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Abstract
A number of studies have reported the successful application of single-molecule sequencing technologies to the
determination of the size and sequence of pathological expanded microsatellite repeats over the last 5 years. However,
different custom bioinformatics pipelines were employed in each study, preventing meaningful comparisons and somewhat
limiting the reproducibility of the results. In this review, we provide a brief summary of state-of-the-art methods for the
characterization of expanded repeats alleles, along with a detailed comparison of bioinformatics tools for the determination
of repeat length and sequence, using both real and simulated data. Our reanalysis of publicly available human genome
sequencing data suggests a modest, but statistically significant, increase of the error rate of single-molecule sequencing
technologies at genomic regions containing short tandem repeats. However, we observe that all the methods herein tested,
irrespective of the strategy used for the analysis of the data (either based on the alignment or assembly of the reads), show
high levels of sensitivity in both the detection of expanded tandem repeats and the estimation of the expansion size,
suggesting that approaches based on single-molecule sequencing technologies are highly effective for the detection and
quantification of tandem repeat expansions and contractions.
Key words: trinucleotide repeat disorders; Oxford Nanopore Technologies; Pacific Bioscience SMRT sequencing; long-read
sequencing; single-molecule sequencing

Matteo Chiara is Assistant Professor in Molecular Biology and Bioinformatics at the University of Milan. His research interests include comparative
genomics and development of bioinformatics methods for the analysis of next-generation sequencing data.
Federico Zambelli is Assistant Professor in Molecular Biology and Bioinformatics at the University of Milan. His research interests are mainly focused on
analysis of sequencing data for the characterization of gene expression and the underlying regulatory mechanisms.
Ernesto Picardi is Assistant Professor in Molecular Biology and Bioinformatics at the University of Bari and Research Associate at the Institute of
Biomembranes, Bioenergetics and Molecular Biotechnologies of the National Research Council in Bari. His research focuses on bioinformatics methods for
the analysis of next-generation sequencing data with emphasis on computational strategies to detect RNA editing events in eukaryotic genomes.
David S. Horner is Associate Professor in Molecular Biology and Bioinformatics at the University of Milan. His research interests include comparative
genomics and development of bioinformatics methods for the analysis of next-generation sequencing data.
Graziano Pesole is Full Professor in Molecular Biology at the University of Bari and Director of the Institute of Biomembranes, Bioenergetics and Molecular
Biotechnologies of the National Research Council in Bari. His research focuses on comparative genomics and bioinformatics methodologies for the analysis
of next-generation sequencing data.
Submitted: 9 May 2019; Received (in revised form): 22 June 2019
© The Author(s) 2019. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com

1

OUP UNCORRECTED PROOF – FIRST PROOF, 8/8/2019, SPi

2

Chiara et al.

Introduction
Short tandem repeats (STRs), or microsatellites, are tandem
repeats of motifs of two to six nucleotides, which constitute
around 3% of the human genome [1, 2]. STR disorders are
inherited diseases caused by expansion, beyond a—diseasespecific—threshold of unstable microsatellites in or near the
coding regions of genes. While each known tandem repeat
expansion disorder is rare, more than 25 distinct conditions
have been identified so far [3–5], together representing a
substantial source of morbidity. Most of these diseases are lifeshortening, with debilitating neuromuscular and neurodegenerative symptoms. No disease-modifying treatments are currently
available.
The majority of clinically relevant expansions are associated
with trinucleotide repeats (TNRs) (Table 1), possibly because of
the potential of such events to occur in coding regions without
causing almost inevitable frameshift-induced inactivation of the
‘host’ gene. These include myotonic dystrophy (DM1), Huntington’s disease (HD; HTT), Friedreich ataxia [spinocerebellar ataxia
type 1 (SCA1), SCA2, SCA3, SCA4, SCA6 and SCA7] and fragile X
syndrome (FXS). Since the first reports of the association of TNR
expansions with genetic disorders in the early 1990s, the list
of diseases associated with such elements has grown, and the
spectrum of repeat elements associated with repeat expansion
disorders has been expanded to elements that do not exclusively
comprise trinucleotide repetitive units [6–8]. The growing number of disease-related short-repeat expansions affecting noncoding regions includes fragile X tremor ataxia syndrome (FXTAS),
SCA8, SCA10, SCA12 and HD-like 2 (HDL2) [9–13].

Overview of possible disease mechanisms

AQ3

Short repeat expansion disorders are usually classified according to whether the repeated sequence is translated into a protein
product or whether the repeat lies outside a coding region
(Table 1). Disease-associated repeat expansions in intronic,
UTR or regulatory sequences are typically longer than those
found in coding sequences and can result in alterations in gene
expression and splicing patterns or affect transcript stability
[14–16].
In the majority of known STR-associated diseases (STRDs),
the expansion resides in a protein coding region and generally
results in the expression of an aberrant protein with expanded
polyglutamine tracts. These expanded polyglutamine proteins
have effects on several molecular pathways, including vesicle
trafficking, lipid metabolism, mitochondrial dysfunction [17],
autophagy [18] and transcription [19] and result in systemic
toxicity in selected areas of the brain by mechanisms that are
still poorly understood. HD represents an archetype; unaffected
individuals typically exhibit 6–29 CAG triplets in each allele of
the HTT gene; yet, in patients with HD, the disease allele may
contain from 36 to hundreds of CAG triplets. Pathological HTT
STR lengths lead to aberrant properties, which cause the death
of neurons controlling movement [20].
mRNA products carrying expanded repeats are also known to
aggregate into nuclear RNA foci [21]. These are dynamic, proteincontaining structures that are hallmarks of myotonic dystrophy
and may play important roles in other RNA-toxic disorders [22].
The mechanisms of toxic RNA-mediated pathogenesis are, as
yet, poorly understood. However, the effects of RNA toxicity
are likely to be similar to those induced by protein-induced
toxicity and include transcriptional alterations, sequestration of
mRNA-associated protein complexes, aberrant mRNA splicing

and processing, abnormal signaling cascades and failure of protein quality control pathways [17]. Accordingly, it is possible that
some repeat expansions in coding regions also exert effects at
the level of gene expression regulation.

