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Abstract

Microsatellites are short tandem repeats (STRs) of a motif of 1-6 nucleotides that are ubiquitous in almost all genomes and widely used in
many biomedical applications. However, despite the development of next-generation sequencing (NGS) over the past two decades with new
technologies coming to the market, accurately sequencing and genotyping STRs, particularly homopolymers, remain very challenging today
due to several technical limitations. This leads in many cases to erroneous allele calls and difficulty in correctly identifying the genuine allele
distribution in a sample. Here, we assessed several second and third-generation sequencing approaches in their capability to correctly determine
the length of microsatellites using plasmids containing A/T homopolymers, AC/TG or AT/TA dinucleotide STRs of variable length. Standard
polymerase chain reaction (PCR)-free and PCR-containing, single Unique Molecular Indentifier (UMI) and dual UMI ‘duplex sequencing’ protocols
were evaluated using lllumina short-read sequencing, and two PCR-free protocols using PacBio and Oxford Nanopore Technologies long-read
sequencing. Several bioinformatics algorithms were developed to correctly identify microsatellite alleles from sequencing data, including four
and two modes for generating standard and combined consensus alleles, respectively. We provided a detailed analysis and comparison of these
approaches and made several recommendations for the accurate determination of microsatellite allele length.
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Introduction

Microsatellite DNA sequences are short tandem repeats
(STRs) of a unit of 1 to 6 nucleotides found in almost all
genomes of living organisms, also known as homopolymer
when the repeated tract is a single nucleotide. They are highly
polymorphic due to their high mutation rates, which are pri-
marily caused by polymerase slippage during DNA replica-
tion, where the nascent strand denatures from the template
strand and re-hybridizes forward or backward on the same
strand, resulting in the deletion or insertion of one or more
repeat units, respectively [1]. These mutations are corrected
in vivo by the mismatch repair system (MMR), which can
reduce mutation rates by tens to thousands of times [2, 3],
but is deficient in many types of cancers known as MMR-
deficient (MMRD) or microsatellite instability (MSI) cancers
[4, 5]. The rates of microsatellite mutations have been shown
to be influenced by several intrinsic factors, among which the
decreasing number of nucleotides in the repeated unit and the
increasing number of repeats act positively [3, 6-10]. This has
also been described in vitro, notably during the polymerase
chain reaction (PCR) amplification, where microsatellite mu-
tations, known as stutter peaks/bands, are also introduced by
polymerase slippage [1, 11, 12]. These artifactual frameshift
products can sometimes mask true microsatellite alleles and
mutations present in a DNA sample, interfering with many
downstream applications.

Noteworthy, microsatellites have been widely used as ge-
netic markers in several biomedical applications due to their
high mutation rates and polymorphism, including gene map-
ping [13], evolutionary genetics [9, 14], conservation and
population genetics [15, 16], marker-assisted selection [17],
kinship analysis [18], forensic DNA fingerprinting for iden-
tification of individuals and parentage [19, 20], and diag-
nosis of repeat-expansion diseases [21, 22] and MSI can-
cers [23]. While most of these applications only required mi-
crosatellite genotypes, this could sometimes be difficult to
obtain due to the limitations of the genotyping technology
used. This latter mostly relies on PCR-based approaches that
are combined either with capillary electrophoresis fragment
analysis/first-generation sequencing, or more recently with
next-generation sequencing (NGS) that allowed a higher num-
ber of microsatellites analyzed [23, 24]. High background
noise generated by stutter artifacts makes accurate microsatel-
lite genotyping difficult, which required the development of
computational algorithms correcting stutter errors, notably
for NGS data [25-31]. Moreover, NGS data also contain other
issues directly linked to the sequencing technology used, which
must be considered when calling microsatellite alleles and
genotypes. These include sequencing errors induced by STRs
and especially homopolymers, for both second- and third-
generation sequencing, as well as limitations in the length of
the microsatellites analyzed for short-read sequencing, leading
to difficulties for correct STR and indel calling [26, 31-42].

In addition to the need for genotyping, other investiga-
tions and applications instead require accurate profiling of
microsatellite allele length distributions derived from NGS
rather than solely identifying microsatellite genotypes. Thus,
NGS-based repeat length distributions were used in some fun-
damental studies to describe the landscape of microsatellite in-
stability and decipher the underlying mechanism of their mu-
tability in different tissue and MMR deficient/proficient con-
texts, including human cancers [5, 43-45]. Moreover, these

length distributions could also be very useful for detecting MSI
in many sample types from cancer patients [23, 46, 47], or
for deconvolving alleles and genotypes from complex DNA
mixtures in forensics [48]. However, the characterization of
the true distribution of microsatellite alleles in a sample could
also be very difficult due to the same issues described above,
i.e. stutter artifacts and sequencing errors.

In the present study we evaluated and compared various
NGS methods and instruments for accurate length estima-
tion of different microsatellites in order to identify the best
approach minimizing repeat length errors and that could re-
flect their genuine allele distribution present in a sample. Us-
ing several plasmids containing mono- (A/T) and di- (AC/TG
and AT/TA)nucleotide microsatellites from 15 to 25 repeats,
we generated several NGS libraries based on Illumina 2",
PacBio and Oxford Nanopore Technologies (ONTs) third-
generation sequencing technologies, including some that are
specifically dedicated to sequencing errors reduction and rare
mutation detection. Thus, with Illumina instruments (iSeq100
and/or NextSeq 500), we evaluated a PCR-free protocol [49],
PCR-containing (1-20 cycles) protocols, and single- and dual-
UMI (duplex sequencing) PCR-containing (12-20 cycles) pro-
tocols that allow PCR and sequencing error correction [50,
51], while we assessed two PCR-free approaches with PacBio
Sequel II and ONT PromethION sequencers [38, 52]. Due to
the specificities of microsatellites and homopolymers, several
bioinformatics approaches have been developed for the anal-
ysis of microsatellite sequencing data. Our work provides an
in-depth comparison of different NGS platforms and proto-
cols, along with different bioinformatics strategies for accu-
rately determining the allele length distribution of different
microsatellite types. This may assist researchers in the selec-
tion of an NGS protocol and/or bioinformatics strategy that
fits their experimental constraints and scientific objectives for
the study of these sequences.

Material and methods

Microsatellite DNA templates

Synthetic  Ajs/2025 mononucleotide, (AC)is/2025 and
(AT)15/2025 dinucleotide repeat microsatellites were in-
cluded in a DNA sequence (153 and 146 nt for mono- and
di-nucleotide repeat microsatellites, respectively), including a
common sequence of 136 nucleotides and a unique barcode
of 4 nucleotides, allowing original sequence identification
after NGS (Supplementary Fig. STA). These synthetic DNA
sequences were cloned into pUCS7-mini Vector using the
EcoRV restriction site and amplified using TOP10 Escherichia
coli strain. All (sub-)cloning and plasmid preparations were
performed by GenScript Biotech (the Netherlands) with
industrial-grade standards and quality controlled by Sanger
sequencing (Supplementary Fig. S1B).

