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Abstract

Most genomes are populated by hundreds of thousands of sequences originated from mobile elements. On
the one hand, these sequences present a real challenge in the process of genome analysis and annotation. On
the other hand, they are very interesting biological subjects involved in many cellular processes. Here we
present an overview of transposable elements biodiversity, and we discuss different approaches to transpo-
sable elements detection and analyses.
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1 Introduction

Most eukaryotic genomes contain large numbers of repetitive
sequences. This phenomenon was described by Waring and Britten
a half century ago using reassociation studies [1, 2]. It turned out
that most of these repetitive sequences originated in transposable
elements (TEs) [3], though the repetitive fraction of a genome
varies significantly between different organisms, from 12% in Cae-
norhabditis elegans [4] to 50% in mammals [3], and more than 80%
in some plants [5]. With such large contributions to genome
sequences, it is not surprising that TEs have a significant influence
on the genome organization and evolution. Although much prog-
ress has been achieved in understanding the role TEs play in a host
genome, we are still far from the comprehensive picture of the
delicate evolutionary interplay between a host genome and the
invaders. They also pose various challenges to the genomic com-
munity, including aspects related to their detection and classifica-
tion, genome assembly and annotation, genome comparisons, and
mapping of genomic variants. They also pose various challenges to
the genomic community, including aspects related to their detec-
tion and classification, genome assembly and annotation, genome
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comparisons, and mapping of genomic variants. Here we present an
overview of TE diversity and discuss major techniques used in their
analyses.

2 Discovery of Mobile Elements

Transposable elements were discovered by Barbara McClintock
during experiments conducted in 1944 on maize. Since they
appeared to influence phenotypic traits, she named them
controlling elements. However, her discovery was met with less
than enthusiastic reception by the genetic community. Her presen-
tation at the 1951 Cold Spring Harbor Symposium was not under-
stood and at least not very well received [6]. She had no better luck
with her follow-up publications [7–9] and after several years of
frustration decided not to publish on the subject for the next two
decades. Not for the first time in the history of science, an unap-
preciated discovery was brought back to life after some other
discovery has been made. In this case it was the discovery of
insertion sequences (IS) in bacteria by Szybalski group in the early
1970s [10]. In the original paper they wrote: “Genetic elements
were found in higher organisms which appear to be readily trans-
posed from one to another site in the genome. Such elements,
identifiable by their controlling functions, were described by
McClintock in maize. It is possible that they might be somehow
analogous to the presently studied IS insertions” [10]. The impor-
tance of McClintock’s original work was eventually appreciated by
the genetic community with numerous awards, including 14 hon-
orary doctoral degrees and a Nobel Prize in 1983 “for her discovery
of mobile genetic elements” (http://nobelprize.org/nobel_
prizes/medicine/laureates/1983/).

Coincidently, at the same time as Szybalski “rediscovered” TEs,
Susumu Ohno popularized the term junk DNA that influenced
genomic field for decades [11], although the term itself was used
already before [12, 13].1 Ohno referred to the so-called noncoding
sequences or, to be more precise, to any piece of DNA that do not
code for a protein, which included all genomic pieces originated in
transposons. The unfavorable picture of transposable and trans-
posed elements started to change in early 1990s when some
researchers noticed evolutionary value of these elements
[14, 15]. With the wheel of fortune turning full circle and advances
of genome sciences, TE research is again focused on the role of
mobile elements played in the evolution of gene regulation
[16–23].

1The historical background of the “junk DNA” term was recently discussed by Dan Graur in his excellent blog
http://judgestarling.tumblr.com/post/64504735261/the-origin-of-the-term-junk-dna-a-historical
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3 Transposons Classification

3.1 Insertion

Sequences and Other

Bacterial Transposons

The bacterial genome is composed of a core genomic backbone
decorated with a variety of multifarious functional elements. These
include mobile genetic elements (MGEs) such as bacteriophages,
conjugative transposons, integrons, unit transposons, composite trans-
posons, and insertion sequences (IS). Here we elaborate upon the last
class of these elements as they are most widely found and
described [24].

The ISs were identified during studies of model genetic systems
by virtue of their capacity to generate mutations as a result of their
translocation [10]. In-depth studies in antibiotic resistance and
transmissible plasmids revealed an important role for these mobile
elements in formation of resistance genes and promoting gene
capture. In particular, it was observed that several different ele-
ments were often clustered in “islands” within plasmid genomes
and served to promote plasmid integration and excision.

