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Abstract
Background: Tandem repeats (TRs) are highly prone to variation in
copy numbers due to their repetitive and unstable nature, which

makes them a major source of genomic variation between individuals.

However, population variation of TRs has not been widely explored
due to the limitations of existing approaches, which are either low-
throughput or restricted to a small subset of TRs. Here, we
demonstrate a targeted sequencing approach combined with
Nanopore sequencing to overcome these limitations.

Methods: We selected 142 TR targets and enriched these regions
using Agilent SureSelect target enrichment approach with only 200 ng
of input DNA. We barcoded the enriched products and sequenced on
Oxford Nanopore MinION sequencer. We used VNTRTyper and
Tandem-genotypes to genotype TRs from long-read sequencing data.
Gold standard PCR sizing analysis was used to validate genotyping
results from targeted sequencing data.

Results: We achieved an average of 3062-fold target enrichment on a
panel of 142 TR loci, generating an average of 97X coverage per
sample with 200 ng of input DNA per sample. We successfully
genotyped an average of 75% targets and genotyping rate increased
to 91% for the highest-coverage sample for targets with length less
than 2 kb, and GC content greater than 25%. Alleles estimated from
targeted long-read sequencing were concordant with gold standard
PCR sizing analysis and highly correlated with alleles estimated from
whole genome long-read sequencing.

Conclusions: We demonstrate a targeted long-read sequencing
approach that enables simultaneous analysis of hundreds of TRs and
accuracy is comparable to PCR sizing analysis. Our approach is
feasible to scale for more targets and more samples facilitating large-
scale analysis of TRs.
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Introduction

Repeated sequences occur in multiple copies throughout the
genome; they make up almost half of the human genome'.
Repeat sequences can be divided into two categories: inter-
spersed repeats and tandem repeats (TRs). Interspersed repeats
are scattered throughout the genome and are remnants of
transposons’. TRs consists of repeat units that are located adja-
cent to each other (i.e. in tandem). There are almost 1 million
TRs in the human genome, covering 10.6% of the entire
genome’. TRs can be further divided into two types based
on the length of the repeat unit; repeats with one to six base
pair repeat units are classified as microsatellites or short
tandem repeats (STRs) and those with more than six base pair
repeat units are known as minisatellites®.

TRs are prone to high rates of copy number variation and muta-
tion due to the repetitive unstable nature, which makes them a
major source of genomic variation between individuals. Vari-
ation in TRs may explain some of the phenotypic variation
observed in complex diseases as it is poorly tagged by single
nucleotide variation™. Recent studies have shown that 10% to
20% of coding and regulatory regions contain TRs and suggested
that variations in TRs could have phenotypic effect’. Although
TRs represent a highly variable fraction of the genome, analy-
sis of TRs so far are limited to known pathogenic regions,
mainly STRs due to the limitations in analysis techniques.

Traditionally, TR analysis has been carried out via restriction
fragment length polymorphism (RFLP) analysis® or PCR ampli-
fication of the target loci followed by fragment length analysis’.
These techniques are only applicable to a specific target region
and not scalable to high-throughput analysis, which limits the
possibility of genome-wide TR analysis. In the recent decade,
significant progress has been made in utilising high-through-
put short-read sequencing data for genotyping STRs'’. Our
group and others have also demonstrated targeted sequencing
approaches using short-read sequencing for TR analysis'!'"”.
Several computational tools have been developed to improve
the accuracy of TR genotyping from short-read sequencing
data with varying performance'*"". Yet, most of these tools have
focused mainly on the analysis of STRs and analysis of longer
TRs remains a hurdle for these approaches. We reported a new
approach GtTR in Ganesamoorthy et al."”, which utilizes short-
read sequencing data to genotype longer TRs. GtTR reports
absolute copy number of the TRs, but it does not report the
exact genotype of two alleles due to the use of short-read
sequencing data.

Sequencing reads that span the entire repeat region are informa-
tive to accurately genotype TRs'', and therefore are ideal for
genome-wide TR analysis. Long-read sequencing technologies
have the potential to span all TRs in human genome, including
long TRs. There have been few reports on the use of long-read
sequencing for the analysis of specific TRs implicated in
diseases”*. Genotyping tools utilizing long-read sequencing data,
such as Nanosatellite’’, RepeatHMM* and Tandem-genotypes™
have been reported in the recent years with varying perform-
ance across different length of repeat units and repeat length.
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We reported VNTRTyper in Ganesamoorthy et al.”” to genotype
TRs from long-read whole genome sequencing data. Despite
the availability of genotyping tools, long-read sequencing is
not widely used for TR analysis, due to the high costs associ-
ated with whole genome long-read sequencing. Cost-effective
long-read sequencing approaches will be an important and attrac-
tive option to genotype TRs in large-scale studies. However,
there has been limited progression on targeted long-read
sequencing of TRs.

We have previously demonstrated that targeted sequence
capture of repetitive TR sequences are feasible using short-read
sequencing technologies'”. In this study, we demonstrate the
targeted sequence capture of repetitive TRs using Oxford
Nanopore long-read sequencing technologies. There have been
previous reports on the use of targeted sequencing combined
with long read sequencing technologies”; however, enrichment
of repeat sequences requires optimization in probe design and
probe hybridization approaches. We optimized the protocols
and report successful enrichment of repetitive sequences fol-
lowed by long-read sequencing. We demonstrate the accuracy
of genotype estimates from targeted long-read sequencing by
comparison with gold-standard PCR sizing analysis. In this
study, we predominantly targeted longer TRs (i.e. minisatellites);
however, our approach is applicable to all TRs. Our targeted
long-read sequencing method presented here provides an
accurate and cost-effective approach for large-scale analy-
sis of TRs, which will be useful for researchers to explore the
impact of TR variants on diseases and phenotypes.

