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Repetitive motifs, also known as tandem repeats, are stretches of DNA that are repeated multiple times in a row 
within a genome. These motifs have important functional and clinical implications in human genomes, including 
their involvement in genetic disorders such as Huntington‘s disease, Fragile X syndrome or myotonic dystrophies. 
Reliable and accurate characterization of these motifs, especially on genome scales, has remained a challenge 
due to their structural complexity and variability. In this review, we explore the possibilities of various molecu-
lar methods for the reliable characterization of clinically-relevant repetitive motifs, including molecular biology 
techniques, high-throughput sequencing technologies and bioinformatics tools.
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Charakterizácia tandemových repetitívnych motívov v precíznej medicíne: Stručný prehľad konvenčných metód 
a masívne paralelného sekvenovania
Repetitívne motívy, známe aj ako tandemové opakovania, sú úseky DNA, ktoré sa v genóme opakujú viackrát 
za sebou. Tieto motívy majú v ľudských genómoch dôležitý funkčný a klinický význam vrátane ich účasti na 
genetických poruchách, ako je napríklad Huntingtonova choroba, syndróm fragilného X alebo myotonické dystrofie. 
Spoľahlivá a presná charakterizácia týchto motívov, najmä na úrovni genómu, predstavuje vzhľadom na ich 
štrukturálnu zložitosť a variabilitu veľkú výzvu. V tomto prehľade sumarizujeme možnosti rôznych molekulárnych 
metód na spoľahlivú charakterizáciu klinicky relevantných repetitívnych motívov vrátane klasických metód 
molekulárnej biológie, vysokoparalelných sekvenčných technológií a bioinformatických nástrojov.
Kľúčové slová: tandemové opakovania, konvenčná TR genotypizácia, masívne paralelné sekvenovanie
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Introduction
Tandem repeats (TRs) are stretches of DNA sequences, 

which contain repeated units several times. The sequence 
composition and length of the repeating units may be va-
rious in different TRs, and they can be found in various lo-
cations in the human genome, including in intergenic re-
gions, introns, and exons of genes. Typically the number 
of repetitions is highly variable between individuals. Since 
they represent extremely variable genomic regions, TRs ha-
ve many important biological roles in several physiologi-
cal and pathophysiological processes. Their proper charac-
terization may, therefore, explain observed phenotypes of 
traits in biomedical context, and thus markedly improve in-
formativeness of clinical genomics assays. They also be-

came utilized in several non-biomedical applications, main-
ly in population genetics, forensic as well as genealogical 
applications(1).

It is generally known and well described, that the num-
ber of repeat units in certain TRs causes a pathogenic effect 
when it exceeds certain thresholds. Several studies have lo-
calized more than 50 TRs on the genome, where such patho-
genic expansions cause severe neurological, neurodegenera-
tive and neuromuscular disorders, conventionally known as 
repeat expansion disorders (REDs)(2). These are, in general, 
monogenic diseases, although their inheritance is not always 
fully mendelistic and anticipation is commonly described in 
such families (e.g. Huntington´s disease, Fragile X syndro-
me or Myotonic dystrophies). In addition, reports started to 
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appear which describe the potential role of TRs in the deter-
mination of complex phenotypes(3), and very recently, the first 
genome-wide association studies of TRs were published, for 
example, for Parkinson‘s disease(4). This clearly outlines the 
application potential of TR characterisation not only in the 
field of diagnostics and complex disease biology, but also in 
the possible preventive care against several common com-
plex diseases, through potentially more effective identifica-
tion of at-risk individuals.

Detailed and accurate characterization of TR motifs, in ter-
ms of complexity of either structures or biological effects, is 
an absolutely crucial aspect in assessing their clinical rele-
vance, creating a major challenge for methods aimed at the-
ir genotyping. The main challenges of accurate TR charac-
terization include the following factors: 1) The resistance of 
long TR motifs to amplification by PCR; 2) The complexity 
of some TR regions, in which interruptions of otherwise pu-
re motifs may occur, or interruptions may be lost, or the cli-
nically relevant motifs may be part of more complex repeat 
structures; 3) The stutter effect, caused by typical errors of 
DNA polymerases in TR regions, which makes it difficult to 
identify the correct fragment in a set of multiple non-specific 
fragments; and 4) The errors made by classical mapping to-
ols used in sequencing analyses (designed to align sequen-
cing reads containing single nucleotide variants or small 
insertion-deletions), which are not adapted to the high va-
riability of TR sequences. Therefore, the success of TR ana-
lysis highly depends on several factors, including the length 
and complexity of the repeat sequence and the availability 
of specific laboratory technologies. Here we provide a ba-
sic overview of the most commonly used methods for this 
purpose. For this review, we decided to split them into two 
major categories, i.e. those offering more-or-less detailed 
characterisation of individual loci, with limited possibilities 
of multiplexing, and those based on sequencing, especially 
massively parallel sequencing (MPS), offering genome-wide 
high-throughput characterisation of TR motifs.