Dynamics and mechanisms of repeat expansion
While STR length distributions in healthy individuals can vary
between human populations [23], all the TNR disorders are associated with genetic anticipation, wherein earlier onset of disease
in successive generations of families is caused by germline
expansion of the repeat. Indeed, the correlation between the
length of the parental disease tract and the onset of the disease
in the progeny is so strong that repeat length is often used diagnostically to predict the time of onset and the likely progression
of the disease [24, 25].
While, on average, the relationship between TNR length and
age of disease onset is highly significant, a certain degree of
variability is observed between individuals with equal repeat
lengths. For example, in HD, the same repeat length can be
associated with a 4-fold range of disease onset (18–80 years of
age) [24]. This variability might suggest the existence of additional genetic modifiers, beyond the expansion of STRs. Consequently, the search for possible genetic or epigenetic cofactors
that could modulate the onset of STRDs has gained significant
attention [26, 27]. However, to date, the most reliable predictor
of the age of onset remains the expanded repeat tract length
itself.
During the last decade, somatic variations in repeat copy
number have also been measured in most human STRDs and in
their corresponding mouse models [28–31]. In HD, for example,
pathophysiology is so dependent on the size of the inherited
repeat that growth by a single CAG can reduce the age of onset
of an affected patient by 5 years on average. Moreover, some of
the somatic CAG repeat expansions in the HD brain far exceed
those that are inherited. Heterogeneous expansions of up to
thousands of triplets have been documented in the striatum, the
most vulnerable region of the brain [32].
A growing body of evidence suggests that the homogeneity
of the repeated tract increases the mutability of STR alleles;
indeed, alleles that contain one to three point mutations, or
interruptions, interspersed within a perfect repeat tract have
been reported to be more stable than alleles formed solely by
perfect repeats [33–36].
Molecular models for the stabilizing effect of interruptions
include the idea that they provide an anchoring point, which
should facilitate the proper alignment of the two strands of the
duplex, thus preventing polymerase slippage during DNA replication [36]. Alternatively, interruptions may reduce the thermodynamic stability of DNA hairpins that are thought to be important intermediates in the expansion process [37]. Another possibility is that interruptions stabilize STRs by fragmenting perfect
repeat stretches into subunits, smaller in size than the minimum length required for repeat expansion. Expansions would
occur only if the perfect repeat regions could lengthen beyond
a threshold size, as has been suggested for fragile X [38]. In vitro,
interruptions have been shown to decrease formation of slippedstrand DNA (S-DNA) structures and also to limit the number of
different S-DNA isomers [36], which is consistent with the idea
that interruptions somehow physically bound the extension of
perfect repeats.
In any case, expansion frequency consistently increases with
the length of the repeated CGG [39], CAG [40], CTG [41] and GAA
[42] tracts.
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Table 1. List of pathological conditions associated with STR expansions. Full name: full name of the pathological con dition. Abbreviation:
acronym and OMIM identifier of the disease. Motif: sequence of the repeated element. Repeat location: genomic location of the STR: intron,
UTR or coding exon. Inheritance: mechanism of transmission of the diseases: AD, autosomal dominant; AR, autosomal recessive; XLD, X-linked
dominant; XLS, X-linked recessive. Pathogenic allele size: size range of the pathogenic allele. Physiological allele size: size range of the allele in
unaffected individuals
Abbreviation

Full name

Gene

Motif

Repeat
location

Inheritance

Pathogenic
allele size
(bp)

DRPLA

Dentatorubropallidoluysian atrophy
(MIM: 125370)
Huntington disease
(MIM: 143100)
Oculopharyngeal
muscular dystrophy
(MIM: 164300)
Spinal and bulbar
muscular atrophy (MIM:
313200)
Spinocerebellar ataxia 1
(MIM: 164400)
Spinocerebellar ataxia 2
(MIM: 183090)
Spinocerebellar ataxia 3
(MIM: 109150)
Spinocerebellar ataxia 6
(MIM: 183086)
Spinocerebellar ataxia 7
(MIM: 164500)
Spinocerebellar ataxia 8
(MIM: 603680)
Spinocerebellar ataxia
17 (MIM: 607136)
Epileptic
encephalopathy, early
infantile, 1 (MIM: 308350)
Blepharophimosis,
epicanthus inversus and
ptosis (MIM: 110100)
Cleidocranial dysplasia
(MIM: 119600)
Central hypoventilation
syndrome (MIM: 209880)
Hand-foot-uterus
syndrome (MIM: 140000)
Myotonic dystrophy 2
(MIM: 602668)
Friedreich ataxia (MIM:
229300)
Huntington disease-like
2 (MIM: 606438)
Spinocerebellar ataxia
10 (MIM: 603516)
Spinocerebellar ataxia
12 (MIM: 604326)
Spinocerebellar ataxia
36 (MIM: 614153)
Frontotemporal
dementia and/or
amyotrophic lateral
sclerosis 1 (MIM: 105550)

ATN1 (MIM: 607462)

CAG

Coding exon

AD

≥48

HTT (MIM: 613004)

CAG

Coding exon

AD

≥40

PABPN1 (MIM: 602279)

GCN

Coding exon

AD

≥12

AR (MIM: 313700)

CAG

Coding exon

XLR

≥36

ATXN1 (MIM: 601556)

CAG

Coding exon

AD

≥39

ATXN2 (MIM: 601517)

CAG

Coding exon

AD

≥33

ATXN3 (MIM: 607047)

CAG

Coding exon

AD

≥60

CACNA1A (MIM: 601011)

CAG

Coding exon

AD

≥20

ATXN7 (MIM: 607640)

CAG

Coding exon

AD

≥34

ATXN8OS (MIM: 603680)

CTG/CAG

Coding exon

AD

≥80

TBP (MIM: 600075)

CAG

Coding exon

AD

≥43

ARX (MIM: 300382)

GCG

Coding exon

XLR

≥20

FOXL2 (MIM: 605597)

GCN

Coding exon

AD

≥19

RUNX2 (MIM: 600211)

GCN

Coding exon

AD

≥27

PHOX2B (MIM: 603851)

GCN

Coding exon

AD

≥24

HOXA13 (MIM: 142959)

GCN

Coding exon

AD

≥22

ZNF9 (MIM: 116955)

CCTG

Intron

AD

≥75

FXN (MIM: 606829)

GAA

Intron

AR

≥66

JPH3 (MIM: 605268)

CTG

Intron

AD

≥40

ATXN10 (MIM: 611150)

ATTCT

Intron

AD

≥800

PPP2R2B (MIM: 604325)

GCT

Intron

AD

≥51

NOP56 (MIM: 614154)

GGCCTG

Intron

AD

≥650

C9ORF72 (MIM: 614260)

GGGCCC

Intron

AD

≥2000

HD
OPMD

SBMA

SCA1
SCA2
SCA3
SCA6
SCA7
SCA8
SCA17
EIEE1

BPES

CCD
CCHS
HFG
DM2
FRDA
HDL
SCA10
SCA12
SCA36
FTDALS1

Continued
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Table 1. (continued)
Abbreviation

Full name

Gene

Motif

ULD

Unverricht–Lundborg
Disease (MIM: 254800)
Myotonic dystrophy 1
(MIM: 160900)
Fragile X-associated
tremor/ataxia syndrome
(MIM: 300623)
Fragile X syndrome
(MIM: 300624)
Mental retardation,
FRAXE type (MIM:
309548)

CSTB (MIM: 601145)

DM1
FXTAS

FXS
FRAXE

Inheritance

Pathogenic
allele size
(bp)

CCCCGCCCCGCG Promoter

AR

≥30

DMPK (MIM: 605377)

CTG

3’ UTR

AD

≥50

FMR1b (MIM: 309550)

CGG

5’ UTR

XLD

≥55

FMR1b (MIM: 309550)

CGG

5’ UTR

XLD

≥200

FMR2 (MIM: 300806)

