade-off of run time (Li and Homer, 2010).This limitation leads to ambiguities in the
alignment or assembly of repeats which, in turn, can obscure the interpretation of results
(Treangen and Salzberg, 2012). Moreover, the current human genome reference still
remains incomplete and provides only limited information on expected and potentially
uncharacterized STRs in different individuals (Alkan et al, 201 |; lafrate et al., 2004; Kidd
et al, 2008; Sebat et al, 2004). Consequently, STRs are not routinely analyzed in whole-
genome or whole-exome sequencing studies, despite their obvious applications and
their role in human diseases, complex traits and evolution.

Here, we present a method for targeted profiling of STRs that reports a full
spectrum of all observed genomic variants along with their respective abundance.
Our tool, TSSV, can accurately profile and characterize STRs without the use of a
complete reference genome, and therefore minimizes biases introduced during the
alignment and downstream analysis. TSSV scans sequencing data for reads that fully
or partially encompass loci of interest based on the detection of unique flanking
sequences. Subsequently, TSSV characterizes the sequence between a pair of non-
repetitive flanking regions and reports statistics on known and novel alleles for each
locus of interest. We show the performance of TSSV on robust characterization of all
allelic variants in a given targeted locus by its application in several case studies: forensic
DNA fingerprinting of mixed samples by STR profiling, characterization of variants
introduced by transcription activator-like effector nucleases (TALENS) in embryonic
stem (ES) cells and detailed characterization of errors derived from a next-generation
sequencing (NGS) experiment.
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Material and Methods

TSSV algorithm

The algorithm expects a FASTA file containing sequencing data and a library
containing a list of loci of interest that are described by two unique sequences
flanking a target locus in the form of a simple regular expression. The description of
targeted loci consists of a series of triplets (i.e. CTTA 2 5), each containing a sequence
followed by two integers that denote the minimum and maximum number of times
the preceding sequence is expected. The notation of expected alleles is then compiled
into a regular expression that is used to distinguish between known and new alleles.
It is important that a library that contains a description of loci of interest according to
the aforementioned instruction should be customized and provided. TSSV reports an
overview of marker pair alignments and a detailed description of the identified alleles
and their respective frequency per strand. TSSV also provides supporting reads of each
locus of interest in separate FASTA files.

TSSV is an open source Python package that can be easily incorporated in any
standard NGS pipeline. In addition, we have made the Python package fastools
available at https://pypi.python.org/pypi/fastools. fastools offers a series of functions to
manipulate, characterize, sanitize and convert FASTQ/FASTA files to other formats.
Therefore, it can be used to convert FASTQ files to TSSV desired format (FASTA). For
further information on usage and generated data see Supplementary Table S1.

Marker alignment

Each pair of markers (unique flanking sequences) is aligned to the reads by using a
semi-global pairwise alignment, a modified version of the Smith—\Waterman algorithm
(Smith and Waterman, 1981).The alignment matrix is initialized with penalties only for
the aligned sequence and not for the reference sequence. By using this approach, we can
use the alignment matrix to calculate the edit distance between the alighed sequence
and all substrings of the reference sequence. Finally, TSSV uses the alignment matrix to
select the rightmost alignment with a minimum edit distance. To guarantee symmetry
with regard to reverse complement sequences, TSSV aligns the reverse complement of
the right marker to the reverse complement of the reference sequence.

Allele identification

Once TSSV successfully aligns a marker pair to either the forward or the reverse
complement of the reference sequence, the region of interest is selected by extracting
the sequence between the alignment coordinates, which is then converted to the
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forward orientation. The target variable sequence is then matched to the regular
expression of the corresponding marker pair for classification as either a known or a
new allele. In case of partial identification of markers (i.e. only the left or right marker
of the pair is identified), the input sequence is flagged as having either no beginning
or no end.The assessment of required runtime for TSSV to identify alleles in datasets
with different sequencing depth is provided in Supplementary Figure SI. Each dataset
is profiled to characterize 16 allelic STR structures. It should be noted that currently
TSSV uses a single processor for the analysis.

Annotations

Once a list of new alleles is constructed, TSSV uses a revised version of the
Mutalyzer online service (Wildeman et al, 2008; https://mutalyzernl) to describe
all observed variants compared with the reference sequence. Mutalyzer provides a
description of observed variants according to the Human Genome Variation Society
format for sequence variant description. This can be used to provide an overview of
most frequent mutations that are observed within each locus of interest.

Interpretation guidelines

TSSV provides the frequency in which each allelic structure is observed on
plus and minus strand. Based on the experimental design, the frequencies of allelic
variants and the balance between supporting reads on the plus and minus strand
can aid the identification of potential sequencing biases. Moreover, based on the
choice of sequencing technology, homopolymers are prone to introducing artificial
allelic structures, so it is advised, when possible, to allow for a tolerance of a few base
difference in the homopolymer length while describing targeted loci. The estimation of
a lower boundary for the identification of variant alleles is subject to the experimental
design.Thus, sequencing of control samples, if possible, can aid a more reliable analysis
by ruling out potential slippage and background noise. nce a list of new alleles is
constructed, TSSV uses a revised version of the Mutalyzer

Auvailability

TSSV is available at http://www.lgtc.nl/tssv and https://pypi.python.org/pypi/tssv. It
can also be installed through the command line: pip install tssv. All original datasets and
the analysis results can be obtained from figshare (http://www.figshare.com): detection
of STRs, SNPs and short indels (Anvar, 2013a), determining de novo structural
variations (SVs) in TALEN-treated ES cells (Anvar, 2013b), characterization of STRs
(Anvar, 2013c) and detection of systematic errors in PGM (Anvar, 201 3¢).
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Library preparations and sequencing

STR PCR products for sequencing were generated using the Powerplex® |6-kit
from Promega (commercial assay designed and optimized for fluorescent dye-based
fragment analysis of STR loci) and were purified with Ampure XP beads according to
manufacturer’s protocol. Library preparation was performed using the Rapid Library
Preparation Kit (Roche). Emulsion PCR and sequencing were performed on the
FLX Genome Sequencer (454/Roche) according to the protocol provided by the
manufacturer.

PCR products for sequencing of all other samples on the Personal Genome Machine
(PGM, lonTorrent) were prepared using the lon Plus Fragment Library Kit or amplicon
fusion primers. Emulsion PCR was performed using the OneTouch (OT 1, lon Torrent).
Sequencing was performed according to LifeTech protocol using the lon PGM™ 200
Sequencing Kit. PCR reaction was done in |0 pl containing | x FastStart High Fidelity
reaction buffer (Roche), 1.8 mM MgCl2, 2% DMSO, 200 uM dNTPs, 0.5 U FastStart
High Fidelity Enzyme Blend (Roche), 20 ng DNA, 300 nM universal barcoding primer,
300 nM reverse target primer and 30 nM forward target primer. After 10 min of initial
denaturation at 95°C, 30 PCR cycles were performed at 20s 95°C, 30s 60°C and 40s
72°C. Primer sequences are provided in Supplementary Table S2.

TALEN design and transfection

The TALENSs -pair targeting intron 52 of the human DMD gene (hDMD) was
designed using the TALEN toolbox described by Cermak et al. (201 1). Next, hDMD/
mdx ES cells (t Hoen et al., 2008;Veltrop et al,, 20| 3) were transfected with the TALENs
plasmids without any homologous recombination vector. ES cells were routinely cultured
on murine embryonic fibroblast (MEF) feeder cells in knockout DMEM supplemented
with 2 mM L-glutamine, | mM sodium pyruvate, non-essential amino acids, 50 units
of penicillin as well as streptomycin, 1000 units of leukemia inhibitory factor and 0%
fetal bovine serum (FBS Gold, all from Life Technologies Ltd). Per TALEN, total of 750
ng in 1.5 pg of DNA was used to transfect | 000 000 hDMD/mdx ES cells using
Lipofectamin 2000 (Invitrogen). DNA-Lipofectamin 2000 suspension was prepared
in serum and antibiotic-free medium according to the supplier's manual Cells were
incubated for 30 min in suspension with the DNA-Lipofectamine mixture and then
plated in two 9 c¢cm culture dishes coated with MEF in regular ES culture medium. ES
cells were cultured for a week, and DNA was isolated from a pool of 1500 ES clones.
This DNA was then prepared for sequencing using lon Torrent PGM according to the
instrument guidelines.
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Results

Characterization of STRs

We tested the performance of TSSV in characterizing known STRs from
Roche/454 targeted sequencing data of 16 STR loci, amplified in a multiplex reaction.
To demonstrate the added value of TSSV over mainstream aligners, we generated
four sequencing libraries of which two consisted of pure individual samples and
two mixtures in the ratios of 50:50 and 90:10 with comparable depth of coverage
(Supplementary Table S3). A full spectrum of STR structures and their abundance was
generated after a semi-global alignment of the 25 bp flanking regions adjacent to the
STR structure, with tolerance of up to three mismatches (Fig. | A). On average, 8% of
reads remained uncharacterized, mostly because the sequences did not cover both
flanking reference sequences or that sequences contained too many mismatches for
regions that are required for identification of unique flanking reference sequences
(Supplementary Table S3).The PCR product used for preparing the sequencing libraries
were generated using the Powerplex | 6-kit from Promega, which is an assay designed
and optimized for fluorescent dye-based fragment analysis of STR loci. This resulted
in a strong imbalance in sequencing vield between STR markers with different dyes
in the fragment analysis (Supplementary Table S3). Thus, we restricted the analysis to
the three markers with highest coverage (D3S1358,THOI and D13S317). Frequencies
of the observed alleles were interpreted to distinguish actual alleles from slippage
artifacts (Supplementary Tables $4-S6).