Although these elements sometimes generate beneficial muta-
tions, they may be considered genomic parasites as ISs code only for
the enzyme required for their own transposition [24]. While an IS
element occupies a chromosomal location, it is inherited along with
its host’s native genes, so its fitness is closely tied to that of its host.
Consequently, ISs causing deleterious mutations that disrupt a
genomic mode or function are quickly eliminated from the popula-
tion. However, intergenically placed ISs have a higher chance to be
fixed in the population as they are likely neutral regarding popula-
tion’s fitness [25].

ISs are generally compact (Fig. 1). They usually carry no other
functions than those involved in their mobility. These elements
contain recombinationally active sequences which define the
boundary of the element, together with Tpase, an enzyme, which
processes these ends and whose gene usually encompasses the
entire length of the element [26]. Majority of ISs exhibit short
terminal inverted-repeat sequences (IR) of length 10–40 bp. Sev-
eral notable exceptions do exist, for example, the IS91, IS110, and
IS200/605 families.

The IRs contain two functional domains [27]. One is involved
in Tpase binding; the other cleaves and transfers strand-specific
reactions resulting in transposition. IS promoters are often posi-
tioned partially within the IR sequence upstream of the Tpase gene.
Binding sites for host-specific proteins are often located within
proximity to the terminal IRs and play a role in modulating trans-
position activity or Tpase expression [28]. A general pattern for the
functional organization of Tpases has emerged from the limited
numbers analyzed. The N-terminal region contains sequence-
specific DNA binding activities of the proteins while the catalytic
domain is often localized toward the C-terminal end [28].
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Another common feature of ISs is duplication of a target site
that results in short direct repeats (DRs) flanking the IS [29]. The
length of the direct repeat varies from 2 to 14 base pairs and is a
hallmark of a given element. Homologous recombination between
two IS elements can result in each having two different DRs [30].

ISs have been classified on the basis of (1) similarities in genetic
organization (arrangement of open reading frames); (2) marked
identities or similarities in their Tpases (common domains or
motifs); (3) similar features of their ends (terminal IRs); and
(4) fate of the nucleotide sequence of their target sites (generation
of a direct target duplication of determined length). Based on the
above rules, ISs are currently classified in 30 families (Table 1) [31].

3.2 Eukaryotic

Transposable

Elements

The first TE classification system was proposed by Finnegan in
1989 [32] and distinguished two classes of TEs characterized by
their transposition intermediate: RNA (class I or retrotransposons)
or DNA (class II or DNA transposons). The transposition mecha-
nism of class I is commonly called “copy and paste” and that of class
II, “cut and paste.” In 2007 Wicker et al. [33] proposed hierarchi-
cal classification based on TEs structural characteristics andmode of
replication (see Table 2 and Fig. 2). Below we present a brief
overview of eukaryotic mobile elements that in general follows
this classification.

3.2.1 Class I: Mobile

Elements

As mentioned above, class I TEs transpose through an RNA inter-
mediary. The RNA intermediate is transcribed from genomic DNA
and then reverse-transcribed into DNA by a TE-encoded reverse
transcriptase (RT), followed by reintegration into a genome. Each
replication cycle produces one new copy, and as a result, class I
elements are the major contributors to the repetitive fraction in
large genomes. Retrotransposons are divided into five orders: LTR
retrotransposons, DIRS-like elements, Penelope-like elements
(PLEs), LINEs (long interspersed elements), and SINEs (short
interspersed elements). This scheme is based on the mechanistic
features, organization, and reverse transcriptase phylogeny of these
retroelements. Accidentally, the retrotranscriptase coded by an
autonomous TE can reverse-transcribe another RNA present in
the cell, e.g., mRNA, and produce a retrocopy of it, which in
most cases results in a pseudogene.

The LTR retrotransposons are characterized by the presence of
long terminal repeats (LTRs) ranging from several hundred to
several thousand base pairs. Both exogenous retroviruses and
LTR retrotransposons contain a gag gene that encodes a viral

ORF(s)IR IR drdr ORF(s)

Fig. 1 Schematic representation of insertion sequences (IS). dr direct repeats, IR
inverted repeats, ORF open reading frame
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Table 1
Prokaryotic transposable elements as presented in the IS Finder database [31]