Conventional low-throughput TR genotyping 
methods

For decades, conventional molecular-biology techniques 
have been used to identify tandem repeat variations, which 
may be particularly helpful in more effective prediction and/
or diagnosis of many human diseases, especially those ha-
ving monogenic phenotype determination. From these, PCR 
modifications, and in certain cases also Southern blotting, 
are still the most commonly used methods, which are consi-
dered gold standard in DNA based laboratory diagnostics of 
TR associated diseases.

Southern blotting
The principle of the method is based on cleavage of DNA 

fragments by restriction enzymes, which are subsequently 
separated by gel electrophoresis. The next step is to transfer 
the DNA fragments to a carrier membrane (usually nylon or 
nitrocellulose) followed by detection of the target DNA frag-
ment by hybridisation with a labeled probe specific for the TR 
region. The number of repeats can be determined based on 
the size of the fragment that hybridizes to the probe. Since it 
does not require PCR amplification, Southern blot allows to 

determine the size of long, pathogenically expanded TR lo-
ci. On the other hand, it is not suitable for the differentiation 
of small alleles, especially those in the healthy and premu-
tational range(5). The limitations of this method lie mainly in 
its time-consuming and labor-intensive nature, technical dif-
ficulty, and it also requires large amounts of intact high-mo-
lecular-weight genomic DNA.

PCR-based methods
The most commonly used technology for amplification 

and characterisation of TR loci is polymerase chain reaction 
(PCR), followed by different options of evaluation of ampli-
fied fragments. Historically, several technologies have been 
used, such as evaluation based on restriction fragment len-
gth polymorphism (RFLP)(6), on denaturing high-performan-
ce liquid chromatography (dHPLC)(7), or even based on the 
denaturation characteristics and melting temperatures of 
the amplified fragments using high-resolution melting analy-
sis (HRM)(8). Historically, fragment size analysis by agarose 
or polyacrylamide gels (PAGE) are well known approaches, 
however, the most commonly used are automated capillary 
electrophoresis based separation techniques using genetic 
analyzers. Agarose electrophoresis allows efficient separa-
tion of PCR products only for alleles with a sufficiently large 
difference or in the case of large alleles. PAGE has a much 
higher resolution and can separate even fragments that di-
ffer by only a few base pairs. Capillary electrophoresis repre-
sents the most efficient platform to analyze length profiles 
of fluorescently labeled PCR products. The advantage of the 
methodology is that it is both affordable and not specifically 
labor-intensive, can be automated, and also multiplexed for 
certain extents(9,10). Conventional PCR is mainly used to de-
tect alleles belonging to normal ranges or premutation len-
gths, up to around 300 - 600 nucleotides. For longer alleles, 
i.e. larger repeats, this method is inaccurate and fails. On the 
other hand, long-range PCR protocols have been described 
too. Long-range PCR is used to characterize TRs that exce-
ed the detection capability of conventional PCR. This metho-
dology uses high-fidelity polymerase and optimized reaction 
conditions that include extended annealing time and ele-
vated annealing temperature. Such altered reaction condi-
tions allow an extension of the effective range of allele de-
tection, but still only up to a certain size. For visualization of 
larger alleles, hybridization-based detection may be required 
too(11). Another specific modification of conventional PCR is 
the so-called small-pool PCR that was described and used 
to resolve discrete bands in samples giving smeared or dif-
fused bands by Southern blotting. This method is based on 
partial elimination of preferential amplification and ampli-
fication of too many fragments of different length. This is 
achieved by diluting and separating the template molecules 
into different individual amplifications. It also allows to incre-
ase the range of detected alleles, however, again only up to 
certain lengths limited by the PCR capabilities themselves(12). 
Beyond the well known length limitations, conventional PCR 
based methods are limited also by the possibilities of get-
ting false results due to: 1) „stutter effect“ caused by DNA 
polymerase errors; 2) migration changes due to sequence in-
terruptions(13); or even by 3) allelic dropout due to sequence 
changes under the primer binding sites.
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A specific and highly effective method, called repeat-pri-
med PCR (RP PCR), was developed to overcome the main li-
mitation of conventional PCR (and also of the majority of its 
modifications which use primer pairs flanking the region of 
interest), i.e. the inability to amplify through large and com-
plex motifs. It uses two (flanking primer and repeat-speci-
fic primer) or three primers (flanking primer, repeat-specific 
primer and tail primer) per reaction. Flanking primer is fluo-
rescently labeled and it is localized upstream or downstre-
am to the repetitive region. The second primer (repeat-spe-
cific) is designed directly in the region of the repetitive motif, 
generating multiple products. The largest of these produ-
cts reflect the size of the entire allele, however, with certa-
in limitations. The reactions may be made more specific if 
a third (tail) primer is used that has no complementarity to 
the human genome. However, this primer is present in limi-
ted amounts in the reaction, resulting in a  third primer ta-
king over after a few PCR cycles. This third primer targets 
the PCR products that were produced by the previous two 
primers and amplifies them all, generally in a way, in which 
the repeat specific primer is modified by a 5´ tail that creates 
a template for the third primer. The evaluation is also com-
bined with automated capillary electrophoresis. RP PCR is 
able to point out single locus expansions(14,15), however, mul-
tiplex versions were also described(9,16). The disadvantage is 
that it is unable to determine the specific length of the ex-
panded allele and, for certain complex loci, it was determi-
ned to be not 100 % sensitive(17,18). In addition to expansion 
detection, RP-PCR is able to identify the presence of sequen-
ce interruptions by other motifs within the base repetition. 
Sequence interruptions, on the other hand, may also disrupt 
RP-PCR signals to such an extent that they can result in fal-
se negative conclusions(13). Similarly to conventional PCR, 
false negative results can also occur in a form of allelic dro-
pout, due to sequence variants in the primer binding site. For 
the mentioned limitations, bidirectional RP-PCR, performed 
from both ends of the repeat motif, are generally offered to 
increase sensitivity(9,13,17).