Illumina library preparation and short-read
sequencing
Libraries were prepared for Illumina short-read sequencing
using QIAseq 1-Step Amplicon Library Kit (Qiagen), QIAseq
FX DNA Library Kit (Qiagen), and xGen Prism DNA Library
Prep Kit (Integrated DNA Technologies).

For QIAseq 1-Step Amplicon Library Kit (Qiagen) prepa-
ration, 5 pg of an equimolar pool of plasmids underwent site-
specific digestion using three type II restriction enzymes (20 U
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of HpyCH4YV, 20 U of HpyCHA4III and 100 U of Mspl) in a
100 pl reaction including also 1X rCutSmart™ Buffer (New
England Biolabs) for 1 h at 37°C followed by an A-tailing step
at 37°C for 30 min by addition of 75 U of Klenow Fragment
(3’— 5’ exo-) (New England Biolabs) in the reaction mixture.
After digestion, the microsatellites of interest were contained
in the largest DNA fragments (361-389 pb) that were puri-
fied using 1.5X SPRIselect beads (BeckmanCoulter). 100 ng
of purified DNA were then used for library preparation us-
ing either Combined Dual Index (CDI) adapters (Qiagen) or
xGen™ UDI (Unique Dual Indexes)-UMI Unique Molecular
Indentifiers (UMI) adapters (Integrated DNA Technologies)
according to the manufacturer’s instructions. 0 (PCR-free), 1,
2, 5, and 10 PCR cycles were used with libraries including
CDI adapters, while 12, 16, and 20 PCR cycles were used with
libraries including xGen™ UDI-UMI adapters. For xGen™
UDI-UMI libraries, approximately 20 000 DNA molecules per
microsatellite type were used as templates for PCR.

For QIAseq FX DNA Library Kit (Qiagen) preparation, 1
ug of equimolar pools of plasmids was used for enzymatic
shearing using the FX Enzyme Mix during 4 min of incuba-
tion at 32°C. The other steps were performed according to
the manufacturer’s instructions and xGen UDI-UMI adapters
(Integrated DNA Technologies) were used for ligation. Pre-
amplified libraries were sized (550-950 bp) using a 2% gel
electrophoresis cassette on a BluePippin Size Selection System
(Sage Science) according to the manufacturer’s instructions. 0
(PCR-free), 12 and 16 PCR cycles were used for the ampli-
fication of the libraries using approximatively 20 000 DNA
molecules per microsatellite type as templates for PCR.

For xGen™ Prism DNA Library Prep Kit (Integrated DNA
Technologies) preparation, DNA samples were purified either
from site-specific restriction digestion or random mechanical
fragmentation. Site-specific digested DNA fragments were ob-
tained as described for QIAseq 1-Step Amplicon Library Kit.
For random fragmentation, 9 ug of equimolar pools of plas-
mids were sheared on a Bioruptor Sonication system (Diagen-
ode) using an 8-cycle low position 30 s ON/90 s OFF pro-
gram, followed by 2X SPRI bead purification and DNA siz-
ing (300-600 bp) using a 2% gel electrophoresis cassette on
a BluePippin Size Selection System (Sage Science) according
to the manufacturer’s instructions. All other steps of library
preparation were performed according to manufacturer’s in-
structions. Sixteen PCR cycles were used for library amplifi-
cation using ~20 000 DNA molecules per microsatellite type
as templates for PCR using xGen™ UDI Primers (Integrated
DNA Technologies). The final xGen Prism DNA libraries in-
cluded two UDI for sample identification and two 8-nt UMI
located on either side of the insert for duplex sequencing error
correction.

All libraries were quantified using the Qubit HS dsDNA
assay Kit (Life Technologies) on a Qubit 3 Fluorometer and
the 2X KAPA Library Quantification Kit on a LightCycler
480 II (Roche), and verified for correct size using either the
Agilent High Sensitivity DNA Kit on a 2100 Bioanalyzer In-
strument (Agilent Technologies) or the NGS Fragment Kit (1-
6000bp) on a Fragment Analyzer (Agilent Technologies), ac-
cording to the manufacturer’s instructions. Pooled libraries
were mixed either with 0 (libraries from randomly sheared
DNA) or 40-50% (libraries from site-specifically digested
DNA) of PhiX Sequencing Control V3 (Illumina) and de-
posited in the sequencing cartridges according to the manu-
facturer’s instructions. Sequencing reactions were performed
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either using iSeq100 i1 Reagent v2 (300 cycles) on an iSeq100
Instrument (Illumina) or NSQ 500/550 Mid Output KT v2.5
(150/300 cycles) reagents on a NextSeq 500 Instrument (Illu-
mina). After sequencing, BCL raw and demultiplexed FASTQ
data were generated and exported for bioinformatics analysis
using Local Run Manager Software (Illumina).

lllumina short-read bioinformatics analyses

Standard microsatellite allele length analysis

In this study, each sample contained a mixture of microsatel-
lites with very similar sequences (common sequences), except
for the specific 4-nucleotide barcode (Supplementary Fig. S1).
Their identification could be difficult even with a single mu-
tation accepted in the barcodes. Classic mapping methods
(bowtie, bwa) or sequence similarity analysis method (blast)
were no longer usable. Thus, we developed a microsatellite
identification method by recognizing the core part of the se-
quence on both sides of the microsatellites with specific con-
straints (Fig. 2A). This sequence contained four consecutive
regions, including (i) the 4-nucleotide barcode region; (ii) 5
and 3 constant nucleotides before the microsatellite sequence
for mono- and dinucleotide repeat microsatellites, respec-
tively; (iii) the microsatellite with variable lengths; and (iv)
a S-nucleotide sequence following the microsatellite. The mi-
crosatellite identification strategy was based on these 4 regions
using different criteria per region, i.e. 0, 1,2, and 1 mutations
allowed in the regions (i)—(iv), respectively. When there was
uncertainty between a substitution and an insertion/deletion,
the substitution was chosen. Following the identification of
these four regions, the microsatellite length was calculated and
the allele distribution computed for graphical representation.
For the standard microsatellite allele length analysis, we pro-
cessed the FASTQ files from the iSeq100 sequencing system,
while the FASTQ files from the NextSeq 500 were extracted
by demultiplexing the BCL files by merging the four lanes us-
ing bcl2fastq (v2.20).