Methhods

Samples for sequencing

DNA samples of CEPH/UTAH pedigree 1463 were pur-
chased from Coriell Institute for Medical Research (USA).
Seven family members from the pedigree used for sequencing
analysis were NAI12877, NAI12878, NA12879, NA1288l1,
NA12882, NA12889 and NA12890.

Selection of TRs and probe design

The selection of TRs and design of probes were described
in Ganesamoorthy et. al. (2018)". Briefly, 142 TRs were
selected; they range from 112 to 25236 bp in length in the
reference human genome (hgl9) and the number of repeat
units range from 2 to 2300 repeats. TRs used in this study were
selected as part of another study to investigate association
between TRs and Obesity and these targeted TRs are not
disease associated. Agilent SureSelect DNA design (Agilent
Technologies) was used to design target probes to capture the
targeted regions (including 100-bp flanking regions) and regions
flanking the TRs (at least 1000 bp).

Nanopore targeted sequencing of TRs

All seven family members from the CEPH pedigree 1463 were
used for Nanopore targeted sequencing analysis (NA12877,
NA12878, NA12879, NAI12881, NA12882, NAI12889 and
NA1289). Target sequence capture for Nanopore sequencing was
performed using Agilent SureSelect XT HS Target Enrichment
System (Agilent Technologies) according to the manufacturer’s
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instructions with slight modifications. Briefly, 200 ng of
DNA was fragmented to 3 kb using Covaris Blue miniTUBE
(Covaris). Greater than 90% of the targeted TRs are less than 3
kb and SureSelect capture protocol works effectively on frag-
ments less than 4 kb in length; therefore, DNA products were
sheared to 3 kb. Fragmented DNA was end-repaired, adapter-
ligated and amplified prior to target capture. Extension time for
pre-capture amplification was increased to 4 minutes to allow for
the amplification of long fragments and 14 cycle amplification
was used. Purified pre-capture PCR products were hybridized
to the designed capture probes for 2 hours. Streptavidin beads
(Thermo Fisher) were used to pull down the DNA fragments
bound to the probes. Finally, captured DNA was amplified with
long extension time (4 minutes) using Illumina Index adapt-
ers provided in the enrichment kit. Post capture PCR products
were purified using 0.8X - 1X AMPure XP beads (Beckman
Coulter).

Nanopore sequencing library preparation was performed using
1D Native barcoding genomic DNA (with EXP-NBD103 and
SQK-LSK108) (Oxford Nanopore Technologies) protocol accord-
ing to the manufacturer’s instructions with minor modifica-
tions. Briefly, 100-200ng of post capture PCR products were end
repaired and incubated at 20°C for 15 mins and 65°C for 15
mins. End repaired products were ligated with unique native
barcodes. Purification steps after end repair and barcode liga-
tion were avoided to minimize the loss of DNA. Barcoded
samples were pooled in equimolar concentrations prior to
adapter ligation. Adapter ligated samples were purified using
0.4X AMPure XP beads (Beckman Coulter). Samples were split
into two sequencing groups: NA12877, NA12878, NA12879 and
NA12890 (group 1); and NA12881, NA12882 and NA12889
(group 2). Sequencing was performed using a MinION sequencer
(Oxford Nanopore Technologies) using R9.5 flow cell. Both
groups were sequenced for 48 hours. Nanopore sequencing data
were base called using Albacore (version 2.2.7) and reads were
demultiplexed using Albacore (version 2.2.7) based on the
barcode sequences.

Public data used in the study

Nanopore WGS data on CEPH Pedigree 1463 sample NA12878
were obtained from the Nanopore WGS consortium (https:/
github.com/nanopore-wgs-consortium/NA12878/blob/master/
nanopore-human-genome/rel_3_4.md)*. PacBio WGS data on
NA12878 sample were downloaded from SRA with accession
numbers SRX627421 and SRX638310%

VNTRTyper

Sequencing reads were mapped to hgl9 reference genome
using Minimap2 (version 2.13). For Nanopore sequencing
‘-ax map-ont’ and for PacBio WGS ‘-ax map-pb’ parameters were
used. VNTRTyper, our in-house tool described by Ganesamoor-
thy et al."> was used to genotype TRs from long-read sequencing
data. Briefly, VNTRTyper takes advantage of the long-read
sequencing to identify the number of repeat units in the TR
regions. Firstly, the tool identifies reads that span the repeat
region and applies hidden Markov models (HMM) to align
the repetitive portion of each read to the repeat unit. Then it
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estimates the multiplicity of the repeat units in a read using a
profile HMM.

Recently, we further improved the accuracy of genotyping
estimates by clustering the copy number counts from reads
to identify the likely genotypes per target. We used Kmeans
clustering and the number of clusters are fixed at two clusters
for two alleles. A minimum threshold of two supporting reads
per genotype was used to assign genotypes. Furthermore, for
heterozygous alleles, both alleles should have at least 10%
of reads supporting the allele, if not allele with less than 10% of
reads was excluded during the analysis. The updated version
of VNTRTyper can be accessed from GitHub Japsa release
1.9-3c and can be deployed using script name jsa.tr.longreads.
Details of VNTRTyper analysis are previously reported by
Ganesamoorthy er al."”.