Family Typical size range in bp Direct repeat size in bp IRsa Number of ORFs

IS1 740–4600 0–10 Y 1 or 2

IS110 1200–1550 0 Y 1

IS1182 1330–1950 0–60 Y 1

IS1380 1550–2000 4–5 Y 1

IS1595 700–7900 8 Y 1

IS1634 1500–2000 5–6 Y 1

IS200/IS605 600–2000 0 Y/N 1 or 2

IS21 1750–2600 4–8 Y 2

IS256 1200–1500 8–9 Y 1

IS3 1150–1750 5 Y 2

IS30 1000–1700 2–3 Y 1

IS4 1150–5400 8–13 Y 1 or more

IS481 950–1300 4–15 Y 1

IS5 800–1500 2–9 Y 1 or 2

IS6 700–900 8 Y 1

IS607 1700–2500 0 N 2

IS630 1000–1400 2 Y 1 or 2

IS66 1350–3000 8–9 Y 1 or more

IS701 1400–1550 4 Y 1

IS91 1500–2000 0 N 1

IS982 1000 3–9 Y 1

ISAs1 1200–1500 8–10 Y 1

ISAzo13 1250–2200 0–4 Y 1

ISH3 1225–1500 4–5 Y 1

ISH6 1450 8 Y ISL

ISKra4 1400–2900 0–9 Y 1 or more

ISL3 1300–2300 8 Y ISKra4

ISLre2 1500–2000 9 Y 1

Tn3 Over 3000 0 Y More than 1

ISNCY 1300–2400 0–12 Y/N 1 or 2

aPresence (Y) or absence (N) of terminal inverted repeats
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particle coat and a pol gene that encodes a reverse transcriptase,
ribonuclease H, and an integrase, which provide the enzymatic
machinery for reverse transcription and integration into the host
genome. Reverse transcription occurs within the viral or viral-like
particle (GAG) in the cytoplasm, and it is a multistep process
[34]. Unlike LTR retrotransposons, exogenous retroviruses con-
tain an env gene, which encodes an envelope that facilitates their
migration to other cells. Some LTR retrotransposons may contain
remnants of an env gene, but their insertion capabilities are limited
to the originating genome [35]. This would rather suggest that
they originated in exogenous retroviruses by losing the env gene.
However, there is evidence that suggests the contrary, given that

Table 2
Classification of eukaryotic transposable elements as proposed by Wicker et al. [33]

Class Order Superfamily Phylogenetic distribution

Class I (retrotransposons) LTR Copia Plants, metazoans, fungi
Gypsy Plants, metazoans, fungi
Bel-Pao Metazoans
Retrovirus Metazoans
ERV Metazoans

DIRS DIRS Plants, metazoans, fungi
Ngaro Metazoans, fungi
VIPER Trypanosomes

PLE Penelope Plants, metazoans, fungi
LINE R2 Metazoans

RTE Metazoans
Jockey Metazoans
L1 Plants, metazoans, fungi

SINE tRNA Plants, metazoans, fungi
7SL Plants, metazoans, fungi
5S Metazoans
SVAa Primates
Retrogenesa Plants, metazoans, fungi

Class II (DNA transposons)
Subclass 1

TIR Tc1-Mariner Plants, metazoans, fungi
hAT Plants, metazoans, fungi
Mutator Plants, metazoans, fungi
Merlin Metazoans
Transib Metazoans, fungi
P Plants, metazoans
PiggyBac Metazoans
PIF-harbinger Plants, metazoans, fungi
CACTA Plants, metazoans, fungi

Crypton Crypton Fungi

Class II (DNA transposons)
Subclass 2

Helitron Helitron Plants, metazoans, fungi
Maverick Maverick Metazoans, fungi

Please note that SVAs and retrogenes are not included in that classification
aNot included in the original Wicker classification
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LTR retrotransposons can acquire the env gene and become infec-
tious entities [36]. Presently, most of the LTR sequences (85%) in
the human genome are found only as isolated LTRs, with the
internal sequence being lost most likely due to homologous
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Class II - subclass 1

ORF polyA
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int ORFs polBOORFs
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Fig. 2 Structures of eukaryotic mobile elements. See text for detailed discussion
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recombination between flanking LTRs [37]. Interestingly, LTR
retrotransposons target their reinsertion to specific genomic sites,
often around genes, with putative important functional implica-
tions for a host gene [35]. Lander et al. estimated that 450,000
LTR copies make up about 8% of our genome [38]. LTR retro-
transposons inhabiting large genomes, such as maize, wheat, or
barley, can contain thousands of families. However, despite the
diversity, very few families comprise most of the repetitive fraction
in these large genomes. Notable examples are Angela (wheat) [39],
BARE1 (barley) [40], Opie (maize) [41], and Retrosor6
(sorghum) [42].