For D3S1358 (TCTAI TCTGI-3 TCTAI2—-13), TSSV robustly identified the STR
structure associated with each of the samples, with >91% of reads supporting the
presence of two STR alleles (Fig. I B).In addition, TSSV could pick up a minor frequency
(7.25%) for alternative STR structures, in which the DNA amplicons show false STR
structures because of DNA polymerase slippage during the amplification (Ellegren,
2004; Hauge and Litt, 1993). Despite the presence of PCR amplification artifacts, the
major and minor STR structures in balanced and more extreme mixtures (50:50 and
90:10, respectively) could accurately be identified by TSSV (Fig. IB and Supplementary
Table 54).

We next explored whether TSSV can correctly detect alleles of more complex
cases differing based on STR length (ATCTI2ATCA2 and ATCTIIATCA3) or
composition (CATT9 and CATT3CATICATT6) as well as mixtures that shared one
allelic STR structure (CATT3CATICATT6). Markedly, TSSV could correctly detect,
characterize and quantify reads supporting all STR alleles, including mixtures with only
0% representation of the minor alleles (i.e. D3S1358 markers) and more complex
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mixtures (THO| markers) where a single STR allele is shared (Fig. | C, Supplementary
Tables S4-S6 and Supplementary Figs S2—54). Results of the remaining STR markers
are provided in supplementary materials, Supplementary Tables S7/-S17.
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Fig.1. Characterization of allelic STR structures in samples and their mixtures of differing ratios (A) Schematic representation of STR structure
identification and quantification. After proper alignment of two flanking sequences, TSSV performs a strand-specific classification and quanti-
fication of repetitive elements (RE) that constructs a given STR-structure. (B) The number of sequencing reads that support the presence of
different allelic D3S1358 STR structures on both strands. Pure samples and their mixtures in two different ratios are presented separately.
(C) The proportion of reads that support different allelic STR structures for three most abundant markers (D3S1358, D13S317 and THOI).
STR markers differ in complexity based on STR length or composition as well as mixtures in which one dllelic STR structure in shared.
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Determining de novo structural variations in TALEN-treated cells

TALENs have shown promising potential in site-specific genome editing (Boch, 201 I;
Cermak et al, 201 1; Miller et al, 201 1; Zhang et al, 201 ). Their modular structure
enables simple construction of TALENSs that can specifically recognize virtually any DNA
sequence of interest. On delivery of a TALENSs-pair; a double strand break is introduced
that is repaired by non-homologous end-joining, introducing a large variety of mutations
(Supplementary Fig. S5). Because the method lacks a positive selection procedure, the
applicability depends largely on its efficacy. We used TSSV to estimate the efficiency of
genome editing in ES cells from a mouse model with the hDMD, stably integrated in the
mouse genome (t Hoen et al,, 2008), and determine the utility of an assembled TALEN
pair (Supplementary Table S18) in introducing mutations within targeted intron 52 of
the hDMD (Supplementary Fig. S56).

For 100.000 TALENSs-transfected and non-transfected (control) ES cells, a 135 bp
fragment encompassing the entire targeted locus was PCR amplified and sequenced
using the lonTorrent PGM (Supplementary Table S19).The targeted locus was covered
over 450 000 times, which allows for precise detection and characterization of any
variant present. From the control ES cells, we determined a background of 3.1% of
reads that contain at least one mismatch, derived from sequencing errors and potential
spontaneous mutations (Fig. 2A and Supplementary Table S19). In TALENSs-treated ES
cells, the rate of sequencing reads that contain at least one mismatch was | 1.4%, almost
4-fold higher than controls (Fig. 2A). The majority of mutations introduced by TALENSs
pair were small insertions and deletions (75.6%; excluding duplications) (Fig. 2B), which
is consistent with the expected type of variants introduced by TALENs (Cermak et
al, 201 1). The frequency in which individual variants occurred was specific to TALEN-
treated ES cells, even for those that were observed with very low frequency (Fig. 2C and
D). However, we observed a few mutations that were not specific to TALEN-treated ES
cells (Fig. 2D). These were mainly duplications that arose from inaccurate detection of
homopolymer stretches. Overall, TSSV results indicate significant enrichment (P = 2.85E-
09; Kolmogorov—Smirnov test) of variants in TALEN-treated ES cells as compared with
controls (Fig. 2E). Furthermore, TSSV reported a list of the most frequent variants and
cleavage sites, majority of which were either exclusive to TALEN-treated ES cells or with
over 3-fold higher frequency in TALEN-treated ES cells than controls (Supplementary
Fig. S7). The lon Torrent variant caller (version 3.2) did not report any variant because
of the nature and frequency of variants introduced by TALENS.
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Fig. 2. Variant characterization and quantification of TALEN-treated and Control ES Cells. (A) Basic statistics of the TSSV analysis. Pie charts show
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cumulative distribution of variant frequencies for TALEN-treated (red) and Control ES Cells (black). Kolmogorov—Smirnov test was performed to
assess if two distributions are significantly different.

Detection of systematic errors in PGM lon Torrent

During the targeted lon Torrent resequencing of exon 19 of the DMD gene
(X-chromosome) in five male patients and a female carrier, we observed a number of
shared and unexplained heterozygous variants given that male patients have only one
X-chromosome and DMD gene does not locate within pseudo-autosomal regions.
We used TSSV to provide a high-resolution map of all sequence variants as a way to
understand the origin of these artifacts (Fig. 3A). To assess the reproducibility of our
findings, we performed two independent lon Torrent PGM sequencing runs (PG090
and PG109).Two different versions of the lon Torrent base-calling algorithm were used
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for PGO90 (versions 2.2 and 3.0) while PGI09 was only processed by version 3.0
(sequencing run was carried out after the upgrade of the lon Torrent Suit). The three
datasets enabled us to investigate potential artifacts derived from sequencing and/or
different base-calling algorithms. Our first observation indicated a significant decrease
in the total number of reads (average of | 1.3 and 13.3% in respective to different runs
and base-calling algorithms) that were recognized per individual (Supplementary Table
S20).We also noticed a significant difference in the fraction of reads per dataset (44.3,
40.3 and 48.7%) that were reported as new alleles, having at least one mismatch with
the reference sequence (Fig. 3B).
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GCCATAGAGCGAGAAAAAGCTGAGAAGTTCAGAAAACTGCAAGATGCCAGCAGA
FLANK A FLANKE |

PG090-01 12000 W Deletion B nversion
10017 [l Insertion [ Duplication
- Il substitution ] Deletion &

Insertion

10000
W New Alleles
EXnown Alleles

6000
PG090-02

# Variants

4000

PG109-02
2000

0
PG090-01 PG090-02 PG109-02

Fig. 3. Identification of mutations within exon |9 of DMD gene. (A) Schematic representation of the locus of interest for resequencing, the design
of unique flanking sequences (blue), and the targeted region (red) to be profiled using TSSV. (B) Pie charts show the proportion of reads that
support the presence of new alleles (red) in sequencing library of patient |. Pie charts represent different sequencing runs (PG0O90 or PG109)
or the base-calling algorithm used during the primary analysis (O or 02).The two most outer pie charts are sequencing reads from the same
PGM lon Torrent run processed using two different versions of base-calling algorithm. The most inner pie chart represents an independent run
of the same library. (C) Number of observed variants separated by variation type. Percentages show the proportion of insertion events from the
total number of variants in each set.