Tandem-genotypes

We also used another independent method, Tandem-genotypes,
to estimate genotypes from long-read sequencing data.
Tandem-genotypes was recently reported for analysis of TR
genotypes from long-read sequencing data® and it can be utilised
for both Nanopore and PacBio sequencing technologies.

Nanopore and PacBio sequencing data were mapped to
the hgl9 reference genome using LAST v959%. Calcula-
tion of repeat length per sequencing read was performed with
Tandem-genotypes as reported by Mitsuhashi et al.**. Copy
number changes in reads covering the repeat’s forward and
reverse strands were merged and the two alleles with the high-
est number of supporting reads for each VNTR were extracted.
A minimum threshold of two supporting reads per genotype was
used to assign genotypes.

PCR analysis of VNTRs

A total of 10 targeted VNTR regions which are less than 1 kb in
repetitive sequence were validated by PCR sizing analysis in
this study (PCR primer sequences provided in Extended data,
Supplementary Table 1)*. These ten targets include various
repeat unit length and repeat sequence combinations to assess
the accuracy of the genotypes determined from sequencing
data. The majority of these targets were tested in our previous
study'” and the results from the previous PCR analysis were used
for these regions. PCRs were performed using HotStar Taqg DNA
Polymerase (Qiagen) and PCR conditions were optimized for
each PCR target. PCR products were purified and subjected to
capillary electrophoresis on an ABI3500xL Genetic Analyzer
(Applied BioSystems). Fragment sizes were analyzed using
GeneMapper 4.0 (Applied BioSystems). Alternatively, STRand
or Osiris could be used for fragment size analysis. Capillary
electrophoresis plots provided in Extended data, Supplementary
Information PCR data™.

Statistical analysis

Linear regression analysis was used to determine correlation
between genotype estimates. All plots were generated using
GraphPad Prism (version 7.00 for Windows; GraphPad Software,
La Jolla California USA).
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We investigated the effect of GC content, repeat length,
repeat period and repeat copy number on target sequencing
depth using a multivariate linear regression model. We used
geplot2 (version 3.2.0) to visualize the relationship between
these factors and sequencing depth across all seven samples.
Thresholds on GC and repeat length were chosen based on this
visual analysis. Genotype rate was calculated as the propor-
tion of sample, target pairs which had a predicted genotyped
(based on VNTRtyper) amongst all targets which met the
GC and repeat length thresholds.

Results

We demonstrate a targeted sequence capture approach com-
bined with Nanopore long-read sequencing to genotype hundreds
of TRs.

Targeted Capture Sequencing of Tandem repeats

We performed sequence enrichment of targeted TRs for 7
samples followed by long-read sequencing using Oxford
Nanopore Technologies’ MinlON as described in the Methods.
Figure la shows the read length distribution observed in tar-
geted capture sequencing data. The median read length followed
the expected read-length distribution, with the exception of an
under-representation of repeats of length >3 kb (Figure la).
The read length in this study was sufficient to analyse major-
ity of targeted TRs of length less than 2 kb. Sequence coverage
varied across targets and samples, on average 97X sequence cov-
erage was achieved, with only 19 targets having less than 1X
coverage (Figure 1b) and majority of the low coverage targets
(16 of the 19 targets) have less than 25% GC content (Extended
data, Supplementary Figure 1)*.

Extended data, Supplementary Table 2°° summarises the metrics
for targeted sequencing on Nanopore sequencing technolo-
gies. Nanopore multiplexing (See Methods) group 1 samples had

-o- NA12877 -»- NA12878 o~ NA12879 NA12881
-~ NA12882-e- NA12889 -~ NA12890 mm Length-of-Targeted-TRs

(a) 30-

Frequency (%)

Read length (bp)

(b) 10000

Sequence Coverage (log10)
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similar yield between samples; however, Nanopore multiplexing
group 2 samples had varying yield per sample. Despite the
differences in sequencing yield, we achieved an average of
3062-fold target enrichment and on target capture rate was
approximately 50%.

Genotyping of TRs using targeted long-read
sequencing

Genotype estimates from targeted long-read sequencing data-
sets were estimated using our tool VNTRTyper'” with the
improvements described in the Methods. We also applied
Tandem-genotypes™ to determine the genotypes of TRs from
long-read sequencing data. We used a minimum of two reads as
read threshold to determine the repeat number for each allele.

Prior to obtaining any sequence data, we generated PCR siz-
ing results as a gold standard on 10 targets for comparison to
sequencing analysis. These 10 targets were selected to include
various repeat unit length and repeat sequence combinations to
assess the accuracy of the genotypes determined from sequenc-
ing data. Of these 10 targets, two were excluded for compari-
son as all seven samples had insufficient number of spanning
reads (minimum of two reads required for genotyping) to geno-
type these targets. Genotype estimates from VNTRtyper on
these eight targets correlated well with PCR (Pearson correlation
greater than 0.980 for all samples) (Table 1 and Extended data,
Supplementary Figure 2)*. Genotype estimates by Tandem-geno-
types also correlated well with PCR, with a correlation greater
than 0.984 for all samples Extended data, (Supplementary
Table 3 and Supplementary Figure 3)°’; however, fewer targets
had sufficient data to compare with PCR sizing results.