The DIRS order clusters structurally diverged group of trans-
posons that possess a tyrosine recombinase (YR) gene instead of an
integrase (INT) and do not form target site duplications (TSDs).
Their termini resemble either split direct repeats (SDR) or inverted
repeats. Such features indicate a different integration mechanism
than that of other class I mobile elements. DIRS were discovered in
the slime mold (Dictyostelium discoideum) genome in the early
1980s [43], and they are present in all major phylogenetic lineages
including vertebrates [44]. It has been showed that they are also
common in hydrothermal vent organisms [45].

Another order, termed Penelope-like elements (PLE), has wide,
though patchy distribution from amoebae and fungi to vertebrates
with copy number up to thousands per genome [46]. Interestingly,
no PLE sequences have been found in mammalian genomes, and
apparently they were lost from the genome of C. elegans
[47]. Although PLEs with an intact ORF have been found in
several genomes, including Ciona and Danio, the only transcrip-
tionally active representative, Penelope, is known from Drosophila
virilis. It causes the hybrid dysgenesis syndrome characterized by
simultaneous mobilization of several unrelated TE families in the
progeny of dysgenic crosses. It seems that Penelope invaded
D. virilis quite recently, and its invasive potential was demonstrated
inD. melanogaster [46]. PLEs harbor a single ORF that codes for a
protein containing reverse transcriptase (RT) and endonuclease
(EN) domains. The PLE RT domain more closely resembles telo-
merase than the RT from LTRs or LINEs. The EN domain is
related to GIY-YIG intron-encoded endonucleases. Some PLE
members also have LTR-like sequences, which can be in a direct
or an inverse orientation, and have a functional intron [46].

LINEs [48, 49] do not have LTRs; however, they have a poly-A
tail at the 30 end and are flanked by the TSDs. They comprise about
21% of the human genome and among them L1 with about
850,000 copies is the most abundant and best described LINE
family. L1 is the only LINE retroposon still active in the human
genome [50]. In the human genome, there are two other LINE-
like repeats, L2 and L3, distantly related to L1. A contrasting
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situation has been noticed in the malaria mosquito Anopheles gam-
biae, where around 100 divergent LINE families compose only 3%
of its genome [51]. LINEs in plants, e.g., Cin4 in maize and Ta11
in Arabidopsis thaliana, seem rare as compared with LTR retro-
transposons. A full copy of mammalian L1 is about 6 kb long and
contains a PolII promoter and two ORFs. The ORF1 codes for a
non-sequence-specific RNA binding protein that contains zinc fin-
ger, leucine zipper, and coiled-coil motifs. The ORF1p functions as
chaperone for the L1 mRNA [52, 53]. The second ORF encodes
an endonuclease, which makes a single-stranded nick in the geno-
mic DNA, and a reverse transcriptase, which uses the nicked DNA
to prime reverse transcription of LINE RNA from the 30 end.
Reverse transcription is often unfinished, leaving behind fragmen-
ted copies of LINE elements; hence most of the L1-derived repeats
are short, with an average size of 900 bp. LINEs are part of the CR1
clade, which has members in various metazoan species, including
fruit fly, mosquito, zebrafish, pufferfish, turtle, and chicken
[54]. Because they encode their own retrotransposition machinery,
LINE elements are regarded as autonomous retrotransposons.

SINEs [48, 49] evolved from RNA genes, such as 7SL and
tRNA genes. By definition, they are short, up to 1000 base pair
long. They do not encode their own retrotranscription machinery
and are considered as nonautonomous elements and in most cases
are mobilized by the L1 machinery [55]. The outstanding member
of this class from the human genome is the Alu repeat, which
contains a cleavage site for the AluI restriction enzyme that gave
its name [56]. With over a million copies in the human genome,
Alu is probably the most successful transposon in the history of life.
Primate-specific Alu and its rodent relative B1 have limited phylo-
genetic distribution suggesting their relatively recent origins. The
mammalian-wide interspersed repeats (MIRs), by contrast, spread
before eutherian radiation, and their copies can be found in differ-
ent mammalian groups including marsupials and monotremes
[57]. SVA elements are unique primate elements due to their
composite structure. They are named after their main components:
SINE, VNTR (a variable number of tandem repeats), and Alu
[58]. Usually, they contain the hallmarks of the retroposition, i.e.,
they are flanked by TSDs and terminated by a poly(A) tail. It seems
that SVA elements are nonautonomous retrotransposons mobilized
by L1 machinery, and they are thought to be transcribed by RNA
polymerase II. SVAs are transpositionally active and are responsible
for some human diseases [59]. They originated less than 25 million
years ago, and they form the youngest retrotransposon family with
about 3000 copies in the human genome [58].