We observed a significant reduction of variants (36.2%) after adoption of the
version 3.0 base-caller, mainly affecting the level of deletions and duplications calls
(Fig. 3C). This prominent decrease (68.3 and 48.9%) arises from improvement of the
algorithm in determining the length of homopolymer stretches. Notably, the majority of
other variants were single nucleotide insertions (excluding duplications and indels) that
remained at a comparable rate across different datasets (Fig. 3C). Next, we assessed
the strand specificity of the variants based on the sequencing direction. Interestingly,
while the majority of variants showed a similar frequency in both directions, the most
frequent variants showed a clear imbalance between forward and reverse strand (Fig.
4A and B).The observed strand-specific bias was reproducible and was not influenced
by the software version, as it was observed in all three datasets (Fig. 4C and D and
Supplementary Figs S8-S11).

32



TSSV: MPS Software for Targeted analysis of Short Structural Variation

Reverse Strand
Reverse Strand
.

ol o ™
- PR— o+ s000 " 3800

200 2500 50 30 %0 00 150 50
Forward Strand

Forward Strand

PG050-02
PG090-02

Y % oes ¥,

50 100 150

00 1500 2000 2500 3000 3600 200 250 300 350 400 450 500
PGO90-01 PG090-01

Fig.4. Comparative analysis of observed mutations. (A) The total number of occurrences for variants to be observed on plus or minus strands is
compared. Data points are colored based on the variation type. (B) Zoomed in scatter plot for variants with strand-specific frequency <500.
(C©) Sequencing data from the same sequencing run (PGO90) are assessed for frequency of observed variants after the use of two different
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To study the possible nucleotide-specific biases, we quantified the frequency of all
calls that predominantly occurred on one strand. Despite slight variation, substitutions
were observed on both strands at a comparable rate. However, in each dataset, the
majority of substituted bases were ‘A’s (59.2, 61.3 and 64.9%) and T's (28.1, 23.0
and 20.5%) that were predominantly substituted to ‘G’ and ‘C’, respectively (Fig. 5A).
Insertions were primarily observed on the forward strand (94%, on average) while ‘A’
remained as the most affected base (77.7%, on average) across all samples (Fig. 5B and
Supplementary Figs S9-SI 1).

We also observed a slight enrichment of deletions and duplications on the reverse
strand that were more pronounced in PG109-02 (Fig. 5C and D). Consistently, the
most affected base was ‘A, which was mainly the result of under- or over-calling of
‘A" homopolymers. We used TSSV to report a list of most occurring variants across
different samples. A single ‘A’ nucleotide insertion at cycle 52 was by far the most
predominant variant that occurred exclusively on the forward strand (Fig. 6A). In
fact, irrespective of co-occurrence of this insertion with any other variants, the new
observed sequence remains strand specific (Fig. 6A). This cannot be explained from a
biological standpoint and can only arise from a sequencing error. Moreover, we did not
observe any variation after sequencing the same library with Sanger sequencing (Fig.
6B), ruling out the possibility of artifacts introduced by sample preparation and PCR
amplification.
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Patient 6

Comparative analysis of TSSV performance

To our knowledge, lobSTR (Gymrek et al, 2012), STRait Razor (Warshauer et
al, 2013) and RepeatSeq (Highnam et al, 2013) are currently the most recent and
frequently used STR profiling tools. STRait Razor has limited functionality and only
provides an estimated copy number of major STR units. Therefore, we could only
compare the performance of TSSV only with lobSTR and RepeatSeq. As lobSTR
relies on alignment of sequencing reads to the predefined and indexed STR reference
sequences, lobSTR outperformed TSSV in recognizing partial reads, containing only one
of the two flanking sites required by TSSV (Supplementary Table S21). Concordantly,
lobSTR accepted 1288 reads for the D3S1357 STR locus that were not reported
by TSSV. However, TSSV performed significantly better on more complex STR loci
(Supplementary Tables 52 1-522). Across all four datasets, TSSV identified on average
2471 and 2353 reads in excess of what was recognized by lobSTR for the D13S317
and THOI STR loci, respectively. This difference is mainly derived from increasingly
problematic alignments in lobSTR that is also reflected in inaccurate estimation of
STR copy number for THOI and D13S317 markers in pure samples (Supplementary
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Table S22). In addition, lobSTR does not provide information on allelic STR structure,
as it only reports the copy number of the major and uninterrupted STR unit and
ignores the information from other variable elements or variants outside the STR itself.
Consequently, lobSTR failed to accurately detect the presence of mixed simples even
in cases in which samples were mixed 50:50 (Supplementary Table S22). Although
the information on strand specificity of the aligned reads is present in the alignment
file, unlike TSSV, IobSTR does not provide the frequency in which each STR structure
is observed. This is an important measure to detect inconsistencies and to rule out
potential artifacts. RepeatSeq requires aligned data and uses predefined regions to
characterize observed STR alleles. Thus, reads were mapped to the reference genome
(hg19) using GS mapper, specifically designed for 454 sequencing data. RepeatSeq
reported results for only one STR locus (D8SI179), despite sufficient coverage for
a number of STR loci in the BAM file. After manipulating the region descriptions, we
could not improve the efficiency of RepeatSeq in identifying the targeted STR loci.
Thus, the result of RepeatSeq could not be used for a conclusive comparison with
TSSV.

Discussion

lIn the past decade, advances in sequencing technologies as well as computational
analysis tools have enabled the study of genomic variations to dissect the mechanisms
by which they exert their function in the case of human diseases, evolution and
other complex traits. Despite this unprecedented progress, structural variations and
repetitive DNA sequences (such as STRs) or coupling of de novo mutations present
major obstacles for accurate and reliable allelic analysis (Alkan et al,, 201 |; Gymrek et
al, 2012; Kidd et al,, 2008; Treangen and Salzberg, 2012; Weischenfeldt et al., 2013). In
particular, most computational tools are not ideal to identify STRs because of biases
introduced during alignment as well as strong reliance of algorithms on coverage depth
orthe presence of split-reads. Here, we present a method (TSSV) that provides a high-
resolution map of allele-specific genomic variants within targeted loci of interest. Our
approach does not rely on the use of a complete reference sequence to reliably profile
highly polymorphic sequences (such as STRs) or uncharacterized variants at a single-
nucleotide resolution. However, it does require two unique flanking sequences that
harbor the region of interest to identify supporting reads.VWe assess the performance
of TSSV on profiling known allelic STR structures across pure samples from a single
individual as well as mixed samples with variable abundance. Of | 6 allelic STR structures
that were targeted for sequencing, six STR loci were sufficiently covered so that the
associated allelic STR structures could be reliably resolved. The strong imbalance
between yield of STR markers is because of the assay (designed and optimized for
fluorescent dye-based fragment analysis of STR loci) used for preparing the sequencing
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library.We show that sensitivity of TSSV in determining allelic STR structures exceeds
mixtures with only 0% representation of minor alleles and more complex mixtures
in which a single STR allele is shared. The lower boundary of detecting minor allele
frequencies is subject to experimental design and the complexity of the targeted locus
that may result in variable rate of slippage and background noise. Our detailed analysis
of three STR loci provides significant insights into forensic DNA fingerprinting of mixed
samples while it confirms the feasibility of TSSV to profile causal allelic expansion
of triplet, tetranucleotide or more complex repeat structures in variety of human
disorders (Brook et al., 1992; Dere et al,, 2004; Kremer et al, 1991; Mahadevan et al,
1992; Mirkin, 2007; Pearson et al,, 2002;Verkerk et al., 1991).

Second, we sought to profile and annotate the full spectrum of de novo mutations
introduced by TALENSs that specifically target intron 52 of hDMD in mouse ES cells.
The applicability of designed TALENSs to introduce mutations in a targeted locus largely
depends on its efficacy because this method lacks a selection procedure. Detected
TALEN-specific editing events were almost exclusively insertions and deletions that
fit the expected mutation profile of TALENs (Cermak et al., 201 1). Although it has
recently been reported that TALENSs induce insertions at a much lower frequency than
deletions (Kim et al, 2013), we have observed an extremely balanced rate of insertion
and deletion events (37.26% versus 37.20%, respectively). Nevertheless, TALENs-
induced deletions tend to affect more bases than insertions. We show that TSSV can
resolve difficult-to-call editing events that affect the length of homopolymers based on
the variant frequency in TALEN-treated ES cells versus controls. Moreover, the result
of TSSV analysis of TALEN-treated and control ES cells suggests that observed de novo
structural variants are predominantly caused by initiation of a double-strand break
that is repaired by non-homologous end-joining mechanism and are not the result of
sequencing errors. Notably, the lon Torrent variant caller failed to identify any of the
observed variants because of their complexity, and therefore does not provide any
information on de novo allelic structures that were introduced.