Genotype estimates from VNTRTyper and Tandem-geno-
types for all 142 targets from Nanopore capture sequenc-
ing samples are provided in Extended data, Supplementary

© NA12877 @ NA12878 @ NA12879

NA12881 @ NA12882 @ NA12889 @ NA12890

1000

100+

0.14

0.014

Figure 1. Read length and sequence coverage distribution. (a) Read length distribution of Nanopore targeted sequencing. Lines
indicates the read length distribtuion for each sample and grey bars indicate the length distribution of targeted TRs and (b) Sequence
coverage distribution of Nanopore targeted sequencing for all seven samples.
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Table 1. Genotype estimates on Nanopore targeted capture sequencing using VNTRTyper.

Genotype of Target*

Pearson
Sample  Method  p g TR57 TR8 TR87 TR93 TR109 TR 112 TR 120 C°'ﬁ:‘;‘fé‘;"
(12.0) (15.6) (2.0) 9.00 (2.0 (15.3) (4.0) (2.2) i
PCR 12.0/13.0 106/13.6 2.0/2.0 60/80 20/20 153/17.3 3.0/40 22/22
NA12877 0.9988
Nanopore  12.0/13.0 ND 2020 62/84 20/20 153/173 3.0/41 22/32
PCR 12.0/12.0 106/12.6 2.0/2.0 60/90 20/20 153/17.3 3.0/40 22/22
NA12878 0.9978
Nanopore  11.0/12.1 ND 2020 60/88 20/20 148/171 3.0/40 22/32
PCR 12.0/13.0 10.6/106 2.0/2.0 80/90 20/20 153/17.3 3.0/30 22/22
NA12879 0.9927
Nanopore 12.4/124 10.6/10.6 2.0/20 6.0/86 20/2.0 148169 3.0/40 22/32
PCR 12.0/12.0 10.6/106 2.0/2.0 80/90 20/20 153/153 3.0/40 22/2.2
NA12881 0.9944
Nanopore 12.0/120 10.6/10.6 2.0/20 80/9.0 ND  153/173 3.0/40 22/32
PCR 12.0/13.0 10.6/106 2.0/2.0 60/60 20/20 153/17.3 3.0/3.0 22/22
NA12882 09919
Nanopore 11.8/130 10.6/10.6 2.0/20 6.0/85 2.0/2.0 153/173 3.0/40 22/32
PCR 12.0/12.0 136/17.6 2.0/2.0 80/80 2020 1731173 40/40 22/22
NA12889 0.9800
Nanopore 12.1/121 10.6/158 2.0/20 6.1/81 2.0/2.0 148/172 3.0/40 22/32
PCR 12.0/13.0 10.6/106 2.0/2.0 60/90 20/2.0 153/153 3.0/3.0 22/2.2
NA12890 0.9936
Nanopore 122/122 106/106 2.0/20 60/90 20/2.0 133/153 3.0/40 22/32

*Repeat Number in reference hg19 is provided within brackets for each target

*Repeat numbers that do not agree with PCR results are highlighted in red.

ND - Sufficient data not available for genotype analysis

Spreadsheet Tables 1 and 2°°, respectively. Genotype estimates
by VNTRtyper and Tandem-genotypes correlate well and the
correlation values range from 0.904 to 0.994 for Nanopore
targeted sequencing.

We were able to determine the genotype on average for 60% of
the targets (range 48% to 75%) using VNTRTyper and 57% of
the targets (range 41% to 74%) using Tandem-genotypes. Both
VNTRTyper and Tandem-genotypes failed to genotype targets
with low GC sequence content (<25% GC content) and tar-
gets which are greater than 2 kb in length, which accounts for
approximately 22% of the targets (32 of the 142 targets). Tar-
gets with low GC sequence content (<25% GC content) did
not have sufficient sequence coverage for analysis due to inef-
ficient sequence enrichment in these regions (Extended data,
Supplementary Figure 1)*°. Targets which are greater than 2 kb
in length did not have sufficient spanning reads for genotyping
analysis (See Methods and Figure 1a).

It was evident that the GC content of the target and size (i.e.
repeat length) affected the genotyping efficiency of our targeted
capture sequencing approach. Therefore, we assessed the geno-
typing rate based on the size of the target and GC content of
the target (Figure 2). For all 142 targets genotyping rate using
VNTRTyper was only 59.8% (Figure 2a); however, the genotyp-
ing rate improved to 67% for 125 targets with a size threshold

of 2 kb (Figure 2b) and 67.1% for 125 targets with 25% GC
threshold (Figure 2¢). Furthermore, genotyping rate improved to
75.2% for 110 targets with a combined 2 kb size threshold and
25% GC threshold (Figure 2d). Also, sample with high sequence
coverage (NA12889) had the highest genotyping rate of 90.9%
for 110 targets (Extended data, Supplementary Figure 4)%.
Genotyping rate using Tandem-genotypes also improved to
an average of 63.7% for 110 targets (range 43.6% to 85.5%)
(Extended data, Supplementary Figure 5)*.

Genotyping of Tandem repeats using long-read whole
genome sequencing

To investigate the accuracy of genotype estimates of TRs from
targeted sequence capture compared to WGS, we performed
genotyping analysis on the targeted regions using VNTRTyper
and Tandem-genotypes on whole genome long-read sequenc-
ing data. We downloaded whole genome long-read Nanopore
and PacBio sequencing data on CEPH Pedigree 1463 NA12878
sample. We have previously reported genotyping estimates by
VNTRTyper on PacBio NA12878 WGS data'’. Here we use
the genotype estimates by VNTRTyper on PacBio NA12878
WGS data to compare genotype estimates by Tandem-genotype
and the results of targeted sequencing analysis.