GCC

5’ UTR

XLR

≥200

Measurement of repeat size and challenges in diagnostics
The measurement of STR expansion sizes is difficult, and
although some approaches are now well established, the
development of methods for the accurate quantification of STR
size was not trivial. Estimation of repeat size by conventional
polymerase chain reaction (PCR) gives rise to multiple shadow
bands [43], making accurate measurement unfeasible. Subsequently, a small pool PCR (SP-PCR) [44], which provides a method
to precisely quantify the frequency of the repeat length changes,
was developed. This method has been valuable in assessing the
variability of expansion in blood, sperm and somatic cells from
human patients and mouse samples [45]. However, even today,
longer CGG tracts are measured by Southern blot, since many
polymerases have difficulty in traversing long, heavily CG-rich
tracts of DNA [46]. SP-PCR and Southern blotting can provide
up to 99% accuracy and currently represent the gold standard
for clinical analysis. However, diagnostic identification of repeat
expansions based on these methods can be time-consuming
and costly, as diagnostic laboratories need to refine and optimize
these assays for every different type of repeat expansion.
Moreover, considering the heterogeneity in symptoms, the
variation in penetrance and age of onset as well as the phenotypic overlap between different STRDs or even other genetic
diseases, clinicians are often faced with the problem of identifying the ‘correct’ candidate genes to be subjected to repeat size
estimation analyses.
For example, in up to 50% of individuals with a diagnosis of
ataxia, the condition might be caused by other types of mutation,
such as single-nucleotide variants (SNVs) or short insertions or
deletions (indels). Therefore, sequencing of candidate genes,
either by Sanger sequencing, targeted panel sequencing or
next-generation sequencing (NGS) methods might still be
required [47]. Indeed, only sequencing-based approaches
offer the possibility of characterizing repeat interruptions, a
critical consideration for understanding mechanisms of repeat
expansion.
Detection of STR expansions using 2nd-generation sequencing
technologies
Short-read 2nd-generation sequencing methodologies, such as
the Illumina sequencing platform, are currently widely used in
both research and clinical diagnostic applications [48–55]. However, the limited read lengths associated with these technolo-

Repeat
location

gies hinder their application to the detection of large structural
variants [56], including large insertions, translocations and deletions, which, according to recent studies, account for the largest
fraction of genomic variability between individuals [57]. These
considerations apply also to the detection of larger STR expansions due to problems in read mapping and traversing repeat
segments. Furthermore, allelic mosaicism, due to independent
somatic expansions, is also an important aspect of STRDs [58–
60]. Detection of mosaicism with short-read technologies can be
extremely difficult, because the variable nature of the STR alleles
can lead to distorted and multimodal expansion signals.
Typical Illumina HiSeq X data consist of paired reads, which
are often 150 bp in length, while standard library preparation
methodologies generate library inserts of up to 350 bp. Therefore,
standard clinical diagnostic pipelines based on this type of data
focus on the identification of SNVs and indels that are shorter
than 50 bp in size [61].
Notwithstanding these limitations, several bioinformatics
tools for the inference of complex structural rearrangements
from short-read sequencing data have been developed in recent
years [62–66]. Although these tools, which are the subject of a
comprehensive recent review [62], have enabled the detection
of a fraction of the ‘human variome’, which was previously
deemed inaccessible to short-read sequencing technologies,
their performance still does not meet the minimum standards
required for clinical diagnostics in terms of sensitivity and
specificity [67, 68], furthermore an unsatisfactory overall
agreement is observed when multiple methods are applied [69].

Detection of STR expansions by long-read sequencing
Long-read single-molecule sequencing technologies, such as the
Pacific Biosciences SMRT [70] and Oxford Nanopore Technologies
(ONT) [71] platforms, are rapidly becoming popular and attracting significant interest for the development and improvement
of bioinformatics analysis workflows optimized for the study of
expanded STRs associated with pathological conditions. Since
the reported read lengths are in the order of tens of thousands
of bases, long-read sequencing platforms should be perfectly
capable of sequencing through expanded STRs loci. This is particularly useful for complex expanded alleles where the germinal repeat may have undergone multiple expansion events and
which can be accurately detected neither by short-read based
methods nor by currently available wet-lab diagnostic methods.
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Table 2. List of studies using single-molecule sequencing of expanded STRs. Study: reference paper for the study. Genes: genes sequenced in
the study. Diseases: diseases associated with expansion of STRs in the sequenced genes. Sequencing technology: single-molecule sequencing
technology used in the study: PB PacBio SMRT sequencing, ONT sequencing. Bioinformatics workflow: brief outline of the strategy used for
data analyses. Pathogenic allele size: size of the pathogenic allele. ∗ Pathological condition is not associated with expansion or contraction of
the allele, but with a 1 bp frameshift insertion in the repeat region
Study

Gene(s)

Disease(s)

Sequencing
technology

Bioinformatics workflow

Pathogenic
allele size (bp)

Hoijer et al.

HTT, FMR1,
ATXN10, C9orf72

HD, Fragile X syndrome,
SCA10,amyotrophic
lateral sclerosis (ALS)

PB

≥48, ≥200,
≥800, ≥2000

Loomis et al.

FMR1

Fragile X syndrome

PB

Ardui et al.

FMR1

Fragile X ataxia

PB

Wenzel et al.

MUC1

ADTKD

PB

Schule et al.

ATNX10

Parkinson

PB

McFarland
et al.

ATNX10

Cerebellar ataxia

PB

Liu et al.

ATXN3

PB

Cumming
et al.

DMPK

Spinocerebellar ataxia
type 3
Myotonic dystrophy

CSS
consensus + statistical
analyses of read length
distribution using a
custom R script
Alignment against a
known consensus
sequence (plasmid
harboring a predefined
number of copies of the
repeat)
Custom assembly
pipeline based on the
Mira [108] assembler
Assembly using custom
algorithm developed in
house
Custom method not
described in paper
Custom pipeline based
on the Allora [109]
assembler
RepeatHMM

≥50

De Roeck
et al.

ABCA7

Alzheimer’s disease
(increased risk)

ONT

Mitsuhashi
et al.

DUX4

Facioscapulohumeral
muscular dystrophy

ONT

Alignment with BWA
[110] and manual
visualization with the
Tablet [111] software
Tandem
genotypes + improved
base caller algorithms
Alignment using the
Last suite + manual
consensus

ONT sequencing has the additional advantage of having no GC
content-mediated coverage bias as no DNA polymerization step
is employed [72].
At the present time, the major limitation of long-read
sequencing technologies is their relatively high error rates (in
the order of ∼10%–15%), and further work will be required in
order to develop methods able to accurately reconstruct both
sequence and size of expanded STRs. This notwithstanding,
several recent studies [73–82] have successfully applied longread-based technologies to the detection of STR expansions in
clinical settings (summarized in Table 2).
In the following sections, we will provide a brief account of
these studies, along with a critical assessment of the methods
used therein. Moreover, we provide a proof of concept analysis
to demonstrate the performance of state-of-the-art tools for the
reconstruction of alleles carrying large STR expansions from
long-read single-molecule sequencing data.
PacBio-based studies
The PacBio SMRT platform utilizes a sequencing-by-synthesis
approach in which polymerases incorporate fluorescently

PB

≥200

≥200

60∗

≥800
≥800

≥60

≥5.5 Kb

≤23,1 Kb

labeled nucleotides to single-DNA molecules and the fluorescent
signals are recorded in real time by a camera (see Ref. [83] for a
comprehensive overview of the PacBio sequencing technology).
In addition to fewer but longer reads, SMRT sequencing data
differ from most short-read sequencing technologies in several
aspects. First, read length is not set, but a distribution of reads
of different sizes is generated. Second, sequencing turnaround
times are very rapid, which is appealing in a diagnostic setting.
Third, a limited number of very long (>100 kb) reads are typically
observed, resulting in a long tail distribution of read lengths.
Fourth, since there is no need for amplification during the library
preparation and sequencing, GC-skew biases are nearly absent.
Finally, raw PacBio error profiles vary with respect to short reads;
indels are more common than mismatches, and the overall error
rate for subreads is considerably higher (∼13%–15%) than for
2nd-generation sequencing platforms (∼0.0001%).
However, errors are also distributed relatively evenly across
the reads, and their association with the sequence composition context is minimal [70, 83–84]. The random nature of the
error profile enables the generation of highly accurate consensus sequences (>99%) when adequate coverage (>15×) is
available.