As laboratories begin to generate deep coverage sequencing data to identify
low frequent mutations (i.e. cancer genomics), the robustness and accuracy of NGS
technology and library preparation methods has become vital (Costello et al., 201 3).
After running TSSV on a third dataset to identify potential causal mutations in samples
from five DMD patients and one female carrier; we observed numerous systematic
errors introduced by the lon Torrent PGM sequencer or the base-calling algorithms.
The number of sequencing reads that support the presence of a new allele was in
excess of 45% while no mutation was found after Sanger sequencing of the same
libraries. Moreover, the amount of allelic discordant reads were unexpected and
could not be biologically explained as five out of six samples were derived from male
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patients who are expected to have only one copy of the X-chromosome. Across
all samples, the majority of detected variations were single nucleotide insertions
(~62%), excluding duplications, that were mostly the result of a single ‘A’ insertion
(78%). Surprisingly, insertions were predominantly specific to the plus strand (94%)
that can be the result of flow order in specific sequence contexts. Although the
second base-caller improved the deletions and duplications rates that were derived
from over- or under-calling of homopolymers, the insertion rates remained unchanged.
We further observed a preference for erroneous substitution events that were more
pronounced in the second base-caller. However, we were unable to identify motifs
that may be associated with observed biases.We argue that the result of TSSV analysis
and its ability to provide a high-resolution map of variants ever more highlights the
importance of robust and vigorous assessment of downstream analysis as we generate
volumes of sequencing data to identify rare mutations and in the advent of NGS in
clinical diagnosis.

To demonstrate the added value of TSSV over mainstream STR profiling tools,
we ran lobSTR (Gymrek et al, 2012) and RepeatSeq (Highnam et al,, 2013) on four
samples used for resolving allelic STR structures. Because RepeatSeq hardly reported
any STR markers, the performance of TSSV could only be compared with that of
lobSTR. We show that TSSV robustly and accurately resolved allelic STR structures
with differing complexity. TSSV outperformed lobSTR in reporting the accurate copy
number of major STR unit while it provides additional information on allelic STR
structures and their strand-specific frequencies. Notably, TSSV excelled in resolving
complex mixtures, whereas lobSTR failed to differentiate STR structures associated
with different samples, and therefore produced unreliable and inaccurate estimations.
Although lobSTR performs well on genotyping diploid samples, there is a clear need
for tools to resolve mixtures with differing level of complexity and abundance.

Currently, the major limitation of TSSV is the sequencing read length because the
detectable allelic structures are restricted to those that can entirely be covered by
a single read. Thus, we envision that the immediate developmental outlook for TSSV
can be the inference of allelic locus structure by local assembly of partial reads (reads
with only one recognizable flanking region) combined with the comparative analysis
of coverage of targeted loci and flanking regions. Furthermore, the promise of novel
sequencing technologies (such as Pacific Biosciences RS II), and therefore significant
increase in read length will aid the study of larger structural variations.

Advances in sequencing technologies and computational analysis algorithms

in unraveling genetic variations from SNPs and indels to CNVs (Chen et al, 2009;
DePristo et al, 201 1; Goya et al, 2010; Koboldt et al,, 2009; McKenna et al,, 2010;
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Ye et al, 2009) have facilitated the study of experimental data on an unprecedented
scale to better understand the functional consequences of genetic variations. TSSV
complements the existing tools by aiding the study of unknown, uncharacterized or
highly polymorphic and repetitive short structural variations that can be used in a
wide range of applications, from personal genomics to forensic analysis and clinical
diagnostics.
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Supplementary materials

Methodology (extended)

We developed a method to characterise short structural variations (TSSV) which
is made available online. In this section, we describe the functionality and design of this
program. Calibration of the algorithm and the output is done with optional command
line arguments. TSSV can be installed via pip install tssv command.

Input — Our method expects two input files: one file containing sequencing data
in FASTA format and one file containing the library description. The format of this
description is shown inTable SI.The last column of the description is compiled into a
regular expression. This regular expression is used to distinguish between known and
unknown alleles.

Marker Alignment — Each pair of flanking markers is aligned to each read by using
semi-global pairwise alignment, a modified version of the Smith-Waterman algorithm.
In this adaptation, the alignment matrix is initialised with penalties for the aligned
sequence, but not for the reference sequence. By using this approach, we can use the
alignment matrix for the calculation of the edit distance between the aligned sequence
and all substrings of the reference sequence. Finally, we use the alignment matrix to
select the rightmost alignment with a minimum edit distance. To guarantee that this
method is symmetrical with regard to the reverse complement, we align the reverse
complement of the right marker to the reverse complement of the reference sequence.

Allele Identification — If a marker pair can be aligned to either the forward or
reverse complement of the reference sequence, we can select the area of interest
by extracting the sequence between the alignment coordinates and by converting it
into the forward orientation. This area of interest can then be matched to the regular
expression of that marker pair Depending on the match, we either classify the area of
interest as a known or new allele.

Output — The output of the analysis consists of an overview report that contains
general statistics (such as total number of reads, number of matched pairs, number of
unique newly identified alleles, etc.), an overview of the marker pair alignment, and per
marker a detailed list of identified alleles (both expected and new alleles). If an output
directory is selected, a folder is created to store the marker table and, per marker, a
subfolder containing the new alleles and split FASTA files for supporting reads.
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Table S| - Full description of settings and generated files

Command Line Optional Arguments

-h Show a description of the usage

-d MName of the output directory

.—a Minimum count per allele to be reported (default: 0}

Library Definition

Column 1 Mame of the marker pair
Culum.n stq-UEHEEgth Iﬁtll;.nkl ng markEl ..................................................
mlun;n ssm.uenoeonhe rlsm.ﬂ.anklnsmarker ................................................
“Coumn4  Descptonoftheewectedaleles

General Output Files per Marker

known.fa Reads classified as kinown allele
new.fa Reads classified as new alleles
unknown.fa Reads classified as unrecognized

newallels.csv Table of new alleles

Marker Overview

name Name of the marker pair
rpa”e.dNu;merOfpalrmamh.e.slnfmwardmm:l.auon .....................................
“ared  Numberofpairmatchesnreverseoriematon
fl.Nu;nhernflEftmarkEl..matChesmforwa;;Drlema“un .............................
rl.Nu;nhernfleﬁmarkz;.matm!smreuer;mlenmmn ..............................
E.Nu;nber ofleﬂmarke:.ma lchesm Furwa;;lonentmmn .............................
rz.Nu;nberofleﬂmarke:.mamheslnrever;oﬂenm“on ..............................

Allele Overview

allele Sequence of the area of interest
T bt e T
forward Number of times the allele was found in forward crientation
e Nowbaeof rathe dlais wes found o eevarsg oot
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TSSV Profiling Speed
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Figure S —The speed of TSSV in characterizing known and novel alleles. Four datasets with different number of reads were profiled for 16 STR
loci. The analysis was performed on a desktop PC (Intel Core i7 860, 2.80GHz) and a cluster node (Intel Xeon E5-2660, 2.20GHz). ost abun-
dant sequences and validation by Sanger sequencing. (A) A list of most abundant sequences across different samples. The observed

Table S2 - Description of primers used for targeting loci of interest.

Name Forward Primer Reverse Primer

hDMD-int52 gggaaagtgaaagagtaaccagag ACACACCATCTAATGCTTATGAGG

hDMD-exnl9 ccttgtattgaattactcatc cctaagaagattatctaaatcaactcgt
hDMD-exn21  acgigttacttactttccatact  cosgttagecattttaggett
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Table S3 - Basic statistics of STR datasets sequenced on 454/Roche.

46

Reference Reference  Mixture 1 Mixure 2
sample 1 sample 2 (50%/50%)  (90%/10%)

Total sequences 146968 178282 33127 32201
Sequences recognized as known alleles 75837 78228 16954 16425
Sequences recognized as new alleles 15622 17887 4660 3arao
Sequences only recognized for the beginning 35154 106253 16204 16526
Sequences only recognized for the end 75110 69957 9990 8782
Unknown sequences 11478 22153 2108 2260
Sequences Recognized / locus

D138317  13g31.1 15361 11473 3069 3712
D21511 219211 13290 18477 2544 3218
Amel Xy 159 114 37 35
D381358  3p21.31 19822 25590 5507 4893
D16S538  16g24.1 82 a7 26 19
TPOX 2p25.3 29 80 27 13
VWA 12p13.31 189 215 34 32
D75820 7921.11 10998 7339 2626 1975
FGA 4q28 14 28 9 6
THO1 11p15.5 19657 17204 4664 3956
Das1179  8g24.13 66 a0 23 18
CSF1PO 5g33.1 81 291 21 27
D18551 18g21.33 128 247 38 46
D5S818 5923.2 11523 14628 2983 2184
PentaD 21g22.3 25 36 6 5
PentaE 15026.2 35 216 0 6
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Table S4 - Sequence numbers and allele structure of D3S1358 Short Tandem

Repeat.