We compared the accuracy of genotype estimates from WGS data
with PCR sizing analysis. Genotype estimates by VNTRTyper
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(b) Size vs Period Average_Depth
(Geno_rate=67% at 125 targets)
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(d) GC vs Size Average_Depth
(Geno_rate=75.2% at 110 targets)
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Figure 2. Assessment of genotyping rate using VNTRTyper based on the size and GC content of the target for all seven samples.
Triangle indicates that greater than 50% of the samples had a genotyping estimate and circle indicates only less than 50% of the samples
had a genotyping estimate for the given target. Colours indicate the depth, which is defined as the number of spanning reads detected for
the target region. Black thick lines inside the plots indicate the 2-kb size threshold and 25% GC content size threshold. (a) Genotyping rate
for all targets, shown as repeat number vs period (i.e. repeat unit). (b) Genotyping rate with 2-kb size threshold. (c) Genotyping rate with
25% GC threshold. (d) Genotyping rate with both 25% GC threshold and 2-kb size threshold.

and Tandem-genotypes on WGS data were compared with
PCR sizing results on 10 targets (Table 2). VNTRTyper and Tan-
dem-genotypes had comparable correlation with PCR sizing
analysis for both Nanopore and PacBio WGS. Genotype esti-
mates for all 142 targets from Nanopore and PacBio WGS data
determined using VNTRTyper and Tandem-genotypes are
provided in Extended data, Supplementary Spreadsheet Table 3°°.

We compared the genotype estimates between WGS data
and targeted capture sequencing data (77 targets which had
results for both WGS and targeted sequencing). Genotype esti-
mates by VNTRTyper between WGS data and targeted capture
sequencing data showed a correlation of 0.9782 (correlation on
154 alleles) (Figure 3a). Genotype estimates by Tandem-geno-
types had lower correlation between WGS and targeted capture
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Table 2. Genotype estimates on NA12878 WGS and Capture sequencing data using VNTRTyper and Tandem-genotypes.

Genotype of Target*

Pearson
Method"  ypg  TR32 TR57 TR64 TRS86 TRS87 TRO93 TR109 TR112 TR120 Correlation
(1200  (384) (156) (183) (20) (9.0) (20) (153) (6.0) (2.2)  WithPCR

PCR  12.0/120 94/104 10.6/12.6 17.3/183 20/2.0 60/90 2020 153/173 3.0/40 22/2.2
NPW.VT  12.0/12.0 82/107 106/126 17.3/186 20/20 60/9.0 20/20 153/173 30/40 2232 09980
NPW.TG 11.0/120 44/94 10.6/126 183/193 20/20 60/90 2020 153/173 3.0/40 22722 09800
PBW.VT  12.0/12.0 11.0/124 106/12.6 183/193 2020 60/9.0 20/20 153/17.3 30/40 22722 09957
PBW.TG 120/120 ND  126/126 ND 2020 ND  20/20 153/153 40/40 22/22 09900
NPCVT  11.0/121  ND ND ND 2020 60/88 2020 148171 3.0/40 2232 09978
NPCTG  11.0/120  ND ND ND 2020 6090 ND  153/173 3.0/40 22722 09988

NPW_VT - Nanopore WGS VNTRTyper; NPW_TG - Nanopore WGS Tandem-genotypes; PBW_VT - PacBio WGS VNTRTyper; PBW_TG - PacBio WGS Tandem-
genotypes; NPC_VT - Nanopore Capture sequencing VNTRTyper; NPC_TG - Nanopore Capture sequencing Tandem-genotypes

*Repeat Number in reference hg19 is provided within brackets for each target

*Repeat numbers that do not agree with PCR results are highlighted in red.

ND - Sufficient data not available for genotype analysis.
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Figure 3. Correlation between whole genme sequencing and ta
(b) Tandem-genotypes for the NA12878 sample.

sequencing data of 0.7694 (correlation on 152 alleles — 76 targets,
removing the two outliers improved correlation to 0.9084)
(Figure 3b). On the subset of seven targets for which we had
generated PCR sizing analysis, Nanopore WGS data correlated
with 12/14 genotype estimates on Nanopore capture sequenc-
ing using VNTRTyper precisely compared to PCR sizing
(Table 2 and Figure 4a). Genotype estimates using Tandem-gen-
otypes on Nanopore WGS data correlated with 11/12 genotype
estimates on Nanopore capture sequencing precisely compared
to PCR sizing (Figure 4b).

Repeat Number (Nanopore WGS)

rgeted sequencing genotype estimates. Using (a) VNTRTyper and

Variation in Tandem repeats

To assess the extent of variation in repeat numbers between indi-
viduals, we compared the genotype estimates to the reported
reference (hgl9) repeat number. Genotype estimates deter-
mined by VNTRTyper on Nanopore capture sequencing on
seven members of CEPH pedigree 1463 were used to assess
the variation. We found that for a given sample, on average
51% (range 45-60%) of the targets have a genotype which
is different to the reference, with more deletions (28%) than
duplications (23%) (Figure 5).
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Figure 4. Comparison of genotype estimates between whole genme sequencing and target capture sequencing for NA12878
sample. Using (a) VNTRTyper and (b) Tandem-genotypes. Red line indicates PCR sizing results. Targets with no genotype estimates are
shown as a gap for the corresponding column.
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Figure 5. Percentage difference between reported repeat number in reference genome (hg19) and estimated repeat number
based on genotype estimates using VNTRTyper on Nanopore targeted sequencing.