Retro(pseudo)genes are a special group of retroposed
sequences, which are products of reverse transcription of a spliced
(mature) mRNA. Hence, their characteristic features are an absence
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of promoter sequence and introns, the presence of flanking direct
repeats, and a 30-end polyadenosine tract [60]. Processed pseudo-
genes, as sometimes retropseudogenes are called, have been gener-
ated in vitro at a low frequency in the human HeLa cells via mRNA
from a reporter gene [60]. The source of the reverse transcription
machinery in humans and other vertebrates seems to be active L1
elements [61]. However, not all retroposed messages have to end
up as pseudogenes. About 20% of mammalian protein-encoding
genes lack introns in their ORFs [62]. It is conceivable that many
genes lacking introns arose by retroposition. Some genes are known
to be retroposed more often than others. For instance, in the
human genome there are over 2000 retropseudogenes of ribosomal
proteins [63]. A genome-wide study showed that the human
genome harbors about 20,000 pseudogenes, 72% of which most
likely arose through retroposition [64]. Interestingly, the vast
majority (92%) of them are quite recent transpositions that
occurred after primate/rodent divergence [64]. Some of the retro-
posed genes may undergo quite complicated evolutionary paths.
An example could be the RNF13B retrogene, which replaced its
own parental gene in the mammalian genomes. This retrocopy was
duplicated in primates, and the evolution of this primate-specific
copy was accompanied by the exaptation of two TEs, Alu and L1,
and intron gain via changing a part of coding sequence into an
intron leading to the origin of a functional, primate-specific retro-
gene with two splicing variants [65].

3.2.2 Class II: Mobile

Elements

Class II elements move by a conservative cut-and-paste mechanism;
the excision of the donor element is followed by its reinsertion
elsewhere in the genome. DNA transposons are abundant in bacte-
ria, where they are called insertion sequences (see Subheading 3.1),
but are present in all phyla. Wicker et al. distinguished two sub-
classes of DNA transposons based on the number of DNA strands
that are cut during transposition [33].

Classical “cut-and-paste” transposons belong to the subclass I,
and they are classified as the TIR order. They are characterized by
terminal inverted repeats (TIR) and encode a transposase that binds
near the inverted repeats and mediates mobility. This process is not
usually a replicative one, unless the gap caused by excision is
repaired using the sister chromatid. When inserted at a new loca-
tion, the transposon is flanked by small gaps, which, when filled by
host enzymes, cause duplication of the sequence at the target site.
The length of these TSDs is characteristic for particular transpo-
sons. Nine superfamilies belong to the TIR order, including Tc1-
Mariner, Merlin, Mutator, and PiggyBac. The second order Cryp-
ton consists of a single superfamily of the same name. Originally
thought to be limited to fungi [66], now it is clear that they have a
wide distribution, including animals and heterokonts [67]. A
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heterogeneous, small, nonautonomous group of elements MITEs
also belong to the TIR order [68], which in some genomes ampli-
fied to thousands of copies, e.g., Stowaway in the rice genome [69],
Tourist in most bamboo genomes [70], or Galluhop in the chicken
genome [71].

Subclass II includes two orders of TEs that, just as those from
subclass I, do not form RNA intermediates. However, unlike “clas-
sical” DNA transposons, they replicate without double-strand
cleavage. Helitrons replicate using a rolling-circle mechanism, and
their insertion does not result in the target site duplication
[72]. They encode tyrosine recombinase along with some other
proteins. Helitrons were first described in plants, but they are also
present in other phyla, including fungi and mammals
[73, 74]. Mavericks are large transposons that have been found in
different eukaryotic lineages excluding plants [75]. They encode
various numbers of proteins that include DNA polymerase B and an
integrase. Kapitonov and Jurka suggested that their life cycle
includes a single-strand excision, followed by extrachromosomal
replication and reintegration to a new location [76].