AQ4
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To increase accuracy, the PacBio platform uses a circular
DNA template by ligating hairpin adaptors to both ends of target double-stranded DNA. As the polymerase repeatedly traverses and replicates the circular molecule, the DNA template
is sequenced multiple times to generate a continuous long read
(CLR). The CLR can be split into multiple reads (‘subreads’) by
removing adapter sequences, and multiple subreads generate
circular consensus sequence reads with higher accuracy.
A recent study by Guiblet et al. [85] challenges the idea that
PacBio sequencing errors are completely randomly distributed
and suggests increased error rates in the presence of complex
DNA secondary structures. Authors report significant alterations
in the polymerization kinetics and significantly increased error
rates in PacBio reads at genomic loci associated with non-B DNA.
In particular, polymerization speed was significantly reduced
in the presence of G4 forming elements, resulting in decreased
levels of coverage and increased error rate. Interestingly, the
authors also report that at STRs the kinetics of polymerization
are altered in a length- and sequence-dependent manner, with a
periodic variation that was dependent on the length of the repeat
unit, suggesting a polymerase slippage effect. At present, it is not
completely clear whether these systematic sequencing biases
have any effect on the final accuracy of consensus sequences
obtained from PacBio reads.
In practice, due to the high error rate and size of the reads,
error correction strategies based purely on the iterative alignment of PacBio data are usually very demanding from a computational point of view. Indeed, error correction is at present
the most demanding step in any genome assembly project based
purely on PacBio data [83, 84]. For this reason, alternative strategies and algorithms for the error correction of PacBio reads based
on the alignment with short reads (i.e. Illumina) have also been
developed [70, 83, 84].
In 2013, the FMR1 CGG repeat became the first tandem repeat
to be studied using SMRT sequencing [74]. Healthy individuals
harbor around 30 units of the repeat, which are interrupted
by one or two AGG units. An expansion of the repeat to more
than 200 units causes fragile X syndrome, one of the most
frequent causes of inherited intellectual disability and autism.
Interestingly, disease expansions occur principally during
maternal transmission or, in very rare cases, through postzygotic
somatic expansion [86, 87]. Risk alleles are characterized by
increased repeat size and fewer AGG interruptions [36]. The
extreme length and the essentially 100% GC content made
these repeats difficult to address with Sanger and short-read
sequencing. Loomis et al. [74] reported the first SMRT-based
sequence of a PCR amplified, mutated FMR1 allele of 750 units,
for a total size of c.a. 2 kb of high GC and repetitive content.
Notably, SMRT sequencing of the repeat was demonstrated to
allow the characterization of repeat size, the detection of the
number of interrupting AGG units and their position along
the repeat [74, 75]. A significant advantage of this approach
is the possibility of characterizing the two 2 kb repeats on
the two X chromosomes of females, which is not feasible by
other (PCR-based) approaches. Approaches based on SMRT
sequencing have also been considered for genetic counseling
of women concerned about the risk of having a child with
FXS [88].
Spinocerebellar ataxia type 10 is caused by the expansion
of an ATTCT repeat embedded in intron 9 of the SCA10 gene.
Pathogenic SCA10 alleles range from 400 to 4500 repeats, with
a mean expansion size of 2071 repeats. While the expansion
was originally assumed to consist of a pure repeat sequence,
subsequent studies have identified interruption motifs at the 5