Discussion approach. Sequencing reads that span the entire repeat
In this study, we present a targeted sequencing approach com- region and flanking region are often useful in providing an accu-
bined with long-read sequencing technology to genotype TRs. rate estimation of the repeat genotype. Long-read sequencing
To our knowledge, this is the first report on genotyping analy- technologies have the ability to generate reads which can span

sis of hundreds of TRs using targeted long-read sequencing the entire repeat region and flanking regions. However, whole

Page 9 of 18



genome long-read sequencing analysis is still expensive for
large-scale population analysis; hence, we developed a targeted
long-read sequencing approach for TR analysis.

We showed that 1) target enrichment of repetitive sequences
followed by long-read sequencing is feasible and 2) genotype
predictions on targeted TR sequencing are comparable to the
accuracy of PCR sizing analysis of repeats. Overall, we achieved
an average genotyping rate of 75% for 110 TR loci with repeat
length less than 2 kb and GC content greater than 25%. Geno-
typing rate improved to 91% for the highest-coverage sample,
indicating that more sequencing could improve genotyping
rate.

Targets with low GC sequence content (<25% GC content) did
not have sufficient sequence coverage with targeted sequenc-
ing. We have previously performed short-read target capture
on these regions'” and observed low sequence coverage in low
GC targets. However, both Nanopore and PacBio WGS data
do not have any bias in sequence coverage in low GC regions.
Hence, the lack of sequence coverage in low GC region for
targeted sequencing is likely due to the capture protocol. To
overcome the issue of low capture efficiency for low GC regions,
it is feasible to increase the number of probes in low GC regions
during probe design. This will improve sequence enrichment
in low GC targets. Furthermore, use of simulation tools’-*
which can simulate sequencing data from probe sequences
designed for capture sequencing can be used to assess the
probe design efficiency prior to sequencing. This will allow to
improve probe design in regions with low capture efficiency and
subsequently improve coverage.

We also observed targets greater than 2 kb in length could not
be genotyped due to the lack of spanning reads for genotyp-
ing analysis. This is primarily due to the limitation in sequence
read length observed from the capture process. Streptavidin
beads used during the capture process has limitations on the size
of the fragments it can bind to, which limits the fragment length
attainable with this capture protocol. Although there are longer
TRs (greater than 2 kb) in the human genome, more than 99%
of the TRs reported in human reference genome (hg38) are less
than 2 kb in length’. Therefore, our protocol would still be able
to successfully genotype most of the TRs in the human genome.
TRs greater than 2 kb might need further optimized enrichment
protocols.

Our target panel included eight (out of the 142 targets) STRs
with longer expansions (>200 number of copies) and seven of
these targets failed to genotype. However, three of these had low
GC content and one was greater than 4 kb in repeat length.
The longer expansions which failed to genotype also had low
sequence coverage, however due to the low number of targets we
could not conclusively identify the cause for failure for these
targets.

We used VNTRTyper, an in-house genotyping tool described by
Ganesamoorthy et al. (2018)"” to determine the repeat number

F1000Research 2020, 9:1084 Last updated: 21 SEP 2020

of TRs from long-read sequencing technologies. For compari-
son, we used Tandem-genotypes™, recently reported genotyping
tool for the detection of TR expansions from long-read sequenc-
ing. Both genotyping methods were comparable to PCR sizing
analysis and genotyping estimates were comparable between the
approaches. However, Tandem-genotypes genotyped fewer tar-
gets than VNTRTyper. The differences are likely due to the dif-
ferent algorithms used between the methods. Both VNTRTyper
and Tandem-genotypes uses reads spanning the repeat region.
However, for Tandem-genotypes the flanking length used for
analysis is depended on the length of the repeat unit, with a
maximum of 100 bp on both sides of the repeat unit. On the
other hand, VNTRTyper uses a default 30 bp flanking length
for analysis, but it is feasible to change the flanking length.
Due to the longer flank length requirement, Tandem-genotypes
could have possibly failed to genotype more targets compared
to VNTRTyper.

Variations in TRs are a major source of genomic variation between
individuals. TRs targeted in this study were initially selected
due to the variation observed between case and control samples
for obesity analysis'” and these TRs are variable in the popula-
tion. We show that approximately 50% of the targeted TRs dif-
fer from reported reference copy number. However, the major
limitation in this analysis is that the sample size is small, and the
individuals are related, which introduces a bias in the analysis.
Nevertheless, these findings indicate the possibility of variation
in TR copy number between individuals and further large-scale
studies are required to ascertain the extent of variation.

We demonstrated that the accuracy of genotype estimates
between WGS and targeted capture sequencing were compara-
ble to the accuracy of PCR sizing analysis. However, targeted
capture enrichment protocols used in this study have amplifica-
tion steps, which can introduce errors in TR analysis. This could
possibly explain the differences in genotype estimates observed
between WGS and targeted capture sequencing for some targets.

An amplification free targeted analysis with long-read sequenc-
ing is an ideal option for accurate genotyping of TRs. Targeted
cleavage with Cas9 enzyme followed by Nanopore sequencing™
or PacBio sequencing®™ has been recently reported as alterna-
tive option for enrichment of regions of interest. This method
does not have any amplifications and can be adapted for multiple
targets in a single assay. However, currently the DNA input
requirements are high and sequencing output are low, which
currently restricts wide use of this technique for large-scale
analysis.