Total # of Forward Reverse Total # of Repeat Repeat Repeat Mintura
repeats Matif 1 Motif 2 Matif 3 interpratation
sample 1 12 14 2 16 TCTAfL) TCTG(L) TCTAjL)
1 " 17 8 TCTALl  TCTG(l)  TCTAILL)
13 1 16 30 TCTAIL TCTG)  TETA(D)
14 365 244 s TCTAL)  TOTe(l)  TCTAILZ)
14 403 us s48  TCTALl TCTe()  TCTAIL)
15 ABEL 3111 7792 TCTAL) TOTGL) TCTA{LE)
15 4774 211 7985 TCTAL]  TCTelZ)  TCTAILZ)
15 12 8 0 TCTMl TeTel  TETAlLL)
16 ) 18 57 TCTA(1) TCTG(1)  TCTA{14)
16 1 n 59 TCTAI TCTG)  TCTAN)
Sample 2 1 7 2 3 TCIAl ToTelZl  TCTAND)
13 9 1 10 TCTAfL) TCTG(3) TCTA[D)
14 £t 13 a6 TCTAL) TCTGR)  TCTALY
1 7 18 45 TCTAL) TeTel)  TETAlL)
15 562 241 833 TCTA(L) TCTGZ)  TCTALZ)
15 496 14 70 TCTALl TCTGE) TCTAIL)
16 7 6 33 TCTALl TCTe(l)  TETAIL)
16 7484 2602 10086  TCTAI)  TCTGZ)  TCTAN)
16 6898 a2 9340 TCTAL) TCTE(3)  TCTAIL2)
17 70 bLY 99 TCTA(1) TCTG(Z)  TCTA{14)
7 15 25 s TCTALl  ToTelal TCTAL)
 50:50 Mixture 13 3 7 10 TCIML)  TCTG)  TCTAIY)  <1%of highest alicle
13 4 s 13 TCTAI TCTG(2) TCTAMO) -2 stutter Al 15b
1 52 1 84 TCTAL)  TCTG()  TCTAUIZ) -1 stutterAllSa
1 51 3 83 TCTA(L]  TCTGQ)  TCTAIL)  -1stutterdl16b
1 23 a 27 TCTAfL TCTG3)  TCTA{10) -2 stutter Al 16¢
15 612 520 132 TCTAI) TCTGH) TCTAU3)  Allele15a
15 536 494 1030 TCTAIL)  TCTG(2)  TCTA2)  Allele 15k
15 B8 63 151 TCTAfL) TCTG3)  TCTA{LL) -1 stutter Al 16¢
16 9 n 0 TCTAL] TCTG()  TCTAIL4) 1 stutter Al15a
16 666 139 105 TCTAIL) TCTG(2)  TCTA3)  Allele6h
16 650 431 141 TCTAI) TCTGE3)  TCTAU2)  Allede 6c
17 1 1 15 TCTAILl  TCTG(2)  TCTAIL4)  +1stutter Al 6b
' 90:10 Mixture Iy 5 a0 11 TCTAIL)  TCTG()  TCTAILl)  <1%of highestaliele
1 17 8 01 TOA TCTGH)  TCTAUZ) -4 stutter Al 15a
14 7 45 121 TCTAI) TCTG() TCTAML) L stutter Al 155
15 a4 BOE 1732 TCTAf) TCTG{L)  TCTA{13)  Allele 158
15 78 566 1544 TCTAQ)  TCTG)  TCTAUZ)  Allele15b
15 70 1 8  TCTAI) TG TCTAILY) -1 stutterAllac
16 23 3 26 TCTA(1) TCTG(1)  TCTA{14)  +1 stutter Al 15a
16 110 &5 175 TCTAI TCTG) TCTAU3)  Allele 16b
16 177 102 79 TCIMI) TGS TCTAILZ)  Allele 16c
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Table S5 - Sequence numbers and allele structure of D 135317 Short Tandem
Repeat.

Cepestssoquonces _soquamces _soquences Mo o2 Maoars  Miture mterpretation

Sample 1 11 5 [ 11 ATCT(9) ATCA(Z)

12 210 192 402 ATCT(10) ATCA(2)

12 7 10 17 ATCT(9) ATCA(3)

13 3061 3039 6100 ATCT(11) ATCA(Z)

13 249 222 471 ATCT(10) ATCA(3)

14 59 59 118 ATCT(12) ATCA(2)

14 3218 2864 6082 ATCT(11) ATCA(3)

14 53 49 102 ATET(10) ATCA(4)

15 14 30 44 ATCT(12) ATCA(3)
Sample 2 12 7 13 20 ATCT(10) ATCA(2)

13 182 160 342 ATCT(11) ATCA(2)

13 8 10 18 ATCT(10) ATCA(3)

14 2495 1982 4477 ATCT(132) ATCA(2)

14 151 181 332 ATCT(11) ATCA(3)

15 a7 a2 89 ATCT(13) ATCA(2)

15 2409 2014 4423 ATCT(12) ATCA(3)

15 22 29 51 ATCT(11) ATCA(4)

16 24 21 45 ATCT(13) ATCA(3)
50:50 Mixture 12 35 38 73 ATCT(10) ATCA(Z) -1 swtter Al 13b

13 525 467 992 ATCT(11) ATCA(2) Allele 13b

13 30 32 62 ATCT(10) ATCA(3) -1 stutter Al 14c

14 191 235 426 ATCT(12) ATCA(Z) Allele 14b

14 327 324 651  ATCT(11) ATCA(3) Allele 14c

14 3 1 7 ATCT(10) ATCA(4) < 1% of highest allele

15 4 4 8 ATCT(13) ATCA(2) < 1% of highest allele

15 160 229 389 ATCT(12) ATCA(Z) Allele 15¢

15 2 4 & ATCT(11) ATCA() +1 stutter Allde
90:10 Mixture 12 104 58 162 ATCT(10) ATCA(2) -1 stutter Al 13b

13 751 589 1340 ATET(11) ATEA(2) Allele 13b

13 48 43 91 ATCT(10) ATCA(3) -1 stutter Al 14c

14 66 41 107 ATET(12) ATEA(2) Allele 14b

14 691 546 1237 ATCT(11) ATCA(3) Allele 14c

14 4 5 9 ATCT(10) ATCAI4) <1% of highest allele

15 28 71 99 ATCT(12) ATCA(3) Allele 15¢
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Table S6 - Sequence numbers and allele structure of THOI Short Tandem

Repeat.
Cepests  supoenees _ seuerces _ sequences  Would  Monfz  woura | Miture nterpretation
Sample 1 8 233 112 345 CATT(8)
8.3 3 22 25 CATT(4) CAT(1) CATT(4)
83 91 34 125  CATT(3) CAT(1) CATT(S)
9 5280 2526 7806 CATT(9)
2.3 4626 2417 7043 CATT(3) CAT(1) CATT(8)
10 24 12 36 CATT(10)
Sample 2 [ 14 34 148 CATT(E) .
6.3 8 4 12 CATT(5) CAT(1) CATT(1)
6.3 18 2 20 CATT(4) CAT(1) CATT(2)
7 5435 1412 6847 CATT(7)
8.3 70 24 94 CATT(3) CAT(1) CATT(S)
9.3 5789 1507 7296 CATT(3) CAT(1) CATT(6)
50:50 Mixture 6 20 23 43 CATT(G) -1 stutter Al 7
7 514 494 1008  CATT(7) Allele 7
8 5 14 19 CATT(8) -1 stutter Al 9
8.3 E] 4 13 CATT(3) CAT(1) CATT(S) -1 Stutter Al 9.3
9 239 235 474 CATT(9) Allele 9
9.3 671 591 1262 CATT(3) CAT(1) CATT(6)  Allele9.3
90:10 Mixture 7 95 - 60 . 155 . CATT(7) . Allele 7
8 29 23 52 CATT(8) -1 stutter Al 8
8.3 0 11 11 CATT(4) CAT(1) CATT(4)  <1% of highest allele
83 16 7 23 CATT(3) CAT(1) CATT(5)  -1stutter Al9.3
9 873 404 1277 CATT(9) Allele 9
9.3 1044 584 1628  CATT(3) CAT(1) CATT(6)  Allele 9.3
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Table S7 - Sequence numbers and allele structure of D21SI| Short Tandem
Repeat (6 most frequent alleles for every sample.)