and 3 ends of the SCA10 expansion in a subset of SCA10 patients
[7, 11]. In 2015, McFarland et al. reconstructed the first sequences
of SCA10 pathogenic alleles using PacBio SMRT sequencing [78].
Three affected patients considered in this study showed differing clinical presentations and relatively short SCA10 expansions
(1200, 844 and 800 pentanucleotide repeat units). A ‘targeted’
approach was adopted to increase the amount of input DNA
available for library construction: SCA10 was PCR amplified,
and the resulting PCR products were cloned into a linear vector in Escherichia coli. Reconstruction of the repeat sequence
(and size) was performed by de novo assembly of the reads,
coupled with iterative runs of alignment for the polishing of
the assembly. Interestingly, the authors report that, beyond the
typical ATTCT motif, all three subjects had varying degrees of
interrupting motifs. Some of these interruption motifs were
found exclusively in one subject. Since then, besides additional
FMR1 studies and diagnostic implementation, PacBio sequencing has rapidly gained popularity for the clinical study of STR
expansions and has been applied to the analysis of several
medically relevant tandem repeats linked to disease-associated
genes, such as those in DM1 (myotonic dystrophy), C9orf72 (amyotrophic lateral sclerosis) and HTT (HD) [73, 77, 80, 81]. Interestingly, PacBio sequencing was also employed to locate the
position of a putatively causal single-base insertion within a
repeat in MUC1, the gene implicated in autosomal dominant
tubulointerstitial kidney disease [89].
While the aforementioned studies employed PCR, novel
amplification-free enrichment strategies are currently under
development. The first amplification-free method, presented by
Pham et al. [90], is based on type IIS restriction enzyme digestion.
Customized hairpin adapters designed to anneal at the targeted
digest overhangs are used in conjunction with a ‘capture-hook’
method in order to enrich for the target sequences. A second,
more recent method [73, 91], named no-amplification (No-Amp)
targeted sequencing, is based on restriction enzyme digestion
followed by cleavage of SMRT bells containing the target of
interest using the CRISPR/Cas9 system. By ligating a specific
capture adapter at the CRISPR/Cas9 DNA cleavage sites, the
SMRT bell molecules of interest can be selectively purified
using magnetic beads targeting the capture adapter. The high
throughput provided by SMRT sequencing enables different
targets (e.g. a CGG repeat in FMR1, a GGGGCC repeat in C9orf72,
the HTT CAG repeat, the ATTCT repeat in SCA10) from a singleDNA sample to be simultaneously enriched and sequenced
in a single run. The combination of amplification-free target
enrichment with SMRT sequencing provides a powerful tool for
studying repetitive sequences and/or regions with extreme GC
content.
More recently, No-Amp targeted sequencing was applied to
the study of STR lengths in the HTT, FMR1, ATXN10 and C9orf72
genes of 11 individuals who had previously undergone HD diagnostics and five well-characterized control samples from the
Coriell CDC Repository [73]. Despite the recovery of a significant
proportion of off-target reads, this approach allowed verifiable
estimation of the size of HTT repeats for both alleles in all
samples.
Besides avoiding amplification biases, these methods capture native DNA and hence—in principle—allow the direct detection of epigenetic marks. In the future, this technique might
be used in diagnostic screening, both for expansions and to
study the methylation status of the FMR1 CGG repeat, both
of which influence the phenotype of FXS [92]. Thus, long-read
technologies can potentially substitute Southern blots with a
faster, more accurate and more informative instrument.
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ONT-based studies
Data produced by ONT platforms have similar levels of accuracy
(error rates in the order of 10%–15%) as those reported for PacBio,
although recent developments in the sequencing kits promise
greater accuracy [92% for single pass reads (1D) and 97% for
double pass consensus reads (2D)]. Similar to PacBio, small indels
of one or two bases in length are the most common types of
error [71, 72]. Although error rates are generally uniform and
independent of sequence (GC) composition, increased error rates
have been observed in homopolymeric regions [93].
At present, ONT offers three different real-time sequencing
platforms, which can accommodate the requirements of different use cases: the MinION, a small portable sequencing device
that produces up to 10 gigabases of sequence data; the Gridion,
a benchtop sequencing system that can generate up to 150 G
of sequence and the PromethION, a large scale high-throughput
system—released in late 2018—that allows the generation of up
to 15 terabases of sequence per run.
ONT sequencing has several characteristics that make it
particularly attractive for the study of STRs. It is based on direct
sensing of nucleotides and does not require DNA polymerization. As such, ONT sequencing suffers less from GC coverage
biases in GC-rich STRs, and nucleotide modifications can potentially be detected directly. Second, there is no technical maximum on read length, and the sequencing quality does not
decay with increasing length. Third, real-time data processing
on ONT devices can lower the turnaround time. Lastly, with the
release of the high-throughput PromethION sequencing platform in 2018, ONT currently offers the most cost-effective option
for whole-genome long-read sequencing. These considerations
notwithstanding, until now, Nanopore sequencing has been used
for the characterization of STR expansions in only a limited
number of studies. However, the recent release of the ultra-highthroughput PromethION system and the associated possibility of
sequencing complete human genomes at a reduced cost suggest
that ONT may soon represent a widely applicable tool for STR
studies in basic and clinical settings.
The application of the ONT sequencing technology to the
determination of the size of a clinically relevant long simple
repeat was first reported in 2017, in a study by Mitsuhashi
and colleagues [82]. Facioscapulohumeral muscular dystrophy
(FSHD) is one of the most prevalent adult-onset muscular
dystrophies and is associated with a contracted subtelomeric
macrosatellite repeat array on chromosome 4q35, called D4Z4
[94]. The D4Z4 repeat unit is 3.3 kb in length and is highly similar
to a subtelomeric repeat on chr10q. Both arrays show 1–100 units
in unaffected individuals, while the length of D4Z4 is reduced to
1–10 units in FSHD patients. Normally, the D4Z4 array is highly
methylated and forms heterochromatin. Shortening of the D4Z4
array causes the derepression of flanking genes as well as DUX4,
located in the last D4Z4 repeat. The ectopic expression of DUX4
is toxic in muscle tissues and is thought to be a causal factor for
FSHD.
In their study, Mitsuhashi et al. [82] applied ONT sequencing
to a BAC clone, containing a D4Z4 repeat with 13 repeated arrays,
with a total size of approximately 50 kb. By using a simple
alignment and consensus method, the authors report a highly
accurate (99.72% identity) consensus sequence of the repeat
array, suggesting that ONT sequencing could be used in isolation
for the reconstruction of expanded (or contracted in this case)
arrays of repeated elements.
More recently, a study by De Roeck et al. [81] employed the
PromethION platform to completely sequence the genomes of
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11 individuals. An accurate investigation of the variable number
tandem repeat (VNTR) of the ABCA7 gene is also presented as
a proof of concept for the application of ONT to the study of
simple repeat expansions. The VNTR tract of the ABCA7 consists
of multiple arrays of a basic repeat unit of 25 bp in length, which
can be interspersed by slightly variable sequences. The first two
nucleotides (GT) of this VNTR correspond to the canonical splice
donor of exon 18. The size of this repeat array has been reported
to be highly variable in the human population, with normal
allele sizes ranging from 0.5 to 5 kb. Expansion of the allele
to more than 5.8 kb has been reported (by the same authors)
to be strongly associated with an increased risk of developing
Alzheimer’s disease.
In their study, De Roeck et al. [81] used the Tandem genotypes algorithm (see below) to compare the accuracy attained
in sizing the VNTR repeat when using reads generated by different base calling algorithms currently available for the ONT
sequencing technology: Albacore, the most commonly used base
caller; Scrappie, a developmental base caller provided by ONT
and Nanospace, a novel base calling algorithm developed by
the authors specifically to accommodate long, low-complexity
repetitive sequences. Accuracy of the estimated repeat sizes
is derived by comparison with measurements obtained on the
same individuals by Southern blotting. Although, in general,
good performances are observed for all the base callers considered in the study—indicating that ONT data can be effective for
the accurate reconstruction of long low-complexity repeat—the
authors highlight a significant improvement when reads were
called by the Nanospace tool—suggesting that the development
and optimization of dedicated variant caller algorithms can
provide additional improvements in the characterization of STR
expansions.
Bioinformatics methods for the detection of STR expansions
While various library preparation methods for capture or isolation of STR expansions for single-molecule sequencing platforms are becoming increasingly popular, bioinformatics tools
specifically designed for the analysis of the resulting sequence
data are still in their infancy, and unfortunately, there is, as
yet, no general consensus or gold standard analytical strategy.
Indeed, in the majority of the studies reported in Table 2, bioinformatics analyses have been performed by applying custom
pipelines and workflows that were designed and developed ad
hoc. While the bioinformatics pipelines employed in these studies use different tools and algorithms, preventing meaningful
comparisons between the results attained and somewhat limiting the reproducibility of the results, the majority of the studies
described herein are based on a conceptually similar approach,
consisting of deriving a consensus sequence (or sequences in the
case of heterozygous individuals) from the reads spanning the
repeat. This general strategy can be summarized as follows:
1. Gapped alignment of reads to the repeat flanking sequences
is used to filter out possible off target reads.
2. A consensus sequence is formed from the on-target reads.
This consensus is built either by assembly of the reads followed by iterative error correction, or by using dedicated
bioinformatics tools for the analysis of alignments to a reference sequence and estimation of the size of the repeat array.
Alignment-based tools apply sophisticated probabilistic
methods in order to reconstruct the most likely alleles of the
target gene. These methods consider only reads that span the
target sequence completely from end to end. In PacmonStr [96],
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uniquely mapped reads spanning STR intervals on the reference
are selected. Subsequently, a modified Needleman–Wunsch
alignment algorithm is applied to identify STR boundaries and
provide a first estimate of STR multiplicity. The identified STR
intervals are then processed using a pair hidden Markov model
(HMM) to identify the most likely number of alternative STR
alleles and to determine the zygosity.
RepeatHMM [79] takes a set of reads as input. Alignments
between the reads and the target region are refined using a
‘split-and-alignment’ strategy, where local realignment is used
to identify reads that span STRs and to optimize their mutual
alignment. Error correction is performed by comparing the reads
to an in silico constructed template with perfect repeats. Finally,
an HMM and a peak calling algorithm based on a Gaussian
mixture model are used to infer alternative alleles (if any) and
their respective size. Error parameters of the sequencing experiments and profiles of the STRs, specific for each gene of interest,
can be specified by users, allowing optimization of the HMM
model.
The Tandem genotypes tool developed by Mitsuhashi et al.
[95] is also based on a similar approach, relying on processing of
alignments between long reads spanning an STR locus and a reference genome. This method, which relies on the LAST program
[96] to align reads to the reference, employs a two-step approach.
First, rates of insertion, deletion and substitution are estimated
from the initial alignments and used in an iterative process to
further optimize alignments. Second, a series of ad hoc filters
are applied to infer the most likely size of the repeat. Although
conceptually simple, this method has been demonstrated to be
effective in the determination of STR sizes from both ONT and
PacBio data. The final output of Tandem genotypes consists of
a list of reads spanning the repeat and their estimated size; no
postprocessing step is applied in order to infer the most likely
genotypes or the zygosity of the sample.
More recently, a method devised specifically for the analysis
of relatively short (up to 100–200 repeat units) using No-Amp
targeted sequencing data was proposed by Hoijer et al. [73]. This
approach takes advantage of the improved accuracy of CSS
PacBio reads in order to derive possible repeat expansion profiles
at the read level. Briefly, the method identifies on-target reads,
extracts the repeat element, counts the number of repeat units
for each of the alleles and visualizes the results. The program
also performs an optional error correction that removes singlebase indels within the repeats. The main output consists of a
graphical visualization of the repeat expansion profile, where
repeat allele size and somatic expansions can be inferred. No
statistical support or P-value for the estimation of the repeat size
or for the detection of somatic expansions is provided.
Approaches based on the analysis of individual reads, such as
those described above, offer two potential advantages over those
that aim to reconstruct a consensus assembled sequence: (1)
There is no need for assembly of the reads (a lengthy and difficult
process that might require several iterations for the optimization
of the parameters). (2) By studying the individual profiles of STR
expansions on single reads, these methods offer—in principle—
the possibility of detecting somatic expansions, which are a
major source of variability in STRDs. However, the high error
rates and the availability of a limited number of ‘spanning’ reads
(usually in the order of a few hundreds) potentially limit their
applicability.
Several studies (Table 2) have used assembly-based strategies
to directly reconstruct the sequence of expanded alleles. All
these studies use a conceptually similar approach wherein—
similarly to alignment based methods—reads are aligned to one