Selective sequencing approaches utilising Nanopore real-time
sequencing capabilities has been reported recently as an alter-
native approach to enrich regions of interest™. Selective
sequencing works by mapping a section of the sequence read
generated to the regions of interest and if the fragment matches
to a region of interest, it will proceed with sequencing the
fragment, if not the fragment is ejected from the pore. This
approach will be a cost-effective approach to genotype TRs as it

Page 10 of 18



removes the need for specific sample preparation for target
enrichment; however, the efficiency of this approach for TR analy-
sis is yet to be determined.

The targeted long-read sequencing approach presented in this
study is a cost-effective approach to analyse hundreds of TRs
simultaneously. Long-read Nanopore WGS can cost approxi-
mately $4000 for 30X coverage of human genome and often with
varying coverage across the genome. However, targeted long-read
sequencing can be performed for a fraction of cost (less than
$300 per sample depending on the multiplexing level) to
enrich up to 25 Mb of genomic sequence of interest. The ability
to analyse hundreds of TRs for a fraction of cost allows to
explore TRs in large-scale studies.

In summary, we present a targeted approach combined with
long-read sequencing to enable cost-effective and accurate
approach to genotype TRs using long-read sequencing. Using
this method, we have successfully demonstrated the feasibility
of targeted capture sequencing of repetitive sequences and geno-
typing TRs using Nanopore long-read sequencing technology.
Our targeted long-read sequencing approach would provide
a cost-effective tool for large-scale population analysis of
tandem repeats.

Data availability

Underlying data

NCBI BioProject: Capture Sequencing of Tandem Repeats.
Accession number PRINA422490, https://identifiers.org/ncbi/bio-
project:PRINA422490.

Extended data

Figshare: Supplementary Information for the “High-throughput
multiplexed tandem repeat genotyping using targeted long-read
sequencing” article. https://doi.org/10.6084/m9.figshare.12789278.
VI,

This project contains the following extended data:
e Supplementary_Information,pdf, which
following:

contains  the

°  Supplementary Figure 1. Sequence coverage distribu-
tion on targets vs GC%.
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°  Supplementary Figure 2. Correlation of genotype
estimates between PCR sizing and VNTRTyper.

° Supplementary Figure 3. Correlation of genotype
estimates between PCR sizing and Tandem-genotypes.

°  Supplementary Figure 4. VNTRTyper genotyping
rate with 25% GC and 2Kb size threshold.

°  Supplementary Figure 5. Tandem-genotypes genotyp-
ing rate with 25% GC and 2Kb size threshold.

°  Supplementary Table 1. PCR primer sequences.

°  Supplementary Table 2. Targeted Sequencing metrics
for Nanopore Capture sequencing of tandem repeats.

° Supplementary Table 3. Genotype estimates on
Nanopore targeted capture sequencing using Tandem-
Genotypes.

e Supplementary_Spreadsheet_Tablel.csv. (Genotype pre-
dictions on Nanopore Capture Sequencing data using
VNTRtyper.)

e Supplementary_Spreadsheet_Table2.csv. (Genotype pre-
dictions on Nanopore Capture Sequencing data using
Tandem-genotypes.)

e Supplementary_Spreadsheet_Table3.csv (Genotype pre-
dictions on NA12878 sample Nanopore WGS data and
PacBio WGS data using VNTRTyper and Tandem-geno-

types.)

e Supplementary_Information_PCR_data.pdf.
electrophoresis results of PCR sizing analysis.)
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Extended data are available under the terms of the Creative
Commons Attribution 4.0 International license (CC-BY 4.0).
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Mark T. W. Ebbert
Department of Neuroscience, Mayo Clinic, Jacksonville, FL, USA

Ganesamoorthy et al. highlight an important issue and challenge in genotyping large tandem
repeats (TR) that cannot be accurately genotyped using short-read sequencing data. This is an
important issue because variations in TRs are known to cause many diseases, such as in repeat-
expansion and repeat-retraction diseases. Important examples of repeat-expansion diseases
include amyotrophic lateral sclerosis (ALS), frontotemporal dementia (FTD), Huntington’s disease,
Fuch’s disease, muscular dystrophy, and many more. A prime example of a repeat-retraction
disease is facioscapulohumeral muscular dystrophy (FSHD). Thus, being able to accurately
genotype TRs is a critical issue for human health and disease research, as it will help understand
disease etiology and how to diagnose and treat diseases.

While the questions being asked are important, there are unfortunately many limitations and
issues with this particular study. My critique is honestly meant to be helpful to both the authors
and the readers of this manuscript, and hope it will be received that way.

The major issues are as follows:

1. What may be the biggest issue is the methods used to answer the questions at hand. The
authors set out to genotype 142 TRs of various sizes across seven individuals, ranging “from
112 to 25236 bp in length”. This is a fantastic goal and I was excited to see the results. The
first methodological issue is that the authors used amplification methods as part of the
sequencing. I understand that the authors were seeking to maximize the number of targets
they could include in their study based on costs, and to ensure deep coverage, but
amplification simply will not work for long TRs (e.g., a TR that is 25236 nucleotides long), or
those with high GC content; it should work fine for shorter and less GC-rich TRs, however.
Surprisingly, the authors even acknowledge that the Agilent SureSelect protocol they
employed “works effectively on fragments less than 4 kb in length”, which clearly indicates
that interrogating those =4kb will not work.