TUA  orward  Mavarse  Totalfof Rapeat Aepeat Repast  Repeat  Repeat eie  fepear  Repeat  Aspeat

[eup seguences  seguences  sequences  Motif 1 Motif2 Mot 3 Motif 4 Motil 5 5 Motif 7 Motif 8 Motil 3

Sample 1 3 1593 2968 4561 TCTA(G)  TCTG(S)  TCTA(3) TATCTA(L} TCTA(Z) TCA{1) TCTA(2] TCOCATA[L)  TCTA[12)
30 1527 2443 3970 TCTA{4) TCTG(E) TCTA(3) TATCTA(L) TCTA(Z)  TCA{1)  TCTA(2]  TCCATA[L)  TCTA(1Z)

30 151 261 412 TCTAI6) TCTG(S) TCTA[3) TATCTA(1] TCTA{Z) TCa{l) TCTA(2] TCCATA[l]  TCTA(11)

2 167 169 336 TCTAlS) TCTG(E) TCTA[3) TATCTAML TCTAR)  TCAI) TCTA] TCCATAL  TCTA(L1)

30 2B 102 130 TCTAJS) TCTG(S) TCTA(3)  TATCTA{L} TCTA{Z)  TCA{1) TCTA[Z] TOCATA[1)  TCTA[1Z)

1 6 a0 116 TCTA4) TCTG(6) TCTA[3) TATCTA() TCTAZ) TcA{l) TCTAZ] TCCATA[) TCTA[13)

Sample 2 . m umr 2645 5827 T&Na; . TCTG(E) . n:rlnlz; TATCTA{L) . TCTAZ)  TCA{L) ) TCTA(2) . TCCATA[L]  TCTA(11)
3 1275 3041 4316 TCTAIS) TCTG(6) TCTA[3) TATCTAL TCTAIZ) TCA[L) TCTA(Z] TCCATAL  TCTA(12)

30 200 2B6 4B6 TCTAJS) TCTG(E) TCTA(3) TATCTA(L} TCTA{Z)  TCA{1) TCTA[Z] TOCATA[1)  TCTA[L1)

26 65 252 317 TCTA{4) TCTGIE) TCTA(3) TATCTA(] TCTA(Z) TCA{l) TCTA(Z] TCCATA(L) TCTA(10)

30 130 158 288 TCTAlS) TCTG(E) TCTAI3) TATCTAML TCTARZ)  TCAIL) TCTAZ TCCATA[L  TCTA(12)

i 2 26 298 550 TCTAl4) TCTG(S)  TCTAIS)  TATCTA(LL TCTAIZ) TCAIL)  TCTA(I  TCCATA[L  TCTA(LL)
30 208 264 473 TCTA{8) TCTGIE) TCTA(3) TATCTA(] TCTA(Z) TCA{1) TCTA(Z) TCCATA[L) TCTA(12)

3 156 186 342 TCTAlG) TCTG(S) TCTA[3) TATCTA(L] TCTA{Z)  TCA{l)  TCTA[Z]  TCCATA[1)  TCTA[12)

31 115 177 292 TCTA|S) TCTGIE)  TCTA(3)  TATCTA(L} TCTAZ)  TCA{1)  TCTA[Z]  TOCATA[L)  TCTA[1Z)

30 17 15 32 TCTA|S) TCTG(E) TCTA[3) TATCTA() TCTA(Z) TCa{l) TCTAZ] TCCATA[L) TCTA(11)

8 14 17 31 TCTAl4) TCTG(B)  TCTA[3)  TATCTA(L] TCTA{Z)  TCA{l)  TCTA(2]  TOCATA[L)  TCTA[1O)

e B an 634 1055 TCTAS) TCTG(S) TCTA(S) TATCTA(L) TCTAZ) TCAIL) TCTARZ) TCCATA[L  TCTA(12)
30 77 550 927 TCTA{4) TCTG(E) TCTA[3) TATCTA(] TCTA(Z) TCA{l) TCTA(Z] TCCATA[L) TCTA[12)

2 20 58 s TCTAI4) TCTG(l TCTA[Z) TATCTA(L TCTARZ) TCA[l) TCTARZI TCCATA[L) TCTA(LL)

30 34 47 Bl TCTAJG) TCTG(S) TCTA(3)  TATCTA{L} TCTA{Z) TCA{1)  TCTA(Z] TOCATA(L)  TCTA[11)

31 24 46 70 TCTA|S) TCTG(E}) TCTA[3) TATCTA() TCTAIZ) TCA{l) TCTA(Z] TCCATA[L) TCTA(12)

32 37 10 47 TCTAlS) TCTG(S) TCTA[Z)  TATCTA(L TCTARZ) TCA[l) TCTARZI TCCATA[L] TCTA(3)

Table S8 - Sequence numbers and allele structure of D 165539 Short Tandem
Repeat (6 most frequent alleles for every sample.)

Taotal ¥ of Forward Reverse Total il of Repeat Repeat Repeat
P QuUEnces q BF  BOQUENCES Motif 1 Motif 2 Motif 3
Sample 1 12 12 57 69 GATA(12)
11 1 1 T GATA[11)
Sample 2 13 3 34 37 GATA(13)
12 [} 27 T GATA(L2)
S0:50
R 12 ] 8 13 GATA[L2)
13 a B E  GATA(13)
11 i 1] 1 GATA(LL)
10
Minture 12 7 8 15  GATA(12)
1 a 1 1 GATA(L1)
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Table S9 - Sequence numbers and allele structure of TPOX Short Tandem
Repeat (6 most frequent alleles for every sample.)

Total # of Forward Reverse Tatal & of Repeat Repeat Repeat

repeats SEQUENCES  SEQUENCES  Sequences Matif 1 Motif 2 Motif 3
sample 1 11 3 3 11 AATG(11)
-] & 2 8 AATG(Y)
10 o 1 1 AATG[10)

ez n e w mmeny

8 24 2 26 AATG(B)
10 1 2 3 AATG(10)
::‘::.II’D 1 1 2 3 AATG(11)
10 1 1 2 AATG(10)
9 2 [} 2 AATGID)
8 1 o 1 AATG(S)
::;z:m 1 3 4 7 AATG(1Y)
9 1 0 4 AATG(9)
B aQ 1 1 AATG(E)

Table SI0 - Sequence numbers and allele structure of VWA Short Tandem
Repeat (6 most frequent alleles for every sample.)

Total # of Forward Reverse Total # of Repeat Repeat Repeat Repeat Repeat
repeats SEQUENCES  SEQUENcEs  Sequences Motif 1 Maotif 2 Motif 3 Motif 4 Motif 5
sample 1 16 67 £ 153 TCTA(L) TCTG(4) TCTA{11)
15 3 5 & TCTA(L) TCTG(4) TCTA(1D)
16 [\ 5 5 TCTA(L) TCTG(S) TCTA(g) TCTG(L)
" sample 2 v 34 50 81 TCTA(L) TCTGI4) ez
16 g 42 81 TCTA(L) TCTG|4) TCTA{11)
15 5 i & TCTAL) TCTG() TCTA{10)
15 0 1 1 TCTA(L) TCTG(3) TCTA{11)
14 a 1 1 TCTA{L) TCTG|4) TCTA(D)
17 1 o 1 TCTA{L) TCTG(4) TCTA{10) TCCA(L) TCTA(L)
:?::I e 16 14 5 19 TCTA(L) TCTGI4) TCTAIL1)
17 3 6 9 TCTAL) TCTG(4) TCTA(12)
17 ] 1 1 TCTAZ) TETG{3) TCTA{L2)
::’i’:“:m 16 12 15 27 TCTAQL) TCTG4) TCTA{11)
16 1 1 2 TCTA(L) TCTG4) TCTA{L0) TCCA(L)
16 1 [i} 1 TCTA{L) TETG(S) TCTA{10)
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Table SI'| - Sequence numbers and allele structure of D75820 Short Tandem
Repeat (6 most frequent alleles for every sample.)

Total # of Forward Reverse Total # of Repeat Repeat Repeat
repeats Motif 1 Motif 2 Motif 3
sample 1 7 3268 3037 6305 GATA(T)
12 1535 1847 3382 GATA(12)
1 130 102 232 GATA[11)
6 75 63 144 GATAIS)
“samplez g 2927 3561 G488 GATA(9)
] 140 170 310 GATA(8)
::i’::. e 7 584 454 1038 GATA{7)
5 326 R 643 GATA(9)
12 31 289 600 GATA[12)
8 28 22 50 GATA(8)
1 24 15 43 GATA[11)
6 1 17 28 GATAIG)
::’i::m 7 548 474 1022 GATA(T)
12 284 333 617 GATA[12)
9 28 42 70 GATA9)
1 15 29 44 GATA(11)

Table S12 - Sequence numbers and allele structure of FGA Short Tandem
Repeat (6 most frequent alleles for every sample.)