4 Identification of Transposable Elements

With the ever-growing number of sequenced genomes from differ-
ent branches of the tree of life, there are increasing TE research
opportunities. There are several reasons why one would like to
analyze TEs and their “offsprings” left in a genome. First of all,
they are very interesting biological subjects to study genome struc-
ture, gene regulation, or genome evolution. In some cases, they
also make genome assembly and annotation quite challenging,
especially with the current NGS technology that generates reads
shorter than TEs. Nevertheless, TEs should be and are worthy to
study. However, it is not a simple task and requires different
approaches depending on the level of analysis. We will walk through
these different levels starting with raw genome sequences without
any annotation and discuss different methods and software used for
TE analyses. In principle, we can imagine two scenarios: in the first
one, genomic or transcriptome sequences are coming from a spe-
cies for which there is already some information about the transpo-
son repertoire, for instance, a related genome has been previously
characterized or TEs have been studied before. In the second
scenario, we have to deal with a completely unknown genome or
a genome for which little information exists with regard to TEs. In
the former case, one can apply a range of techniques used in
comparative genomics or try to search specific libraries of transpo-
sons using the “homology search” approach. In the latter, which is
basically an approach to identify TEs de novo, first we need to find
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any repeats in a genome and then attempt characterization and
classification of newly identified repetitive sequences. In this
approach, we will find any repeats, not necessarily transposons.
There are many algorithms, and even more software, that can be
applied in both approaches.

4.1 De Novo

Approaches to Finding

Repetitive Elements

There are several steps involved in the de novo characterization of
transposons. First, we need to find all the repeats in a genome, then
build a consensus of each family of related sequences, and finally
classify detected sequences. For the first step, three groups of
algorithms exist: the k-mer approach, sequence self-comparison,
and periodicity analysis.

In the k-mer approach, sequences are scanned for overrepre-
sentation of strings of certain length. The idea is that repeats that
belong to the same family are compositionally similar and share
some oligomers. If the repeats occur many times in a genome, then
those oligomers should be overrepresented. However, since repeats
and transposons in particular are not perfect copies of a certain
sequence, some mismatches must be allowed when oligo frequen-
cies are calculated. The challenge is to determine optimal size of an
oligo (k-mer) and number of mismatches allowed. Most likely,
these parameters should be different for different types of transpo-
sons, i.e., low versus high copy number, old versus young transpo-
sons, and those from different classes and families. Several programs
have been developed based on the k-mer idea using a suffix tree data
structure including REPuter [77, 78], Vmatch (Kurtz, unpub-
lished; http://www.vmatch.de/), and Repeat-match
[79, 80]. Another approach is to use fixed length k-mers as seeds
and extend those seeds to define repeat’s family as it was imple-
mented in ReAS [81], RepeatScout [82], and Tallymer
[83]. Another interesting algorithm can be found in the FORRe-
peats software [84], which uses factor oracle data structure [85]. It
starts with detection of exact oligomers in the analyzed sequences,
followed by finding approximate repeats and their alignment.

The second group of programs developed for de novo detec-
tion of repeated sequences is using self-comparison approach.
Repeat Pattern Toolkit [86], RECON [87], PILER [88, 89], and
BLASTER [90] belong to this group. The idea is to use one of the
fast sequence similarity tools, e.g., BLAST [91], followed by clus-
tering search results. The programs differ in the search engine for
the initial step, though most are using some of the BLAST algo-
rithms, the clustering method, and heuristics of merging initial hits
into a prototype element. For instance, RECON [87], which was
developed for the repeat finding in unassembled sequence reads,
starts with an all-to-all comparison using WU-BLAST engine.
Then, single-linkage clustering is applied to alignment results that
is followed by construction of an undirected graph with overlap-
ping. The shortest sequence that contains connected images
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(aligned subsequences) creates a prototype element. However, this
procedure might result in composite elements. To avoid this, all the
images are aligned to the prototype element to detect potential
illegitimate mergers and split those at every point with a significant
number of image ends.

PILER [88, 89] is using a different approach to find initial
clusters. Instead of BLAST, it uses PALS (pairwise alignment of
long sequences) for the initial alignment. PALS records only hit
points and uses banded search of the defined maximum distance to
optimize its performance. To further improve performance of the
system, PILER uses different heuristics for different types of
repeats, i.e., satellites, pseudosatellites, terminal repeats, and inter-
spersed repeats. Finally, a consensus sequence is generated from a
multiple sequence alignment of the defined family members.