2. What surprised me most, however, was that the authors then intentionally sheared the
amplicons to 3kb, making any attempt to sequence TRs >3kb a nonstarter—and realistically
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making it difficult to sequence even TRs that approach 3kb, which the authors found in their
results. Specifically, the authors found they were most successful sequencing and
characterizing TRs <2kb.
This alone does not invalidate the utility for all of the authors’ results, however; it simply limits
their results to TRs <3kb (maybe <2kb). Thus, these results are still useful, but all downstream
results and conclusions should be kept within these bounds.

Additional minor issues:

1. Early in the introduction, the authors make important points about repetitive sequences in
the human genome. Most of the data they present, however, are extremely outdated,
including data from the original human genome in 2001 and the number of TRs in the
human genome from hg18 (2006). It's great to cite these early papers, but we now know
that they are inaccurate because the reference genome has improved dramatically. Here
are some specific points that need to be corrected in the introduction:

1. Data from the original genome should not be stated as the current estimate for
repeated sequences in the human genome, as was stated in the first sentence of the
introduction. There are papers that are much more recent and that use a more
updated reference genome.

2. The authors make an important point about the number of TRs in the human
genome, citing Gelfand et al. The data they present, however, is far outdated. The
data from Gelfand et al. is from 2006 using the reference genome hg18. Reference
genome hg18 is far too outdated to be used in a paper to be published in 2020. Most
researchers are already moving past hg19 (to hg38). The authors need to update
these statistics to represent data from hg38, which is actually to their advantage, as it
will only further emphasize their point that TRs are plentiful in the human genome.

3. Authors state that “...repeats with one to six basepair repeat units are classified as
microsatellites or short tandem repeats (STRs) and those with more than six basepair
repeat units are known as minisatellites”, citing Gemayel et al. The paper by Gemayel
et al., however, specifically states that microsatellites are between 1 and 10
nucleotides and that minisatellites are >10. After reading a bit more, I see that there
is some discrepancy on the exact cutoff for each group, but the authors need to be
clearer about this. It is certainly not accurate to state a cutoff of six, citing a paper
that clearly states a different cutoff. Authors should clarify and cite additional papers
on the matter—perhaps including a more recent publication, though that may not be
required.

2. Development for Albacore ended over 1.5 years ago (last release was January 2019), and the
authors used a version that is almost 2 years old (2.2.7 was released in October 2018).
Software this old may not normally be an issue, but the technology and algorithms used for
Nanopore sequencing have evolved so rapidly over the past two years that it may be
important. The authors need to do redo analyses using a current version of Guppy (the
current basecaller).

3. The authors use two different aligners (Minimap2 and LAST) for genotyping with VNTRTyper
and Tandem-genotypes. It appears they did so because authors of Tandem-genotypes
recommends LAST for their genotyper. I also assume that VNTRTyper works best with
minimap2. It is reasonable to use different aligners if they have been validated for a given
pipeline, but the authors should clarify in the methods why they used different aligners
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rather than simply stating that they did.

4. Authors mention optimizing the PCR conditions for each TR, but I do not see specific details
for these optimizations. If they are present in supplementary material, they should be
clearly referenced in the manuscript.

5. Based on the methods, it is unclear whether the authors are only using reads that fully span
the TRs to genotype (i.e., reads that contain adjacent sequence on both ends of the TR). It
would not make sense to include any reads that do not fully span the TR. Authors should
also make it clear how they determine whether reads span the TR.

6. Methods for how authors performed most correlations are unclear. For example, for
correlations to PCR, did they perform PCR for each sample across all of the TRs tested?i.e.,

how many data points are even included?

7. Figures 3 & 4 misspelled ‘genome’ in the figure title.

Is the work clearly and accurately presented and does it cite the current literature?
Partly

Is the study design appropriate and is the work technically sound?
Partly

Are sufficient details of methods and analysis provided to allow replication by others?
Partly

If applicable, is the statistical analysis and its interpretation appropriate?
Partly

Are all the source data underlying the results available to ensure full reproducibility?
No

Are the conclusions drawn adequately supported by the results?
No
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expertise to state that I do not consider it to be of an acceptable scientific standard, for
reasons outlined above.
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Rick M. Tankard
Mathematics and Statistics, Murdoch University, Murdoch, WA, Australia

This is an important work in sizing tandem repeats from long-read sequencing data in a cost-
effective manner.

Some more STR analysis tools should be cited for "Several computational tools have been
developed to improve the accuracy of TR genotyping from short-read sequencing data with
varying performance", being exSTRa?>, ExpansionHunter Denovo?, TREDPARSE* and TRhist'. The
sentence “Yet, most of these tools have focused mainly on the analysis of STRs and analysis of
longer TRs remains a hurdle for these approaches.”, it may give the impression that these tools
cannot deal with repeat units longer than 6 bp (as defined for STRs in the Introduction), though
both GangSTR and ExpansionHunter Denovo deal with up to 20 bp repeat units by default
(adjustable with ExpansionHunter Denovo at run time, though there may not be evidence this will
give good results).

Regarding reproducibility, the data for comparisons is available. It is not apparent that the
software VNTRTyper is available for use, being labelled as an in-house tool. This will make it
difficult for others to verify the performance of VNTRTyper on other data. The availability of
VNTRTyper would allow other researchers to make use of this work on their own data.

In Tables 1 and 2, I would appreciate a Root Mean Square Error (RMSE) between the PCR
genotypes and the genotypes of other methods to get a sense of the scale of errors. Similarly, for
Figure 3, being careful this isn't the RMSE of the linear model.

Overall, I would recommend accepting the article with some small changes.

Minor:
Typo in some figure captions: ‘genme’
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