Our strategy analyzing the four sequence regions has also
been incorporated into other bioinformatics workflows, in-
cluding short-read sequencing with single-UMI (Type II li-
braries) and dual-UMI error correction (Type III libraries), as
well as long-read sequencing with PacBio (Type IV libraries)
and ONT (Type V libraries).

PCR and sequencing error correction of repeat
lengths using single-UMI

Single UMI allows to group reads originating from the same
ssDNA molecule (Type II libraries). To analyze a microsatellite
sequence, the four regions described above must be completely
contained in the reads. The UMI sequence was not sufficient
to identify all the different UMI groups by the classical UMI
consensus approach due to multiple length errors in the reads
and to the reduced diversity in the reference sequences. There-
fore, we developed our own methods to minimize the risk of
error in both single-UMI (Fig. 2B) and also dual-UMI data
treatments (Fig. 2C).

Since single-UMI data were not included in the inserts (Fig.
1B), we extracted them from the BCL files. For each lane we
determined the barcode and performed the demultiplexing in-
cluding the UMI data using Picard (v2.8.2), and then merged
the four lanes by Samtools (v1.14) (Fig. 2B). To reduce the er-
ror in UMI group identification, we demultiplexed the sample
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Figure 1. Experimental workflow of NGS experiments performed in our study. (A) Detail of the different steps performed in our study for short-read and
long-read NGS library preparation using microsatellite-containing plasmids as DNA samples. Underlined PCR conditions correspond to those applied to
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by microsatellite type before mapping using the microsatel-
lite identification method described above. We then converted
the binary alignment/map (BAM) files of each microsatellite
to FASTQ and performed the alignment using bwa (v0.7.17).
After adding the UMI information in the BAM file mapped by
Picard (v2.8.2), we identified the UMI group by fgbio (v2.0.2)
with no mutation allowed to reduce errors in the identifica-
tion of UMI groups. For each group of UMIs containing at
least three reads, we identified all the microsatellite lengths
and applied the four methods (“Max. Freq.”, “Max. Length”,
“Mean Length”, and “Median Length”) to obtain a consen-
sus length. Finally, we analyzed the final microsatellite profile
based on the distribution of consensus allele lengths.

PCR and sequencing error correction of repeat
lengths using dual-UMI

Dual-UMI reads (Type III libraries) contain 2 UMI sequences
(2 x 8 nt) in both insert ends (Fig. 1B), resulting in more pos-
sible UMI combinations, which reduces the errors in identify-
ing UMI groups. In our workflow (Fig. 2C), we first extracted
the FASTQ files by demultiplexing the BCL files and merging
the lanes by bcl2fastq (v2.20). Then FASTQ files were con-
verted into unmapped BAM files by Picard (v2.8.2) and the
information from the UMI was extracted by fgbio (v2.0.2).
We then converted the BAM files to FASTQ and performed
alignment using bwa (v0.7.17). After the addition of the UMI
information in the BAM files mapped by Picard (v2.8.2), we
identified the UMI group by fgbio (v2.0.2) by accepting no
mutation. We analyzed three types of reads (standard o, Ba,
and aB+Ba) containing at least three reads per UMI group
and obtained the consensus microsatellite length of each UMI
group using the four methods (“Max. Freq.”, “Max. Length”,
“Mean Length”, and “Median Length”). We further imple-
mented two additional methods by comparing the consensus
(“Max. Freq.”) obtained from both o8 and Ba reads for each
UMI group. These combined error correction methods either
considered the longest microsatellite length between o8 and
Ba consensuses, or selected a length only if @8 and Ba con-
sensuses were identical. The final microsatellite profiles based
on all of these consensus allele lengths were used for graphical
representation (Fig. 2C).

PacBio sequel Il library preparation and long-read
sequencing

2 ug of each plasmid was linearized (except for Ays plasmid
where the unique 4-nt barcode creates an additional Pcil re-
striction site) at 37°C for 1 hour using 10 units of Pcil restric-
tion enzyme and 1X of NEBbuffer™ r3.1 (New England Bio-
labs), followed by a heat inactivation step at 80°C for 20 min.
The linearized plasmids (LP) were purified using the QIAquick
PCR purification kit (Qiagen) and quantified by the Qubit HS
dsDNA assay Kit (Life Technologies) according to the manu-
facturer’s instructions. Plasmids were equimolarly pooled by
four, and concentrated by ethanol precipitation with sodium
acetate.

Libraries were prepared using barcoded overhang adapters
(BOA) for multiplexing amplicons (PacificBiosciences) and
200 ng of each DNA pools using SMRTbell prep kit 3.0
(PacificBiosciences) according to manufacturer’s instructions.
Briefly, PacBio Sequel II library preparation included a DNA
damage repair step (30 min at 37°C), an end repair and A-
tailing addition combined step (30 min at 20°c and 30 min

at 65°C), BOA ligation to fully-repaired linear dsDNA (1
h at 20°C) followed by an enzymatic heat inactivation step
(10 min at 65°C). Ligated libraries were purified using 0.6X
AMPure PacBio® beads, quantified using the Qubit HS ds-
DNA assay Kit (Life Technologies) according to the manufac-
turer’s instruction and stored at -20°C until sequencing. The
size of the libraries was confirmed using Agilent dsDNA 930
Reagent Kit (75-20 000 bp) on a 5300 Fragment Analyzer
system (Agilent Technologies) according to the manufacturer’s
instructions.

For PacBio Sequel II long-read sequencing reaction, v4 se-
quencing primers were annealed and DNA polymerase was
bound to the multiplexed libraries using SMRTbell bind-
ing kit 2.0 (Pacific Biosciences), before purification of the
DNA-protein complexes using 0.6X AMPure PacBio beads.
Multiplexed amplicon libraries were loaded onto one SMRT
cell and sequenced on a PacBio Sequel II instrument using
C2 chemistry and a 30-h movie time. After sequencing re-
action, sequencing data were demultiplexed by SMRT Link
(v9.0.0.92188) and raw subreads as well as circular consen-
sus sequencing (CCS) reads were exported for bioinformatics
analyses.

PacBio long-read bioinformatics analyses

Two types of analyses were performed using the CCS BAM
data and the raw subread BAM data (Fig. 3 A). The file sizes
of these two types of sources were very different: compared to
the CCS files, which were ~400 Mb, the raw subread file data
were a thousand times larger (~400 Gb).

Standard analysis of repeat length distribution

To evaluate the profile performance according to the quality
of the CCS reads, we demultiplexed the CCS BAM file ac-
cording to different Quality Scores: Q20, Q30, Q40, Qs0, Qs0,
Q70 and Qg using SMRTLink (v11.0.0.146107). Similarly, to
short-read sequencing, our sample contains a mixture of mi-
crosatellites close in sequences. Thus, for the same reason, we
used the microsatellite identification method by the recogni-
tion of the four consecutive regions: (i—iv). We extracted the
unmapped CCS BAM sequences after identifying the nine mi-
crosatellites and then analyzing their allele length profiles.