Dot matrix is a simple method to compare two biological
sequences. The graphical output of such an analysis is called a dot-
plot. Dotplots can be used to detect conserved domains, sequence
rearrangements, RNA secondary structure, or repeated sequences. It
compares every residue in one sequence to every residue in the other
sequence or to every residue of the same sequence in the self-
comparison mode. In the latter case, there will be a main diagonal
line representing a perfect match and a number of short diagonal
lines representing similar regions (red circles in Fig. 3). Interestingly,
simple repeats appear as diamond shapes on a main diagonal line or
short vertical and horizontal lines outside themain diagonal line (red
squares in Fig. 3). Themethod was introduced to biological analyses
almost a half century ago [92, 93]. However, the first easy-to-use
software with a graphical interface, DOTTER, was developed much
later [94]. The major problem of this approach is the time required
for the dotplot calculation, which is of quadratic complexity. This
proved to be prohibitive for comparison of the genome-size
sequences. One of the solutions to this problem is using a word
index for the fast identification of substrings. Gepard implements
the suffix array data structure to improve the execution time [95]. It
is written in Java, which makes it platform-independent. Gepard
enables analyses of sequences at the mega-base level in the matter
of seconds, and it takes about an hour to analyze the whole human
chromosome I [95]. The example of the dotplot produced by the
Gepard is presented in Fig. 3.

4.2 Transposable

Elements

Determination in

NGS Data

With constant improvement of sequencing technology associated
with decreasing sequencing cost, the number of new sequenced
genomes is exploding. As of January 2019, there are more than
7000 eukaryotic and almost 180,000 prokaryotic genomes publicly
available (information retrieved on January 16, 2019, from https://
www.ncbi.nlm.nih.gov/genome/browse/). However, this comes
with a price; most of the recently sequenced genomes, due to the
short read sequencing technology, are available at various levels of
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“completeness” or assembly. For most non-model organisms, we
are presented with draft assemblies of rather short contigs. More-
over, these genomes usually are not very well annotated, with TEs
not being on the annotation priority list. Unfortunately, genome
annotation pipelines do not include TE annotation, focusing on
protein-coding and RNA-coding genes. To fill the gap, a number of
methods have been developed to detect repeats from short reads.
Two algorithms dominate in attempts to determine repeats in NGS
raw reads: clustering and k-mer. Transposome [96] and RepeatEx-
plorer [97] employ the former approach, while RepARK [98],
REPdenovo [99], and dnaPipeTE [100] utilize the latter one.
Since NGS results in the relatively short reads, assembly of selected
sequences into longer contigs representing TEs is required after
initial clustering of the raw reads.

4.3 Population-Level

Analyses of

Transposable

Elements

Recent advances in sequencing technology and the sharp decrease
in sequencing costs allow genomic studies at population level.
Although initially focused on human populations [101–103],
recent population studies of other species have been initiated as
well [104, 105]. One of the common questions in such studies is

Fig. 3 Graphical output of the Gepard. A 30 kb fragment of mouse chromosome
12 was compared to itself. Similar sequences are represented by diagonal lines
if both fragments are located on the same strains or by reverse diagonal lines if
the fragments with significant similarity are located on opposite strands. Some
of the examples are marked with the red circles. Simple repeats are represented
by either diamond shapes on the main diagonal or horizontal and vertical lines.
Some of the examples are marked with the red squares
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how much structural variation (SV) exists in different populations.
TE insertions are responsible for about 25% of structural variants in
human genomes [106]. In general, any tool designed for detection
of SV should work for TE insertion analysis, but specialized soft-
ware can take advantage of specific expectations related to inser-
tions of TEs. Most of the SV-detection algorithms rely on paired-
end reads and are based on discordant read pair mapping and/or
split reads mapping (Fig. 4). A discordant pair read is defined as one
that is inconsistent with the expected insert size in the library used
for sequencing. For example, if the insert size of the library used for
sequencing is 300 nt but the reads map to a reference genome
within much larger distance or to two different chromosomes,
such a pair is considered to be discordant. If, additionally, one of
the reads maps to a TE, it might be an indication of a polymorphic
TE. Usually some filtering is used to reduce a chance of false
positives. These include minimum read number in the cluster
mapped to a unique position, quality score of the reads, or consis-
tency in reads orientation. However, the discordant read mapping
cannot detect exact insertion position. Therefore another step is
required that may include local assembly and split-read mapping.
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Fig. 4 Detection of a TE insertion (polymorphic TE) from the NGS data. The upper panel shows real genomic
sequence with a TE, which is not present in the reference genome (lower panel). Hypothetical discordant pair-
reads (a, b, d, f, g, i, j, k, l, o, q, s, and t) have only one the pairs mapped to the reference genome, while the
other would map to a consensus sequence of a TE. The hypothetical split reads (c, e, h, m, p, and r) will have
part of the sequence mapped to the reference genome and the other to a TE consensus sequence
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A split read is defined as a read for which part of it maps
uniquely to one position in the genome and the other part to
another position. This is, for example, a very common feature of
the mapping of RNA-seq data to eukaryotic genomes when reads
span two exons. Split reads are being also observed if structural
variants exist. In a case of a TE insertion, a part of the read will be
mapped to a unique location and the rest to a TE in some other
location or may not be mapped at all (Fig. 4).