or more target regions to identify candidate reads that encompass genomic loci of interest. Candidate reads are subsequently
subjected to de novo assembly using an assembly algorithm of
choice. Independent of the assembly algorithm and parameters
used for the assembly—which were tuned according to the
presumed size of the expanded repeat—all the ‘assembly-based’
studies reported in Table 2 concur in reporting the successful
complete assembly of one or more expanded alleles.
Compared to methods based on the processing of aligned
reads, this is probably the main advantage of assembly-based
strategies. Indeed the availability of a complete sequence of
an expanded allele—compared to an (even potentially accurate)
estimate of its size—offers the possibility of performing studies of somatic repeat variation and/or the identification of the
precise extent and location of interrupting sequences and thus
provide insights required for the study of mechanisms of repeat
variation and expansion.
This notwithstanding, assembly-based methods have several
limitations with respect to alignment-based strategies. The first
and most obvious is that, in the light of the high error rate of
single-molecule sequencing technologies, a relatively high level
of coverage of the targeted locus is required (ideally 20× or more),
which is not always feasible. Moreover, despite the availability
of sophisticated tools for the assembly of polyploid/nonhaploid genomes as phased haplotypes (FalconUnzip), recent studies (https://www.biorxiv.org/content/10.1101/262196v1) suggest
that the levels of accuracy attained are not yet sufficient for clinical applications, limiting their applicability to study of somatic
variation (see Ref. [99], for a critical review).

Error profiles of single-molecule sequencing technologies in highly
repetitive regions of the genome
One recent study challenges the idea that error profiles
of single-molecule sequencing technologies are completely
unbiased and demonstrate systematic sequencing errors, which
are probably caused by local, non-B DNA structures [85]. To
investigate whether error profiles of single-molecule sequencing
technologies are affected by highly repetitive sequences, we
have taken advantage of publicly available human genome
resequencing data in order to compare error profiles of the
SMRT and ONT sequencing technologies at nonrepetitive and
highly repetitive genomic loci, including short microsatellites
(microsatellites annotated as shorter than 1 kb in size), ‘long
repeats’ (microsatellites larger than 1 kb), STRs known to
be associated with pathological conditions and nonrepetitive
regions of the genome (defined here as coding exons of
single copy protein coding genes). Sequencing data for the
platinum human genome NA12878 were obtained from two
recent whole-genome resequencing projects, which aimed to
demonstrate the accuracy and contiguity of de novo assemblies
of a human genome based purely on PacBio [100] and ONT
[101] technologies. The data sets were downloaded as aligned
bam files, from ftp://ftp-trace.ncbi.nlm.nih.gov/giab/ftp/data/
NA12878/NA12878_PacBio_MtSinai/sorted_final_merged.bam
and
https://github.com/nanopore-wgs-consortium/NA12878
respectively for PacBio and ONT. A total of 19,998,853 and
14,183,584 reads were recovered representing 44× and 30×
coverage for PacBio and ONT, respectively. The read length N50
values were 11 kb for PacBio and 10.6 kb for ONT. Annotation
of microsatellites and coding exons, for the hg38 version of
the reference human genome assembly, were obtained from
the UCSC genome browser at http://hgdownload.cse.ucsc.edu/
goldenPath/hg38/bigZips/.
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For short microsatellites, long microsatellites and nonrepetitive regions, 1000 independent loci were sampled along the
genome, and error profiles were established directly by inspecting the alignments, after removing known polymorphic sites as
defined by the high-confidence variant call set by Eberle et al.
[102]. Error profiles of disease-associated STRs were determined
by analyzing repeat elements of the causative loci.
Neither technology exhibited significant differences in
mismatch error rates between repetitive and nonrepetitive
sequence contexts (Mann–Whitney–Wilcoxon P-value of 0.18
and 0.35 for PacBio and ONT, respectively) (Supplementary
Figure S1). Although some limited perturbations were observed
(Figure 1A and B), no significant difference was recovered
between the indel error profiles of ONT reads at repetitive
and nonrepetitive regions, according to the Mann–Whitney–
Wilcoxon test, although a mild, yet statistically significant
(Wilcoxon P-value of ≤1e−6) enrichment of deletion with respect
to insertion errors was observed for ONT data in all sequence
contexts.
However, for PacBio data, a moderate but significant (Mann–
Whitney–Wilcoxon P-value of ≤1e−12) increase of both insertion
and deletion error rates is observed in repetitive sequences
(Figure 1C and D). Importantly, these alterations are not affected
by the length of the repeats, as similar patterns (Mann–Whitney–
Wilcoxon P-value of 0.65) are observed both for long and short
microsatellites. In all sequence contexts, PacBio reads show systematic and statistically significant 2-fold enrichment of insertion with respect to deletion errors (P-value of ≤1e−12 according
to the Wilcoxon test).

Evaluation of current bioinformatics methods for the
characterization of expanded STR alleles with long-read data