In-house subread analysis for repeat length
distribution

We also analyzed raw subread data using the BAM subread
files. Demultiplexing was performed according to the Barcode
Quality Score using SMRTtools (v12.0.0.177059) lima. Since
subreads do not have Quality Scores, we used the Barcode
Score to pre-assess the subread quality. We tested several Bar-
code Quality Scores: no filter, Q2¢, Qs0, Qs0, Q70, and Qsgp.
Since each demultiplexed file was very large, we split each
file into 13 fragment files keeping all subreads from the same
group in the same file. We then randomly selected different
numbers of subreads per group: 3,5,7,11,15, 21,25, 35, and
45. We identified all the microsatellites using the microsatellite
identification approach based on the four consecutive regions:
(i-iv). Finally, for each subread group, the consensus length
was obtained using the four previously described methods
(“Max. Freq.”, “Max. Length”, “Mean Length”, and “Me-
dian Length”) and we analyzed the allele distribution profiles.
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ONT PromethlION library preparation and long-read
sequencing

Around 5 pg of each plasmid was linearized with 100
units of Scal-HF restriction enzyme and 1X of rCutSmart™
Buffer (New England Biolabs) at 37°C for 1 h, followed by
DNA purification with 0.5X SPRI beads (Beckman Coulter),
and quantified using the Qubit HS dsDNA assay Kit (Life
Technologies) according to the manufacturer’s instructions.
Plasmids were equimolarly pooled by three (Ays5/ (AC)y0/
(AT)zs, Azo/ (AC)zs/ (AT)15 and Azs/ (AC)qs/ (AT)z) before
library preparation. Libraries were prepared in triplicates
from 250 ng of each plasmid pool using Native Barcoding Kit
96 V14 (ONT) together with NEBNext® Ultra II End Repair
/ dA-tailing Module, NEB Blunt/TA Ligase Master Mix, and
NEBNext® Quick Ligation Module (New England Biolabs),
according to manufacturer’s instructions. Briefly, ONT library
preparation included end repair step (5 min at 20°C and 5 min
at 65°C), ligation of barcodes (20 min at room temperature),
pooling of barcoded samples in equal volumes, purification
using 0.4X AMPure XP Beads, ligation of sequencing adapters
(20 min at room temperature), and purification using 0.4X
AMPure XP Beads with Short Fragment Buffer. Final ONT
libraries were quantified using the Qubit HS dsDNA assay Kit
(Thermo Fisher) according to the manufacturer’s instructions
and equimolarly pooled, loaded together with a WGS ONT
library (Promega human genomic DNA) at a 1:1 ratio on
an R10.4.1 flow cell (ONT) and sequenced on PromethION
24 sequencing device (ONT) for 36 hours, with basecall-
ing SUP (model dna_r10.4.1_e8.2_400bps_5khz_sup.cfg)
and automatic demultiplexing in MinKNOW (version
5.8.6).

ONT long-read bioinformatics analyses

Dorado (v0.8.2) was used with the nanopore signal (PODS)
files for simplex and duplex basecalling to obtain simplex
and duplex nucleotide sequences (FASTQ/BAM) respectively.
Three different methods were then developed to analyze
the repeat length distribution, including a standard simplex
method, a standard duplex method and an in-house duplex-
based consensus method (Fig. 3B).

Standard simplex analysis

ONT simplex FASTQ files generated from ‘Dorado basecaller’
were filtered for minimum read quality (Qs and Qys) using
Seqgkit (v2.8.2). Then, microsatellite profiles were analyzed us-
ing three different read types: forward, reverse, and all (for-
ward + reverse). For the analysis of allele lengths, we used
the same microsatellite identification method described above
based on the recognition of the four consecutive regions:
(iiv).

Standard duplex analysis

Duplex reads were extracted with the dx tag (dx:i:1) using
the ONT duplex BAM files obtained from ‘dorado duplex’.
We used Seqkit (v2.8.2) for minimum read quality filtering
using different thresholds (Q1s, Q25, Q30 and Q33). The allele
length distribution profiles of all reads were then analyzed us-
ing the same microsatellite identification method based on the
recognition of the 4 consecutive regions: (i-iv).

In-house duplex-based consensus analysis

Duplex reads were first extracted with the dx tag (dx:i:1) using
the ONT duplex BAM files obtained from “dorado duplex.”
Then, simplex reads with duplex offspring were extracted
with the dx tag (dx:i:-1) and tagged with a duplex ID and
a duplex quality score derived from duplex reads. We filtered
out simplex reads with more than one duplex ID and then ex-
tracted the simplex reads by the minimum duplex read quality
score (Q1s, Q25, and Q33). All microsatellites were identified
using the microsatellite identification approach based on the
four consecutive regions: (i-iv). Finally, for each pair of sim-
plex reads based on one duplex read, the consensus length
was calculated using the “Max. Length” and “Equal Length”
methods, enabling allele length distribution profile analysis.

Results

Description of the NGS approaches used in our
comparative study

The present study aimed to evaluate and compare the accu-
racy of second and third-generation sequencing approaches
for identifying the length of microsatellites, including mono-
(A/T) and di-nucleotide (AC/TG and AT/TA) microsatellites
with 15-25 repetitions that were inserted into plasmids, each
containing a specific four-digit barcode (Supplementary Fig.
S1A). Each plasmid preparation was assumed to be pure, con-
taining only the sequence with the desired number of repe-
titions, as confirmed by Sanger sequencing (Supplementary
Fig. S1B). We focused on mono- and di-nucleotide STRs, the
most common types of microsatellite sequences in the hu-
man genome, and selected a repeat number of at least 135,
as the accuracy of microsatellite length determination from
NGS data has been shown to become increasingly difficult
with an increasing number of repetitions [25, 26, 37, 38, 53].
STRs with more than 25 repetitions were not evaluated in
the study to limit the influence of short-read sequencing con-
straints on bioinformatics analyses, and to allow compari-
son with long-read sequencing. For short-read sequencing ap-
proaches, microsatellites excised from plasmids by type II re-
striction enzyme digestion (SSDP) or randomly sheared plas-
mids (RFP) were used as DNA samples (Fig. 1A). These DNA
were used for library preparations using 0, 1 or 2 UMIs-
containing adapters and including either no PCR (PCR-free)
and 1-20 cycles of PCR (Fig. 1A), resulting in three types (I,
II, and III) of libraries (Fig. 1B). For long-read sequencing, two
types of PCR-free libraries (IV and V) were prepared from lin-
earized plasmids (~2 kb), which were ligated directly to stan-
dard BOA circularization and ONT sequencing adapters prior
to PacBio and ONT sequencing, respectively (Fig. 1). Subse-
quently, several bioinformatics approaches were applied to an-
alyze short-read and long-read sequencing data, allowing the
identification of microsatellite length (see methods section and
Figs 2 and 3).