Totalfof  Forward Reverse Totallof  Repeat Repeat Repeat Repeat Repeat Repeat Repeat
repeats  sequences  segquences  sequences  Motif 1 Motif 2 Motif 3 Motif 4 Motif 5 Maatif & Batif ¥

Sample 1 21 7 o TOTITEN  TITWNCTIY) CTTTiAR) CTCOE) TTEdid)
17 1 o 1 TITCIS  TITINCTIY) CTTT9F  CTCO) TTeC)
" sample 2 20 5 o 5 TITG)  TEWERET(R)  CTTT(A2p  CTOO) TR
24 5 o 5 TTTC|3) TITTITCT(L) CTTT(16) CTooi1) TTCC(z)
19 1 o 1 TITG3) TOEETE) oIy £TECy  TTeCiR)
2 1 ] 1 TITCIE)  TATETCTIN) CTTTA3 CTCOi) TTOCi)
:lnl-_:ln 17 F o F3 TTTC(3) TITITCTIL) CTTTia) CTEO|L) TTCCz)
20 1 o 1 TTTCi3)  TITITCTY)  CTTT(Ep  COTWY)  CTTTI3) CTCC(1) TTCol)
0 1 o 1 TTTC(3) TITTTCT{L) CTTTI12) CTCO{L) TTCCZ)
m‘:ﬂ 21 2 o T TTTOY)  TEWEET(R)  CTTT(A3)  €TOO)  TTECi]
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Table S13 - Sequence numbers and allele structure of D8SI1 179 Short Tandem
Repeat (6 most frequent alleles for every sample.)

Tatal & of [Farsand Reverse: Total & of Repeat Repeat Repeat Repeat
repeats SEQUEMCES  SEQUENCES  SEQUERKES Matif 1 Matif 2 Maatif 3 Motif 4
Sample 1 10 12 13 Fd TCTAfI0)
13 18 3 1 TCTAIL TCTEL) TETAIL1]
1z z a z TCTAlY TCTEL) TCTAL]
“sample 2 13 13 17 0 TCTAl)
14 1o 1 71 TLTALL4)
12 ] 4 4 TCTALY
14 1 L} 1 TCTAlY) TCTG() TCTA[10)
14 1 L] 1 TCTGIL] TETA[LZ]
i 13 % 2 & TCTAI TETGL  TCTAILL
10 1 ] 3 TCTAlG)
14 a 1 z TCTAlR4)
13 1 1 2 TCTAlLY)
:::m ] 1 5 &  TCTA[IO)|
13 1 3 4 TCTAIN TCTG() TCTA[1]
14 1 [ 1 TCTA[M4)
13.1 [ 1 1 TLTAIL TETGELL TCTALL0) TCTATL)

Table S14 - Sequence numbers and allele structure of CSFIPO Short Tandem
Repeat (6 most frequent alleles for every sample.)

Total # of Forward Revarse Total & of Repaat Repaat Repeat
repeats e ser Matif 1 Matif 2 Matif 3
Sample 1 10 7 26 13 AGATIID)
13 [5 10 16 AGATIL3)
12 1 1 2 AGATILZ)
9 0 1 1 AGATIS)
a 1 0 1 AGATIE)
" sample 2 12 I*H 06 125 AGATIZ)
13 b5 &7 95 AGATILI)
1 1 4 5 AGATILL)
10 0 1 1 AGAT]IO)
e 13 1 7 8 AGATI13)
12 2 1 3 AGATILZ)
10 0 2 2 AGATIID)
1 (4] 1 1 AGAT[11)
:‘n::m 10 1 E 9 AGATIIO)
13 0 3 3 AGAT]LI)
P 0 1 1 AGATIS)
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Table SI5 - Sequence numbers and allele structure of D18S51 Short Tandem
Repeat (6 most frequent alleles for every sample.)

Total i of Foraard Reverse Total i of Repeat Repeat Repeat

repeats S8 1 o Matif 1 Maotif 2 Mot 3
Sample 1 14 a a5 35 AGAALLY)
15 a 19 19 AGAALLS)
13 a 1 1 AGAA(LE]

_ﬁﬁlez_- o F o _I:I o _5? o _ST_MF[IJI _____

14 a L 15 AGAALY]
12 a 2 a8 AGAA[LZ)
15 a 2 2 AGAA[LE)
E-:.::lm 14 a 13 13 AGAA[L4]
13 a 2 2 AGAA(3)
15 a 1 1 AGAALS)
?dul;::lm 14 a 10 10 AGAALY|
13 a 4 4 AGAA(13)
15 a 3 3 AGAALE

Table S16 - Sequence numbers and allele structure of D55818 Short Tandem
Repeat (6 most frequent alleles for every sample.)

Total # of Fomaard Rewvarsa Total & af Repeat Repeat Repeat
repeats SCQUETICES  SOQUENDES  SEQUENCES Matif 1 Matif 2 Motif 3
Sample 1 14 2048 35 4074 AGAT[11)  AGAG[1}
17 1626 2140 66 AGATII4)  AGAGIL)
16 118 21 159 AGAT[13)  AGAGIL
12 106 152 58 AGAT[10)  AGAG[1}
Sample 2 14 Hig 4512 6630 AGAT[1L)  AGAG[L)
15 1708 3351 5050 AGAT[1Z]  AGAG[1}
13 114 261 375 AGATIID)  AGAG(1}
::':;" 14 517 765 1282 AGAT(1L)  AGAG(1}
15 58 313 571 AGAT[1Z)  AGAG[1}
17 156 169 325 AGATIIA)  AGAG[L
13 b ET) T OAGATIIO)  AGAG(L)
16 & 16 44 AGATY)  AGAG(L)
:';::n 14 340 529 BB AGATILL)  AGAG[1}
17 262 354 636 AGAT[14)  AGAG[1)
16 24 56 B0 AGAT1Y)  AGAG(1)
15 27 12 58 AGAT[12)  AGAG[1)
12 19 1 S8 AGATI0)  AGAG(L)
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Table S17 - Sequence numbers and allele structure of Penta E Short Tandem
Repeat (6 most frequent alleles for every sample.)

Total # of Foraard Rewerse Total & of Repeat Repeat Repeat

repeats SR N CES SEUBNCES P L Matif 1 ot 2 Miotif
Sample 1 17 ] 6 6 AAAGA[1T)
12 a H T ARAGA[1Z)
Sample 2 7 a 139 139 AARGA(T)

a0:10
A 13 0 2 P ARAGA[13)
Sample 1 Sample 2

TCTAN)-TCTG()-TCTAD)
TCTAN)-TCTG)-TCTA( 1)
TCTAN)-TCTEETCETAND)
TCTAM)-TCTGH)-TCTAN1Z)
TCTAN)-TCTGRFTCTA[ 1)
TCTAM)-TCTE)-TCTA3)
TCTAN)-TCTGEFTCTANZ)
TCTAN)-TCTEETCTAN 1)
TCTAH)-TCTGH-TCTA 4)
TCTAM)-TCTEE)TCTA(S)

0 10 20 30

1::T.u[1: TCTG-I:‘I FTCTA(11)

TCTAM)-T TCTA[
TCTAN)- Tcm.;u-mrm
TCTAN)-TCTE{EFTCTA( 1)
TCTAN)-TCTG{3-TCTANC)
TCTAM)-TCTE)-TCTA(13) ——

TETAN - TOTGELTCTAN 1)1

TCTAM)- TCTG.;'u—ICrA[mn
TCTAN)-TCTGEZ)-TCTAN 3) —
TCTA1}-TCTGE-TCTA(2)
TCTA1)-TCTGZ)-TCTA14)}

40 50
b
I.
L
n
I
0 10 20 30 40 50

TCTAMTETE()-TCTA{D)
TCTAN-TCTEE)-TCTADD)
TCTA(FTCTGZ)-TCTA[)
TCTA()-TCTG)-TCTA[D)
TCTA(-TCTG(2)-TCTA[12)
TCTAMTETGE-TCTA[1)
TCTA{1}-TCTE(1)-TCTA[14)
TCTA(TCTGZ)-TCTAD)
TCTA(TCTG)-TCTA[12)
TCTA()-TCTG()-TCTA[14)
TCTAMTETG(E)-TCTAS)

o 10 20 30

40 50

90:10 Mixture

TCTA(-TETE()-TCTA[11)
TCTA{FTCTG()-TCTANZ)
TCTAMTCTG()-TCTA[11)
TCTMH—I'CTGU]-TCTN‘I:]F
TCTAFTCTER)-TGTA[12Z)
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Figure S2 —The percentage of reads supporting detected allele-structure of D35 1358 Short Tandem Repeat. Black bars depict reads supporting
the forward strand and grey bars correspond to the proportion of reads supporting the reverse complement.
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Sample 1

ATCTID9)-ATCALR)
ATCT(10)-ATCAZ)
ATCTIO8-ATCAL)
ATCT(11)-ATCALZ)
ATCT10)-ATCA)
ATCT12)-ATCAZ)
ATCTI11)-ATCA)
ATCT0)-ATCALL)
ATCT[12}|-ATCA|:3]