AQ7

As discussed previously, while three different dedicated bioinformatics tools (PacMonSTR, Tandem genotypes and RepeatHMM)
are currently available for the reconstruction of STR alleles from
SMS data by alignment of reads to a reference sequence, no standalone workflow for the same objective based on read assembly
is available at the time of writing.
Indeed, studies using read assembly to reconstruct STR alleles have employed different assemblers executed with different
parameters, preventing meaningful comparison of the results
attained. To allow a naïve but more direct comparison between
assembly and alignment approaches and between ONT and
PacBio data, we applied a single long-read assembler, Canu [103],
which has been used in over 400 de novo genome assembly
projects, demonstrating high levels of accuracy [104], and each
of the three currently available alignment-based tools: to both
simulated and real expanded repeat data.
For the simulations, 11 genomic loci associated with STRDs
were arbitrarily selected in order to represent different types
of expanded alleles. These loci, which are reported in Table 3,
contain repeat units of different length (tri and tetra nucleotide)
and composition (different sequence of the repeated unit) but
also repeats associated with different types of genomic elements (coding and noncoding exons as well as intronic regions).
For each locus, the repeat and 30 kb (±15 kb upstream and
downstream of the target region) flanking nucleotides were
extracted from the reference hg38 human assembly. A custom
Python script was used to expand the repeat region in silico to
50, 100, 200, 400, 800 or 1000 repeat units. PacBio reads were
simulated with SimLoRD [105] using a custom error rate model
derived from our previous analyses of error profiles at highly
repetitive genomic loci. Simulated ONT reads were produced
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using DeepSimulator [106], again incorporating our empirical
error models from repetitive regions. In both cases, the average
read length was fixed to 10 000 bases and the coverage depth
was approximately 100×.
All the methods considered were able to correctly identify all
of the expanded alleles on simulated data, suggesting that, in
the presence of an adequate number of repeat spanning reads,
all these methods can detect expansions of different sizes at
different types of genomic loci with perfect sensitivity.
The accuracy of estimates were summarized with a modified
coefficient of variation (CV), where the root-mean-square error
of estimated repeat size for the 12 loci included was divided by
the actual size of the simulated expansion and expressed as a
percentage (Table 4) or as the average error into the number of
estimated repeats (Supplementary Table S1). A two-tailed Mann–
Whitney–Wilcoxon test was used in order to compare results
from different bioinformatics approaches (Supplementary Table
S1), levels of coverage (Supplementary Table S2) and sequencing
technologies (Supplementary Table S3).
As outlined in Figure 2, in our simulations, workflows based
on the RepeatHMM tool displayed the lowest error in the estimation of repeat sizes (Table 4 and Supplementary Table S4),
showing a significant reduction in CV (Wilcoxon test P-value of
≤1e−08 and ≤1e−04, respectively) with respect to Tandem genotypes and PacmonSTR (Supplementary Table S1). Other than at
low levels of coverage (see below), differences between the CV
of RepeatHMM and Canu were not significant, suggesting that
a basic assembly-based approach can attain levels of accuracy
that are comparable with the most sensitive alignment-based
method. Predictions obtained by PacMonSTR were consistently
less accurate than those recovered by other methods (P-values
consistently ≤1e04) while, in general, Tandem genotypes produced intermediate results.
With simulated data, while alignment-based methods were
relatively insensitive to variation in read coverage, the assemblybased approach performed significantly worse at the lowest
sequencing depth (10×) with ONT, but not PacBio reads (Supplementary Table S2); indeed, this experimental condition was
the only one where any methods showed significant differences
between ONT and PacBio simulated data (Supplementary Table
S3). No significant difference between the CV distribution of the
11 loci included in our simulation was observed either for simulated ONT and PacBio reads (Supplementary Table S5). Thus,
our simulations suggest that both ONT and PacBio data can
be usefully employed for the study of expanded repeat alleles.
Moreover, our analyses suggest that the moderate error profile
biases observed in our analyses of real data are unlikely to have
a major impact on the accuracy of repeat length estimations.
Liu et al. [79] amplified, sized by capillary electrophoresis and
sequenced (PacBio) both alleles of the SCA3 CAG repeat array of
20 ATXN3 patients and five healthy controls as part of the study
where they introduced the RepeatHMM tool (NCBI BioProject
PRJNA379845). The data consist of raw reads (not converted to
circular consensus sequences), and coverage varies from 6915
reads per sample to over 21 000 reads per sample. We chose to
use these data to compare bioinformatics tools as the number
of individuals tested was reasonably high, reliable genotyping of
all individuals was performed and there is a variety of different
expansion lengths (repeat lengths vary from 14 to 89 units).
Accordingly, the scenario most closely corresponds to the highcoverage cases with 50 or 100 repeat units in the simulated
experiments presented previously.
In the case of real data for the Canu analysis, only scaffolds
that were derived from a consistent number of reads (five or
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Figure 1. Boxplots of insertion and deletion error rates of single-molecule sequencing technologies in different genomic contexts. Rates of insertion and deletion errors
are represented in the form of boxplots. Different colors are used to highlight different sequencing technologies (purple: ONT, orange: PacBio). Dotted lines are used to
indicate the median CV of nonrepetitive genomic sequence and to facilitate the comparison with STR-associated regions. Disease STR: STRs associated with human
diseases, Large STR: long microsatellites (microsatellites larger than 1 kb in the hg38 assembly of the human genome), Small STR: short microsatellites (microsatellites
shorter than 1 kb), Exons: coding exons not associated with microsatellites.

more) covering the region were considered. This step was necessary as a relatively high number of poorly supported scaffolds
(supported by 2.98 reads on average) were observed in all the
assemblies—likely by-products derived from low-quality reads.

Results obtained from the analyses of real data (Table 5
and Supplementary Table S6) are completely consistent with
those derived from our simulations, and coefficients of
variation recovered were remarkably similar to those obtained
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Table 3. Genomic regions used for the simulation of expanded STRs. Gene: symbol of the gene. Genomic coordinates: genomic coordinates of
the STR on the hg38 human genome reference assembly. Repeat unit: sequence motif of the repeated element. Pathological allele size: size of
the expanded pathogenic allele. Genomic location: genomic location of the STR (intron, UTR or coding exon)
Gene

Genomic coordinates

Repeat unit

Pathological repeat
size

Genomic location

HTT
AFF2
FXN
ATXN
TPOX
AR
DMPK
PPP2R2B
FMR1B
ATXN8OS
CSTB

chr4:3076604-3076666
chrX:147582126-147582212
chr9:71652203-71652221
chr3:63898362-63898391
chr2:1493422-1493456
chrX:66765160-66765228
chr19:46273463-46273522
chr5:146258292-146258322
chrX:146993569-146993628
chr13:70713483-70713560
chr21:45196320-45196365

CAG
CCG
GAA
CAG
TGAA
CAG
CTG
CAG
CGG
CTA/CTG
CCCCGCCCCGCG

62
85
18
39
34
68
50
51
55/200
80
30

CDS
5’ UTR
CDS
CDS
Intronic
CDS
3’ UTR
Intronic
5’ UTR
CDS
Promoter

Table 4. CV on simulated data. CV of bioinformatics workflows tested in this study. Levels of coverage (from 10× to 100×) are indicated in the
headers. Sizes of the simulated repeats (in bp) are reported in the first column. Coefficients of variation for estimates by each tool are reported
in the corresponding columns
Deep Simulator ONT
100×

50
100
200
400
800
1000

Canu
3.31
3.60
4.16
4.16
5.79
5.89

50
100
200
400
800
1000

Canu
3.60
3.86
3.81
4.16
5.90
6.00

50
100
200
400
800
1000

Canu
3.51
3.80
3.99
4.20
5.73
6.16

50
100
200
400
800
1000

Canu
6.57
6.40
6.39
6.68
9.61
9.56

RepeatHMM
3.33
3.96
4.15
3.87
4.08
4.57

PacMonstr
8.05
7.58
8.20
8.29
7.52
8.09
50×
RepeatHMM
PacMonstr
3.13
8.17
3.53
8.49
3.97
7.44
4.03
8.60
4.20
7.43
4.55
7.95
30×
RepeatHMM
PacMonstr
3.30
7.42
3.42
7.95
3.66
7.79
3.80
7.24
4.11
7.38
4.65
7.54
10×
RepeatHMM
PacMonstr
3.21
7.59
3.57
8.01
3.78
7.67
3.52
7.43
4.08
7.59
4.32
7.62

Simlord PacBio
100×
Tandem genotypes
4.60
4.59
5.55
5.53
5.53
5.93

50
100
200
400
800
1000

Canu
3.57
3.71
3.68
4.02
5.80
6.01

Tandem genotypes
4.83
4.56
5.32
5.52
5.47
5.43

50
100
200
400
800
1000

Canu
3.48
3.99
3.72
4.16
6.14
6.10

Tandem genotypes
5.09
4.74
4.62
5.42
4.84
5.32

50
100
200
400
800
1000

Canu
3.46
3.74
3.88
4.11
6.02
6.06

Tandem genotypes
4.93
5.27
4.68
4.65
5.59
5.40

50
100
200
400
800
1000

Canu
5.76
3.96
3.80
4.20
6.08
6.03

from simulated data in comparable depth and repeat length
conditions. While all the tools employed detected all the
experimentally validated expansions, the RepeatHMM tool
and the workflow based on Canu were more precise in the
determination of the size of the expanded allele (consistent
with previous observations). Once again, PacMonSTR showed
slightly higher error rates in this setting.