Impact of PCR cycles in lllumina short-read library
preparation on the estimation of microsatellite
allele length

PCR is a convenient and widespread DNA amplification tech-
nique included at various stages in the preparation of Illu-
mina short-read library, whether for targeted gene (TGS),
whole exome (WES), or whole genome sequencing (WGS),
while PCR-free protocols are less versatile due to a higher
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amount of DNA requirement and are usually restricted to
WES and WGS [49, 54]. To evaluate the impact of PCR am-
plification on the accuracy of microsatellite length determi-
nation, we prepared libraries using SSDP and applied 0-20
cycles of PCR amplification before sequencing (Fig. 1A). This
type of DNA insert enabled microsatellite sequencing to begin
within the same sequencing cycle—34 and 36 cycles for each
di- and mononucleotide repeat microsatellite, respectively—
which should avoid biases due to sequencing position. Se-
quencing error rates were calculated from PCR-free data and
revealed a drastic increase in indel rates in the microsatel-
lite sequence and in substitution rates after the microsatel-
lite sequence, which is more pronounced for longer repeats
(Supplementary Fig. 2). These high substitution error rates
in post-STR sequences led us to consider the length of mi-
crosatellite alleles using our developed approach (see Meth-
ods) rather than the exact sequence obtained from the reads
for all downstream analyses.

For each microsatellite type, our results showed the high-
est proportion of genuine alleles in PCR-free libraries (90%
on average, with (AT),p and (AT),s microsatellites present-
ing the lowest percentage of original alleles, i.e. 89% and
52%, respectively), which decreased with the increasing num-
ber of PCR cycles (Fig. 4, Supplementary Fig. S3). A lower
proportion of the original allele was observed for microsatel-
lites with a higher number of repetitions in all library types,
while the effect of PCR on the reduction of the original allele
affected more A/T and AT/TA than AC/TG microsatellites
(Fig. 4). The stutter background was increasingly biased to-
ward deletions, as the number of PCR cycles increased (Fig.
4, Supplementary Fig. S3), which was expected. Of note, the
stutter background introduced by polymerase slippage was
visible from the first PCR cycle with an average decrease
of 5% (min = 1.2% with (AC);s and max = 8.9% with
(AT),s) of the original allele compared to the PCR-free pro-
tocol (Fig. 4). When considering iSeq100 and NextSeq 500
instruments, the results were comparable with both technolo-
gies, except for (AC),5 and (AT),s that showed higher per-
centage of the original alleles with iSeq100 and NextSeq 500,
respectively (Supplementary Fig. S4). Finally, the comparison
of PCR-free library data from SSDP and RFP showed worse
results for the latter, notably with the longest microsatellites
(Supplementary Fig. S5). This was probably due, for a large
proportion of the reads, to the increase in the sequencing cycle
from which the microsatellites are sequenced, thereby reduc-
ing their quality. Taken together, these results indicated that
PCR-free protocols outperformed PCR-containing protocols
when aiming to preserve the original microsatellite allele fre-
quency distribution from a sample, and thereby allowed mea-
surement of microsatellite length with the highest accuracy.

Accuracy of microsatellite allele length
determination by UMI error correction from
single-UMI libraries

Unique molecular identifiers (UMI) can be used from single-
or dual-UMI protocols to tag DNA templates prior to library
amplification and NGS (Fig. 1). The identification of multi-
ple reads bearing the same UMI (i.e. sequencing duplicates)
thereby allows for reaching a consensus sequence that re-
duces PCR and sequencing errors [50, 55, 56]. This strategy
could potentially improve microsatellite length identification
beyond that obtained with a PCR-free protocol.
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We first evaluated this strategy for correct length estima-
tion of microsatellites using a unique nine-nucleotide UMI lo-
cated in the adapter sequence (Type II library) that barcoded
single-stranded DNA molecules (Fig. 1). For the identification
of read groups sharing the same UMI, no mutation in the UMI
sequence was allowed. This was done to reduce the risk of ag-
gregating multiple reads from more than one original DNA
molecule, especially since the specificity of the original DNA
molecule identification could not be improved by sequenc-
ing read coordinates for SSDP-based data. We considered at
least three reads per UMI group for UMI error correction,
and developed four modes of microsatellite length calculation,
named “Max. Freq.,” “Max Length,” “Mean Length,” and
“Median Length” (Supplementary Fig. S6A). Among them,
the “Max. Freq.” mode was the most performant at main-
taining the length of the original allele under most condi-
tions, and was therefore selected for further detailed analyses
(Supplementary Fig. S6B).

Our results showed that UMI error correction increased
the original allele fraction for each type of repeat sequence
analyzed in both SSDP and RFP conditions, although not
to the levels observed with PCR-free libraries (Fig. SA and
Supplementary Fig. S7). The reduction in length error rates
tended to increase with the number of cycles, and it was gen-
erally modest (no more than 2-fold) for microsatellites with
at least 20 repeats (Fig. 5B). However, an almost 8-fold reduc-
tion in length error was achieved for those with 15 repeats
(Fig. 5B), suggesting that UMI error correction is more effi-
cient for smaller STRs. We also attempted to improve the ac-
curacy of allele identification by increasing the minimum num-
ber of reads per UMI group from 3 to 7. Slight improvements
in length estimation were observed by increasing this thresh-
old for 15- and 20-repeat microsatellites, but not for those
with 25 repeats (Supplementary Fig. S8). Thus, although the
results obtained for 15-repeat microsatellites were close, UMI
error correction did not present higher levels of original alle-
les compared to PCR-free data under our experimental con-
ditions (Fig. 5A), indicating that the latter approach is bet-
ter than the former for preserving and identifying the original
length of microsatellites with 15-25 repetitions.

Improvement of microsatellite allele length
estimation through combined error correction from
duplex sequencing data

We next assessed the ability of duplex sequencing to im-
prove microsatellite length determination. Duplex sequencing
is based on dual UMI barcoding of each strand of a double-
stranded DNA molecule (Type III library, Fig. 1), which en-
ables their identification after NGS. It allows the construction
of a combined consensus sequence from two read families (a8
and Ba), which can reduce PCR and sequencing errors by an
additional 10 fold compared to single UMI methods, espe-
cially when considering point mutations [50].