10203040

50:50 Mixture

ATCT{10-ATCALZ)
ATCT(11)-ATCAZ)
ATCT{10-ATCAR)
ATCT12)-ATCAZ)
ATCT{11)-ATCAZ)
ATCT10)-ATCA)
ATCT{13)-ATCAZ)
ATCT1Z)-ATCA)
ATCTOIT-ATCARIE ,
0 10 20 30 40

Sample 2

ATCTAOR-ATCAR)

ATCT(11)-ATGARZ)

ATCT{0)-ATCAR)

ATCT(12)-ATCA[Z)

ATCT1)-ATCAR)

ATCT13-ATCAL

ATCT{12)-ATCA[)

ATCT11)-ATCA)

ATCT13)-ATCAL) . .
0 10 20 30 40 50

90:10 Mixture
ATCTH Dﬁ-ATGAJEjm

arctoatca

ATCTHORATCAZ) )]

aTcTiZ-ATCARZ ]

arcT-ArcA

ATCTY10}-ATCARM) |

ATCT<12:.-ATGAJ;33[| )
o o 20 30 40 50

Figure S3 —The percentage of reads supporting detected allele-structure of D 135317 Short Tandem Repeat. Black bars depict reads supporting
the forward strand and grey bars correspond to the proportion of reads supporting the reverse complement.

Sample 1

CATTIE)
CATT{)-CAT(T-CATTi)
CATT(3|-CAT(1}-CATTIS)

CATT(S)
CATT(ECAT(T-CATTIS)

cm'rnn]

10 20 30 40 50 60

50:50 Mixture

CATTIE)

CATTIT)

CATTIE)
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CATTIE)
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10 20

Sample 2

CATTIE)
CATT(S)-CAT{1-CATT(1)
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CATTI3-CATH-CATT(S)
CATT(3)-CAT{1)}-CATT(E)
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CATT(7)

CATTIE)
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CATTI)-CAT(-GATTIE)
0o 10 20 30 40 50 &0

Figure S4 — The percentage of reads supporting detected allele-structures of THO| Short Tandem Repeat. Black bars depict reads supporting
the forward strand and grey bars correspond to the proportion of reads supporting the reverse complement.
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TALEN DESIGN
e i
N _—r
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] s DNABinding Domain | &«
_nlln-l:--w-wuln;munr.umri:-r-;c--lc-nlonll-ruw-'r_nﬁ'
AT T AGTEATACT TCCALATAT
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L3 ]

L |
TRANSFECTION
EXON 52 INTROM 5353 EXON 53
B e Rt st s e (W
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TARGETED SEQUENCING
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FORVIARD PRIMER BHOMNG DOMAIN - TARGET  BINDIMNG DOMAIN  REVERSE PRIMER
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Figure S5 - Schematic representation of TALEN design and targeted resequencing. TALEN-pairs were designed to specifically target intron 52
of the hDMD in mouse ES Cells. The binding sites of TALEN-pairs are 2 1bp long (blue). After successful transfection, TALENS initiate a double

strand break within the target locus of | 9bp (red).The |35bp fragment encompassing the entire targeted region was PCR-amplified, sequenced,
and analysed using TSSV.

Table S18 — Target sequence of the TALENS targeting intron 52 of the hDMD
gene.

TAL1 TALZ
Nucleotide Sequence ATTAGTCATACTTCCACATAT AATAGCTAGTATTTATTCAGT
R\.I'Dsequenoe e P T
NIEHD NG NG HD HD WEHDNE NENG NEHD NG NENNHD NG
NG NI NG NI NG NG
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Table SI9 — Basic statistics on sequencing reads from TALEN-treated and
control ES Cells.

Table S19 - Basic statistics on sequencing reads from TALEN-treated and control ES Cells.

ﬁ# Reads # Unique # Reads for # Reads with # Reads # Unrecognized
New Alleles New Alleles no Start with no End Reads
TALEN-treated ES Cells 466,633 3,868 46,337 4,225 2,861 7,229
Control ES Cells 423,674 1,458 12,317 3,614 5,756 7,414

Table S20 — Basic statistics on sequencing reads from 5 male patients and a
female carrier.

# Reads # Unique # Reads with  # Reads with
New Alleles no Start no End
PG090-01
Sample 1 16,346 1,214 2,304 673
Sample 2 15,588 1,161 2,215 2,208
Sample 3 22,397 1,593 3,533 3387
Sample 4 12,773 1,000 1,867 2,004
Sample 5 14,834 1,083 2,206 2,581
Sample & 20,599 1,307 2,626 3,241
“pGoso-02 T S

Sample 1 14,337 458 1,536 620
Sample 2 13,420 511 1251 2,085
Sample 3 18,881 504 2,004 3,008
Sample 4 10,595 4721 1,040 2,004
Sample 5 12,768 420 1,266 2,483
Sample 6 18,488 571 1,599 3,237
Sample 1 11,612 447 1,411 81
Sample 2 11,857 350 1,253 2484
Sample 3 17,386 510 1,964 4,018
Sample 4 9,849 351 974 2407
Sample 5 11,545 365 1,200 2,549
Sample 6 16,816 507 1,637 4,164

58



TSSV: MPS Software for Targeted analysis of Short Structural Variation

@)
>
(S}
e
(g
(0]
=
N

M h ko e ko e
[t

———
L b gl
.

e e
e

- . . .
> -

4 i - zn o ?,!

Hn&i.ii‘.ﬁn dtlhiﬁi]hn L s B mn an an ay ar am

Figure S8 — Variant frequency comparison between two base-calling algorithms for all samples (A, B, C, D, E, F). For each panel, the first scatter
plot shows all variants and the second zooms in to variants with frequency less than 500.
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Figure S9 — Strand specificity of observed variants in dataset PGO90-01 for all samples (A, B, C, D, E, F). For each panel, the first scatter plot
shows all variants and the second zooms in to variants with frequency less than 500 on each strand.
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Figure S10 — Strand specificity of observed variants in dataset PG090-02 for all samples (A, B, C, D, E, F). For each panel, the first scatter plot
shows all variants and the second zooms in to variants with frequency less than 500 on each strand.
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Figure SI | — Strand specificity of observed variants in dataset PG 109-02 for all samples (A, B, C, D, E, F). For each panel, the first scatter plot
shows all variants and the second zooms in to variants with frequency less than 500 on each strand.
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Table S21 — General statistics on identification of informative reads for STR
profiling of samples using lobSTR.

Sample 1 Sample 2 50:50 Mixture 20:10 Mixture

Total number of resds 146,968 178,282 33,127 32,201
MNumber of aligned resds 114,122 127327 25,339 24,379
MNumber of stitehed reads 0 o o 0
MNumber of single-end resds 114,122 127327 25,339 24,379
MNumber of supporting end reads (1] o o o
Percent of partially aligned reads 20.03% 37.90% 30.42% 31.26%
Percent of reverse strand reads 53.07% 50.95% 5334% 51.73%
Percent of non-unit sllele reads 14.00% 18.71% 16.02% 51.73%

Table S22 — obSTR performance in identification and characterization of allele
specific STR structures.

Supporting Reads Validation

Official Chr. STR Ref. Copy  lobSTR

Name Position  Repeat Number  Callss  Coverage  Total Allelel  Allele2 | CopyNumber  Structure
Samplel  D351358  3p2131  TCTA 16 4.4 23,661 20,810 NA NA Yes No

D135317 139311 ATCT 11 0,0 14,536 13,228 NA NA Yes No

THOL 11p155  CATT 7 0,11 19,072 16,828 9,038 7,790 No No
Sample 2 0351358 3p21.31 TCTA 16 0,0 21,535 18,668 NA NA Yes No

D135317 139311 ATCT 11 05 10,588 9,594 5738 4,256 No No

THOL 11p155  CATT 7 11,0 16,802 15353 7973 7,380 Yes No
50:50 D3S1358  3p2131  TCTA 16 40 4,769 4,340 2,754 1,586 No No
Mixture

0135317 13g31.1 ATCT 11 0,0 2,913 2,227 NA NA No No

THOL 11p155  CATT 7 0,11 3,935 3,642 1,887 1,755 No No
st S — R SR B . . .

: D351358  3p2131  TCTA 16 4,4 5,262 4327 NA NA No No

Mixture

D135317 139311 ATCT 11 0.0 3.264 2822 NA NA No No

THOL 11p15.5 CATT 7 11,0 3,720 3,391 1,755 1,636 No No

# lobSTR calls calumn represents the number of nucleotide differences between the calied alleles and the length of the reference STR (STR lengt]
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