RepeatHMM
3.30
3.48
3.62
3.72
4.00
4.57

PacMonstr
8.39
8.10
8.43
8.28
7.28
7.53
50×
RepeatHMM
PacMonstr
3.27
7.48
3.31
7.95
3.94
8.45
4.41
8.50
4.46
7.87
3.97
7.55
30×
RepeatHMM
PacMonstr
3.38
7.31
3.68
7.38
3.47
7.94
4.04
7.74
4.37
7.78
4.52
7.26
10×
RepeatHMM
PacMonstr
3.24
7.86
3.51
8.27
3.75
8.24
4.05
8.53
4.11
7.26
4.27
8.03

Tandem genotypes
4.63
5.30
4.86
4.63
5.59
5.39
Tandem genotypes
4.86
5.14
4.86
4.74
5.18
5.15
Tandem genotypes
5.02
4.87
4.69
5.42
4.67
4.72
Tandem genotypes
5.45
4.74
5.54
5.32
4.58
5.40

Conclusions and future perspectives
An increasing body of evidence suggests that expansion (and,
in some cases, contraction) of low complexity genomic repeats
might constitute an important source of genetic variability in
humans, which has been previously overlooked [64–66] due to
technical and other limitations.
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Figure 2. Accuracy of bioinformatics tools for estimation of the size of expanded STRs using simulated data. CV (SD of estimated allele size, divided by the actual size
of the simulated expansion) for various bioinformatics workflows. Purple: PacBio, orange: ONT. A dotted line representing a CV of 0.05 (accuracy of 95%) is used to
facilitate the visual comparison. Names of the tools are indicated in their respective panel.

Table 5. CV on real data. Column 1 reports the CV on the Liu et al.
data set for each of the methods considered in the study
Coefficient of variation
PacMonSTR
RepeatHMM
Tandem genotypes
Canu

10.56
2.40
4.17
2.28

Thanks to a substantial increase in the length of sequence
reads, single-molecule sequencing technologies, such as ONT
and SMRT sequencing, are rapidly becoming a de facto standard
for the assembly and annotation of large eukaryotic genomes;
however relatively high error rates, for the time being, limit the
direct application of these technologies in clinical and diagnostic
settings.
The study of diseases associated with large expansions of
simple repeats, where the length of reads is a critical consideration, constitutes a notable exception in this respect. Moreover, reads of increased length assist in haplotype ‘phasing’,
allowing the reconstruction of both alleles at heterozygous loci,
and/or in principle the direct study of patterns of somatic repeat
variation and expansion. This will be particularly useful for
complex expanded and somatic alleles, where the core repeat

may be interrupted multiple times and which cannot be accurately detected through short-read based methods or currently
available wet-lab diagnostic methods.
In the last 5 years, several studies have reported the successful application of single-molecule sequencing for the determination of the size of pathological expanded alleles. Considerations regarding the costs and the complexity of complete de
novo assembly of a human genome from noisy single-molecule
sequencing data have prompted the development of alternative solutions, where sophisticated library preparation strategies were applied to isolate and sequence specific loci of interest. Interestingly, the majority of these studies have adopted
SMRT as the sequencing technology of choice, although this is
probably a reflection of a more general trend that is observed
also, for example, in genome assembly projects [107]. However,
recent improvements in the throughput and accuracy of ONT
sequencers and significant cost reductions may facilitate a shift
in this paradigm in the coming years.
Our reanalyses of publicly available human genome resequencing data suggest that, when adequate levels of coverage
are available, both the SMRT and ONT sequencing technologies
are capable of resolving complex repeats, allowing the reconstruction of accurate consensus sequences for long repetitive
alleles. While we observe some small but systematic alterations
of the error profiles in SMRT reads at highly repetitive genomic
loci, our analyses suggest that these biases are rather limited and
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have no significant effect on the accuracy of inferred consensus
sequences, as demonstrated by analyses of data simulated under
empirically derived, repeat-specific error profiles.
In this review, we have compared all the currently available alignment-based methods for the determination of repeat
size with a custom assembly pipeline using Canu, an accurate
algorithm for the assembly of long single-molecule sequencing
reads. Importantly, all the methods herein tested show high
levels of sensitivity both on real and simulated data, suggesting
that, irrespective of the strategy used for the analysis of the data,
approaches based on single-molecule sequencing technologies
are effective in the detection of expanded pathological alleles.
While our assembly-based workflow showed reduced accuracy in the determination of the size of expanded repeat at
shallow coverage levels with ONT reads, the same does not apply
to alignment-based methods for which we observe no apparent
inverse correlation between coverage and accuracy level. When
sufficient levels of coverage were available, our assembly-based
pipeline attained levels of accuracy that were comparable to
those of RepeatHMM, the best alignment-based method, with
the obvious advantage that a complete representation of the
sequence of the expanded alleles—and not just an estimate
of the repeat size—were obtained. Furthermore, the assemblybased pipeline was able to reconstruct both alleles at heterozygous loci, and the application of simple coverage filters allowed
the identification of low-quality, chimeric and misassembled
contigs.
Taken together, it is clear that the emergence of longread single-molecule sequencing technologies—as well as the
ongoing development of associated bioinformatics tools—
offers unprecedented opportunities in genomics, including,
but not limited to, the possibilities of high-quality de novo
assembly, detection of large structural rearrangements and the
detailed characterization of alternative splicing patterns [70–72].
Furthermore, we are likely on the cusp of realizing a long held
aim, the accurate determination of patterns of tandem repeat
expansion and contraction in clinical and population genetics
settings. These advances will, to some extent, be dependent on
the further development of PCR-free target enrichment methodologies and might be further optimized by the implementation
of alternative bioinformatics approaches. Nevertheless, the
existing power of single-molecule sequencing technologies,
together with the potential for simultaneous characterization of
sequence and associated epigenetic marks, suggest even more
important roles for 3rd-generation sequencing platforms in the
study of tandem repeat diseases.

Key Points
Expansions of STRs near to, or within, protein coding
genes are associated with severe pathological conditions
with debilitating neuromuscular and neurodegenerative
symptoms. No disease-modifying treatments are currently
available.
• Genetic diagnosis of pathological conditions associated
with STR expansions is laborious and expensive due to
difficulties in characterizing large and repetitive DNA
molecules with ‘classic’ sequencing technologies
• Long-read sequencing technologies such as Pacific Biosciences SMRT sequencing and ONT are attracting significant interest for the development and improvement
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of novel methods for the characterization of expanded
pathological alleles.
• In this review, we present a brief outline and a critical
evaluation of bioinformatics methods for the determination of expanded repeat size and sequence based
on single-molecule sequencing technologies. All the
methods herein tested show high levels of sensitivity
both on real and simulated data.
• The critical discussion presented in this article could
serve as a starting point for development of assays for
the sequencing and characterization of expanded STR
pathological alleles.

Supplementary Data
Supplementary data are available online at https://academic.
oup.com/bib.
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