In a first step, standard UMI error correction was per-
formed using the same parameters and stringency as for Type
II libraries, i.e. no mutations allowed in UMI barcodes and at
least three reads per UMI group, followed by a second com-
bined error correction step using «8 and Ba consensuses. Con-
sensus microsatellite lengths generated from standard UMI er-
ror correction were based on the four modes described previ-
ously (Supplementary Fig. S6A), by considering either 8, Ba
or af+Ba reads (for aB+Ba, a consensus length was deter-
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Figure 4. Effect of PCR cycles included in library preparation on microsatellite allele length obtained after Illlumina short-read sequencing using SSDP.
(A). n—1, n, and n + 1 microsatellite allele frequencies obtained with PCR-free and PCR-containing (1-20 cycles) libraries and lllumina short-read
sequencing using SSDP as templates. (B). Evolution of the percentage of original alleles of the nine studied microsatellites according to the number of
PCR cycles. The figure only presents type | and Il library data and each point includes at least five replicates. Data were generated on Illlumina iSeq100

and NextSeq 500 instruments.

mined from at least three reads sharing the same aB or Ba
barcodes). The “Max. Freq.” mode was again selected as it
presented a higher percentage of the original alleles in most
conditions (Supplementary Fig. S6C). Similar to Type II li-
brary, uncorrected Type III library data presented a lower per-
centage of original alleles compared to PCR-free experiments,
due to stutter artifacts introduced during PCR that were bi-
ased toward deletions (Fig. 6A). After standard UMI error
correction, the proportions of original alleles increased for
all microsatellites with comparable values between o8, Ba,
and aB+Ba consensuses, indicating no major differences in
error correction according to read family type (Fig. 6A and

Supplementary Fig. S9). In terms of error rate reduction, stan-
dard UMI error correction was stronger for small repeats than
for large repeats, and in SSDP condition than in RFP condition
(Fig. 6B). However, the percentage of original alleles after er-
ror correction could not reach levels observed from PCR-free
experiments (Fig. 6A).

The performance of duplex sequencing has further been
evaluated through combined error correction. Two modes
have been tested, considering either the maximum length or
the equal length between o and Ba consensus alleles of the
same read family. Thus, the largest allele is retained as a com-
bined consensus with the “Max. Length” mode, while a com-
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at least triplicate experimental data, except for PCR-free — SSDP and (AC),5 — 12 cycles — SSDP — UMI error correction conditions (duplicates). All data
were generated on an lllumina NextSeq 500.

bined consensus is obtained only when both alleles are of the
same length with the “Equal Length” mode. For some mi-
crosatellites, combined consensuses could not be generated
due to the reduced number of ¢B and Ba consensus alleles
and the inability to assign them to the same family, more in
RFP than in SSDP experiments and especially for microsatel-
lites with increasing repeat number (Supplementary Fig. S10).

Furthermore, the “Equal Length” approach failed more of-
ten than the “Max. Length” approach to achieve a com-
bined consensus, as several read families exhibited discor-
dant B and Ba consensuses. After combined error correc-
tion, the percentage of original alleles strongly increased for
each condition where this correction was possible, more so in
the “Equal Length” mode than in the “Max. Length” mode,
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and even reached 100% in one SSDP replicate for (AC)qs
among 1496 combined consensus sequences (Fig. 6A and
Supplementary Fig. S9). This increase outperformed standard
UMI error correction, and sometimes also PCR-free results for
small microsatellites (A5, Ayg and (AC)q5 in both SSDP and
RFP conditions and (AT);s in SSDP condition), reducing the
allele length error rate from less than a dozen to several hun-
dred times depending on the repeat type and number. Thus,
duplex sequencing could increase the accuracy of microsatel-
lite length characterization, but it required a large amount of
reads to build combined consensus sequences.

Accuracy and improvement of microsatellite allele
length identification by PacBio long-read
sequencing

Third-generation sequencing is defined by its ability to gener-
ate very long reads compared to second-generation sequenc-
ing. Single-molecule real-time (SMRT) sequencing developed
by Pacific Biosciences is one of the most pioneering and widely
used third-generation sequencing technologies based on zero-
mode waveguide (ZMW) and single molecule sequencing by
synthesis (SBS) [57, 58]. To evaluate the technology’s ability to
correctly estimate repeat length, template plasmids were lin-
earized to construct libraries without any PCR step (Type IV
library) and then sequenced directly on a SMRT cell 8M using
a Sequel II. Raw read analysis indicated that each plasmid had
more than 1000 ZMWs with at least 10 exploitable subreads
with a Barcode Score of 70, which could even increase up to
more than 100 subreads depending on the repeat type (Fig.
7A). This could be reflected in the quality of CCS reads that
exhibited an important proportion of the maximum Qual-
ity Score, i.e. Qgo with SMRT Link analysis (Fig. 7B). There
were no variations in substitution error rates before and af-
ter the microsatellite sequence contrary to short-read sequenc-
ing, as the sense of sequencing reverses after each subread
with PacBio long-read sequencing (Supplementary Fig. 11).
However, high-indel error rates were observed throughout
the sequence with this sequencing chemistry, as expected, and
also a slight increase in substitution error rate only in AT
repeats.

To compare the accuracy of microsatellite length deter-
mined by PacBio sequencing, we first used different thresh-
olds of Quality Scores of CCS HiFi reads ranging from Qjq
to Qgo, i.e. a probability of incorrect base call ranging from
1072 to 107% in each CCS read. Compared to Illumina PCR-
free, PacBio CCS read results always presented lower per-
centages of original alleles, even for the highest quality reads,
which decreased with an increasing number of repeats (Fig.
7C). Incorrect allele calls were biased toward insertions for
A/T homopolymers and deletions for dinucleotide STRs (Fig.
7C, Supplementary Fig. S12). Increasing the CCS read Qual-
ity Score threshold from Qo to Qgo did not increase the per-
centage of original alleles for dinucleotide microsatellites, but
slightly increased it for homopolymers. However, this slight
difference could possibly be caused by the high amount of Qg
CCS reads in our run (Fig. 7B).

We next attempted to improve allele length identifica-
tion from long-read sequencing by constructing consensus se-
quences based on the four types of in-house approaches de-
scribed previously (Supplementary Fig. S6A), and using differ-
ent numbers of subreads ranging from 3 to 35. “Max Freq.,”

Short tandem repeats and homopolymers 13

“Mean Length,” and “Median Length” exhibited the best re-
sults and all three were presented in Fig. 7C. By increasing
the number of subreads, the proportion of original alleles in-
creased with the three modes, as expected. However, these ap-
proaches did not exhibit better results than with CCS reads for
homopolymers. In contrast, for dinucleotide microsatellites,
the three approaches yielded better results than CCS reads
above a threshold of subreads per consensus sequence. In the
case of AC/TG dinucleotides, we could even increase the orig-
inal allele fractions above those derived from Illumina short-
read PCR-free data, with the highest fraction being 0.994 for
(AC)y5 with “Mean Length” using 35 subreads per consensus
sequence. Of note, incorrect allele calls with the three in-house
approaches were biased toward insertions for dinucleotide
STRs and balanced for homopolymers, differing from CCS
reads.