DNA sequencing methods
Following the introduction and spreading of commer-

cial automatized genetic analyzers, direct DNA sequencing 
allowing the characterization of the primary structure of 
DNA, became established as a standard method for labo-
ratory diagnostics and remained in this position for deca-
des. However, in the field of TRs characterisation it had no 
special role, until second generation sequencing platforms 
began to appear. This, however, required also specific bioin-
formatic tools to be developed, which are dedicated to TRs 
genotyping from millions of short sequencing reads.

Sanger sequencing
Sanger sequencing represents the most widespread first 

generation sequencing method and was considered as a gold 
standard among molecular diagnostic techniques allowing 
screening and genotyping of several types of sequence va-
riants. For genotyping of TR loci, however, it was not routine-
ly used because of several reasons. The disadvantage of the 
methodology lies in the detection limit (up to approximately 
1000 nucleotides). Another problem lies in the analysis of al-

leles with a heterozygous constitution, in which based on the 
shifted signal, a larger allele cannot be determined(19). On the 
other hand, it can be used, for example, during standardiza-
tion of other molecular methods, such as conventional and 
repeat-primed PCR for the fragment sizing. In addition, it was 
also described to be useful in more detailed characterisation 
of repeat structures, including sequence interruptions(20,21).

Massively parallel sequencing
Within MPS applications, we distinguish at least two ge-

nerations of sequencing methods including those having ty-
pically relatively short sequencing reads and requiring clo-
nal amplification before sequencing (second generation) 
and those allowing longer reads and allowing single molecu-
le sequencing, i.e. which does not require clonal amplifica-
tion (third generation). From the technical point of view, when 
considering for example the target genomic region, sequen-
cing can be aimed at the whole genome (WGS), but also can 
be narrowed to its certain parts, such as to smaller gene pa-
nels, larger panels, or even whole exomes (WES). Another 
relevant technical feature is, whether the preparation of the 
sequencing library is associated with PCR amplifications 
(may introduce errors) or are PCR-free (allows reduced er-
ror rate and is typically available for WGS). In addition to la-
boratory and technical aspects, bioinformatic processing of 
sequencing data may also be challenging and highly variable, 
while still under intensive development and diversification. In 
general, actually the most widespread, especially in a routine 
clinical setting, are platforms belonging to the second gene-
ration of sequencing supporting short-read sequencing (es-
pecially platforms of the Illumina company). Although still 
mainly in research settings, some third generation platfor-
ms (such as the PacBio or nanopore based sequencing) are 
appearing as potential tools for more effective TRs characte-
risation, especially when considering the possibilities of de-
tection of large expansions, or the characterisation of highly 
repetitive regions. Possibilities and limitations of TR detec-
tion are largely connected to the chosen sequencing genera-
tion, platform, technical details of library preparation as well 
as on the applied bioinformatic pipelines.