Assessment of ONT sequencing for microsatellite
allele length determination

ONT sequencing was evaluated as another third-generation
sequencing technology based on single-molecule sequencing,
which uses electric signals emitted by a DNA strand passing
through a nanopore [59]. To facilitate bioinformatic analy-
sis, only three plasmids were pooled per library and the li-
braries were sequenced on a PromethION instrument, to-
gether with a WGS library prepared from a human Promega
DNA. There was no observed variation in error substitution
error rates before and after the microsatellite sequence regard-
less of the forward and reverse orientation of the read, un-
like short-read sequencing and similar to PacBio sequencing
(Supplementary Fig. S13).

Simplex reads were first analyzed either by separating for-
ward from reverse reads or considering them together, and
by using two minimum Quality Score thresholds (Qqs and
Qys) that gave a sufficient number of reads per microsatel-
lites (Fig. 8A). The results showed more than 70% of erro-
neous allele lengths for homopolymers and between 49% and
86% of original allele lengths for dinucleotide repeats (Fig.
8C, Supplementary Fig. S14). Increasing the Quality Score
from Q15 to Q25 did not improve the proportion of original al-
lele length, whereas considering the forward and reverse reads
separately resulted in different allele length accuracies for A/T
and AC/TG microsatellites.

We next generated duplex reads achieving a mean duplex
read rate of 23.5% (Fig. 8B) and selected those with mini-
mum Quality Scores of Qy5 and Q33 for microsatellite length
analysis (Fig. 8A). There was no improvement in microsatel-
lite length identification for the same minimum Quality Score
of Qys (Fig. 8C, Supplementary Fig. S14). However, by using a
higher minimum Quality Score (>Q33), the original allele frac-
tion could be increased beyond that obtained with simplex
read analysis for some microsatellites (A1s520, (AT)15.25 and
(AC)ys). Finally, we developed a consensus length approach
based on the length of the paired simplex reads identified from
the duplex reads, either using the maximum length or con-
sidering the length only if equal (Fig. 8C, Supplementary Fig.
S14). While the results showed little to no improvement for
homopolymers, a marked improvement in the determination
of dinucleotide repeat length was observed with the ‘Equal
Length’ method, comparable to that achieved with short-read
sequencing.
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Discussion

In this study, we provided a detailed comparison of several
widely used second- and third-generation sequencing methods
as well as various bioinformatics approaches for correctly de-
termining the length of homopolymers and dinucleotide STRs.
Accurate calling of microsatellite alleles and genotypes has
long been known to be particularly challenging with NGS
due to stutter artifacts caused by polymerase slippage dur-
ing PCR steps and high sequencing error rates, notably at ho-
mopolymeric nucleotide runs [12, 25, 26, 38, 53]. Ultimately,
our study aimed to identify the best NGS approach to char-
acterize the true distribution of genuine microsatellite alleles
present in a sample, minimizing or even suppressing errors in-
troduced during library preparation, sequencing and bioinfor-
matics analysis. This could be of particular interest for sam-
ples containing a complex mixture of variable-length alleles,
such as in MSI cancers or MMRD cells.

Several plasmids containing mono- (A/T) or di-nucleotide
(AC/TG or AT/TA) repeat microsatellites with 15-25 repeti-
tions and assumed to be completely pure were used as tem-
plates for library preparation and comparative NGS experi-
ments. We assessed three short-read sequencing approaches
with Illumina, based on PCR-free and PCR-containing (1-20
cycles) Type I libraries, standard UMI error correction (Type
IT libraries), and duplex sequencing combined error correc-
tion (Type III libraries) using SSDP and RFP, and two types
of PCR-free libraries based on PacBio (Type IV) and ONT
(Type V) sequencing using linearized plasmids (Fig. 1). Thus,
the SSDP condition was similar to TGS experiments where
specific portions of the genome could be captured, amplified
and sequenced at specific coordinates [60], while the RFP con-
dition mimicked whole genome and exome sequencing ex-
periments based on random fragmentation of a DNA sam-
ple [61]. Two instruments were evaluated for Illumina short-
read sequencing, the iSeq 100 and the NextSeq 500. Although
the latter is less recommended for amplicon sequencing ex-
periments due to nucleotide diversity and read quality is-
sues, we encountered no such problems with our NextSeq
500 data, which showed similar results to the iSeq 100 data
(Supplementary Figs S2 and S4). This is likely due to the high
amount of PhiX used and the two 8-nt degenerate barcodes
sequenced in the first cycles of each read in the Type III li-
braries, which were run alongside with the Type I and II li-
braries, providing for sufficient nucleotide diversity. Another
experimental setup to increase diversity could be to spike these
libraries in (human) WGS runs to provide a more detailed and
relevant overview of microsatellite sequencing in a real ex-
perimental context and to reduce wasted sequencing depth
with PhiX, especially for high throughput sequencers. Our
overall bioinformatics approach relied on the identification
of microsatellite flanking regions to correctly estimate their
length in each read, a simple approach that has already been
used in some studies [62-64]. This strategy has proven to
be very effective in obtaining consensus microsatellite alleles
from multiple (sub)reads from Illumina single and dual UMIs
and PacBio protocols, whereas the standard approach to gen-
erate a consensus sequence often failed due to too many in-
del errors and poor read quality. We developed and evaluated
four modes (“Max. Freq.,” “Max. Length,” “Mean Length,”
and “Median Length”) for consensus allele generation from
[llumina UMI reads (Type II and III libraries) and PacBio sub-
reads, as well as two additional modes (“Max. Length” and

“Equal Length”) for combined consensus and consensus al-
lele lengths from duplex sequencing and ONT sequencing,
respectively.

Standard microsatellite length distribution analysis from
short-read data showed as expected the increasing effect of
stuttering—mainly deletions—as the number of PCR cycles
and also of motif repetition increased (Fig. 4). Stutter artifacts
were visible since the first cycle of PCR applied to the library
amplification, indicating that a single PCR extension step can
alter the frequency of the original alleles present in a sample.
As a standard approach, short reads generated from PCR-free
libraries thereby presented the highest level of original alleles
(higher in SSDP than in RFP condition), although not reach-
ing 100% as ideally desired. Our results are consistent with
others, which showed a lower proportion of erroneous reads
at the microsatellite sequence level in PCR-free compared to
PCR-containing WGS data [26].

UMI error correction and duplex sequencing combined er-
ror correction are two approaches that improve the sequenc-
ing accuracy and enable the detection of rare genetic varia-
tions, which we also assessed for their ability to correctly de-
termine the length of microsatellites (Figs 5 and 6). The first
limitation of these approaches was that their library prepara-
tion mandatorily required several PCR cycles (12, 16, and/or
20 cycles in our study), which introduced many stutter ar-
tifacts. The standard UMI error correction used in Type 11
and Type III libraries based on “Max. Freq.” mode increased
the original allele percentage (with a maximum 10-fold error
rate reduction) but at a lower level than standard PCR-free li-
braries. Combined error correction of duplex sequencing data
further reduced error rates and increased original allele pro-
portions to the same level as or slightly above those obtained
with PCR-free short-read data, but this correction was not
possible for every microsatellite, notably the longest ones due
to poor quality, missing and/or discordant data (Fig. 6). The
“Equal Length” combined error correction exhibited higher
original allele levels than with the “Max. Length” mode, but
reached less frequently a consensus length as it requires two
concordant «f and B consensus alleles. Although commonly
used in numerous studies focusing on read base call accuracy
and point mutation detection [50, 60, 65], the impact of stan-
dard and combined UMI error correction has been less fre-
quently described specifically in the context of microsatellite
length determination, especially in long dinucleotide STRs and
homopolymers (>135 repetitions). Standard UMI approaches
have already been assessed in cancer studies investigating rare
MSI events, mainly in homopolymers from tumor, blood or
plasma DNA [66-70], as well as in forensic studies for the
identification of STR-based haplotypes from complex DNA
mixtures using mainly tetranucleotide STRs [71, 72]. How-
ever, the impact of UMI error correction on different repeat
types and numbers has rarely been described in detail. Due
to the limited performance of standard UMI error correction,
more sophisticated bioinformatics algorithms have also been
applied to UMI-based sequencing data to improve the de-
tection of rare alleles [69, 70]. Recently, a protocol derived
from duplex sequencing was evaluated on mononucleotide
microsatellites with 8-18 repetitions. It presented 0.48% of
erroneous alleles compared to 5.5% before combined error
correction [73], a result close to ours.

We last assessed the ability of PacBio and ONT long-read
sequencing to correctly determine the length of microsatel-
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lites. Issues related to the high (indel) error rates and the ac-
curacy of microsatellite allele calling at homopolymers and
other STRs are well known and have already been reported
in some PacBio and ONT long-read sequencing studies [38-
40, 74-77]. Therefore, STR analysis with third-generation se-
quencing is thus considered to be very challenging to date.
From our PacBio sequencing experiments, CCS reads of the
highest quality (Qgg) still presented a large proportion of erro-
neous alleles, although slight improvement was observed for
homopolymers (Fig. 7). These results were outperformed by
[llumina PCR-free short-read sequencing. When making our
own consensus from different numbers of subreads, the orig-
inal allele proportion of dinucleotide STRs increased above
the values obtained from Qgy CCS reads and sometimes from
PCR-free short reads, indicating that subread availability and
analysis could be essential for accurate identification of dinu-
cleotide STR length. However, this improvement was not ob-
served for homopolymers. Interestingly, for homopolymers,
the CCS reads showed an erroneous allele bias toward inser-
tions, as previously reported [38—40], but the consensus alleles
generated from the subreads by our in-house algorithm pre-
sented balanced erroneous insertions and deletions. Therefore,
we believe that the PacBio CCS processing algorithm, rather
than by the SMT sequencing chemistry, may be responsible for
this deletion bias. Regarding ONT sequencing, we obtained
the poorest results for homopolymers among all sequencing
chemistries used in the study (Fig. 8). These results could not
be improved by the three bioinformatics approaches devel-
oped (simplex read analysis, duplex reads analysis, and con-
sensus length analysis) and showed no more than 40% of the
original allele. Conversely, we were able to accurately deter-
mine the length of dinucleotide repeats to a level comparable
to short-read sequencing using the “Equal Length” consen-
sus approach using paired reads identified from duplex reads,
suggesting that ONT sequencing may be suitable for accurate
allele calling of dinucleotide repeats when used with the ap-
propriate bioinformatics analysis method.

Finally, we would like to point out some limitations of our
study. Although we analyzed three types of microsatellites—
among the most common in the human genome—with 15, 20,
and 25 repeats, several other motifs, such as poly- (C/G), poly-
(TC/AG) as well as tri-, penta- and hexa-nucleotide repeats,
were not included. Moreover, our results were obtained us-
ing synthetic microsatellite sequences contained in plasmids
rather than more complex genomic DNA. Therefore, the re-
sults and conclusions presented herein are specific to the an-
alyzed microsatellite type and repeat number and may not be
applicable to other microsatellites and/or genomic data.

In addition to the three sequencing technologies and four
instruments benchmarked in our study, there are other tech-
nologies and instruments that were not evaluated, including
some that have only recently become available. These in-
clude Tllumina’s new XLEAP SBS chemistry for its NextSeq
1000/2000 and NovaSeq X sequencers, the PacBio Revio in-
strument and the PacBio Onso sequencing-by-binding system
(SBB), which its manufacturer claims can accurately sequence
and resolve homopolymers and other repetitive regions. Other
notable technologies include Element Biosciences’ AVITI SBB
system, which uses rolling circle amplification for polony gen-
eration, MGI’s DNA nanoball (DNB)-based SBS instruments
and Ultima Genomics’ SBS technology. We anticipate evaluat-
ing these technologies in future studies to improve microsatel-
lite sequencing and length determination.
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Conclusion

In summary, our study and comparative results support the
systematic use of PCR-free short-read sequencing, notably in
the context of SSDP, to characterize the true microsatellite al-
lele length distribution in a sample. The specificities of this
approach can be found in STR-seq, a recent CRISPR-Cas9-
targeted fragmentation and PCR-free short-read sequencing
method that allows the capture and sequencing of thousands
of microsatellites [78]. Alternatively, UMI-based methods, no-
tably duplex sequencing, can also be used to detect rare mi-
crosatellite alleles. However, they might be more expensive
due to the sequencing depth required, especially with duplex
sequencing. PacBio long-read sequencing should be avoided
for accurate identification of the length of homopolymers and
dinucleotide STRs, due to its poor performance compared
with short-read sequencing. Although we succeeded in im-
proving consensus alleles of AC/TG STRs, this required 35
subreads per consensus, which might be difficult to achieve
with a standard PacBio protocol with a larger library size.
ONT sequencing should also be avoided for homopolymer
typing, but could be used to accurately identify dinucleotide
allele length when used with the “Equal Length” consensus
approach developed from both reads of the same duplex read.
However, it should be acknowledged that the main benefit of
third-generation sequencing for STR analysis concerns long to
very long STR tracts, such as those found in triplet expansion
diseases, for which it outperforms short-read sequencing [39,
74, 75].
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