Second generation platforms generally rely on sequencing 
following fragmentation of the DNA into small pieces (alter-
natively on amplicon sequencing), attaching adapters to the 
ends of the fragments, and then amplifying and sequencing 
the fragments using a  next-generation sequencing instru-
ment. These platforms are generally highly accurate and al-
low sequencing of short reads of DNA (up to 2 x 300 base 
pairs, yet). These approaches allow high-throughput charac-
terisation of TRs throughout the genome, although with this 
regard the main limitations are clear if WES or smaller pa-
nels are used, i.e. the TR loci of interest need to be covered 
by reads. Another limitation is represented by the necessi-
ty of PCR amplification, each amplification step introduces 
challenges and possible errors to TR genotyping. Another li-
mitation lies in the length of the TR regions, since to detailed 
characterisation they need to be covered by reads in their to-
tal length with certain unique flanking regions on their both 
ends(22,23). The presence of repeat expansions, even the lar-
gest ones, may be indirectly identified from different read 
characteristics even if they exceed the sizing limit of the re-
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ads (i.e. even if they have no reads sequencing through the 
entire motif), such as the presence of partial reads (reads 
containing one of the flanking regions and part of the repe-
at region) or the position of read-pairs, if paired and sequen-
cing was used(24,25).

On the other hand, larger read lengths and overcoming 
amplification to a larger extent allows the use of third gene-
ration sequencing platforms for more effective TR characte-
risation, especially by allowing larger and more complex re-
peats to be directly sequenced by individual spanning reads, 
even of those belonging to larger expansions. This method 
makes it possible therefore to identify larger TRs that may be 
missed by shorter read lengths. These sequencing platfor-
ms have, however, some limitations too, including a relative-
ly high error rate and a relatively high cost per base compared 
to other sequencing technologies. They are therefore most 
often used in combination with other sequencing technolo-
gies, such as those offered by second generation platforms, 
to generate high-quality, high-resolution genomic data.

Bioinformatic tools
TR typing at the genomic level has become possible with 

some delay and took longer to catch on, mainly due to cer-
tain technical limitations of the conventionally used bioin-
formatics tools processing MPS data, and high variability in 
individual TR loci. The majority of genotyping tools are not 
adapted to TR sequence variability, and they tend to „lose“ 
some reads in certain specific cases(26). In such genotypes, 
mapping often fails, which can lead to the loss of reads and 

incorrect clinical interpretation of predicted genotypes. Seve-
ral more sophisticated tools have been lately designed spe-
cifically for the specific nature of the TR motifs, or even for 
expansion detection. These, such as STRetch, Expansion-
Hunter, Dante(24,27,28), use complex statistical modeling to es-
timate the underlying genotypes of TR motifs influenced by 
the stutter effect (Figure 1).

Conclusion
Tandem repeat genotyping is a challenging task due to se-

veral inherent characteristics of these DNA sequences. The-
se include the repetitive nature itself, creating challenging 
sequences for amplification, different and highly variable 
lengths of repeating motifs, the possible presence or loss 
of sequence interruptions, but also the complexity of motif 
structures. Currently, TR motifs are most commonly charac-
terized, in routine practice, by conventional, low-throughput 
methods. Within these, conventional PCR and repeat-primed 
PCR are likely the most commonly used. Other PCR modifi-
cations, such as long-range PCR or small-pool PCR, or even 
Southern blotting, are still used, however, they have some 
specificities and limitations. On the other hand, progreding 
genomic technologies, such as MPS applications, started to 
revolutionize genomics and disease diagnostics. The main 
focus in current development is, therefore, on the possibili-
ties of characterization of TR loci by MPS applications and 
on improving the accuracy and reliability of TRs genotyping 
by more effective integration of molecular biology and bioin-
formatics techniques.

Figure1. Timeline of the evolution of TR locus characterization. Initially, it was possible to genotype TR motifs mainly by methods that 
represent the gold standard in molecular diagnostics (classical PCR, repeat-primed PCR, Sanger sequencing, Southern blotting,...), but 
they are still used as validation methods. After the spread of second-generation sequencing platforms into mainstream laboratories, 
several sophisticated tools have been developed over the last decade specifically for the specific nature of TR motifs (LobSTR, Repeat-
Seq, HipSTR) but also for the detection of expansions (Expansion Hunter, Dante, Straglr) and the number of these tools is still growing.
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