Different methods for structure variant detection return differ-
ent results on the same data. Recently published benchmarking
demonstrates that TE detection is not an exception
[107, 108]. Ewing [107] compared TranspoSeq [109] with two
other tools, Tea [110] and TraFIC [111], on the same data sets.
Results were not very encouraging as in both comparisons there
was a high fraction of insertions detected only by a single program
[107]. Similar conclusion was drawn by Rishishwar et al. [108] in a
benchmark of larger number of tools including MELT [106],
Mobster [112], and RetroSeq [113]. It is clear that different soft-
ware have different biases, and each one can produce a high number
of false positives. It is recommended then to employ several pro-
grams for high confidence results. Exhaustive tests run on real and
simulated human genome data showed superior performance of
MELT [106, 108]. TIPseqHunter is another tool developed to
identify transposon insertion sites based on the transpose insertion
profiling using next-generation sequencing [114]. It employs
machine learning algorithm to ensure high precision and reliability.
It is worth to note that all these tools were designed for short read
sequencing methods. However, with current development of
single-molecule long reads, sequencing technologies such as Pac-
Bio and Oxford Nanopore may make these methods irrelevant and
obsolete. Long reads should be of superior performance and make
TE insertion detection relatively easy with more traditional
aligners, such as MegaBLAST [115], BLAT [116], or LAST [117].

4.4 Comparative

Genomics of TE

Insertions

To understand the general pattern of TE insertions in different
genomes and evolutionary dynamics of TE families, a comparative
approach is necessary. Although precomputed alignments of differ-
ent genomes are publicly available, for example, the UCSC
Genome Browser includes Multiz alignments of 100 vertebrate
genomes [118], not many tools are available for such analyses.
One of them is GPAC (genome presence/absence compiler) that
creates a table of presence and absence of certain elements based on
the precomputed multiple genomes alignment [119] (http://bioin
formatics.uni-muenster.de/tools/gpac/index.hbi). The tool is
quite generic, but is well suited for the TE comparative analysis
(see Fig. 5 for an example).
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4.5 Classification of

Transposable

Elements

Once the consensus of a repetitive element has been constructed, it
can be subjected to further analyses. There are twomajor categories
of programs dealing with the issue of TE classification: library or
similarity-based and signature-based. The latter approach is very
often used in specialized software, i.e., tailored for specific type of
TEs. However, some general tools also exist, e.g., TEclass [120].

The library approach is probably the most common approach
for TE classification. It is also very efficient and quite reliable as long
as good libraries of prototype sequences exist. In practice, it is the
recommended approach when we analyze sequences from well-
characterized genomes or from a genome relatively closely related
to a well-studied one. For instance, since the human genome is one
of the best studied, any primate sequences can be confidently
analyzed using the library approach. Most likely, the first software
using the similarity-based approach for repeat classification was
Censor developed by Jerzy Jurka in the early 1990s [121]. It uses
RepBase [122] as a reference collection and BLAST as a search
engine [91]. However, the most popular TE detection software is
RepeatMasker (RM) (http://www.repeatmasker.org). Interest-
ingly, RM is also using RepBase as a reference collection and
AB-BLAST, RM-BLAST, or cross-match as a search engine. In
both cases, original search hits are processed by a series of Perl
scripts to determine the structure of elements and classify them to
one of known TE families. Both Censor and RM also employ user-
provided libraries, including “third-party” lineage-specific libraries,
e.g., TREP [123]. Over the years, RepeatMasker has become a
standard tool for TE analyses, and often its output is used for
more biologically oriented studies (see below). The aforemen-
tioned programs have one important drawback: since they are
completely based on sequence similarity, they can detect only TEs
that had been previously described. Nevertheless, similarity
searches, like in many other bioinformatics tasks, should be the
first approach for the analysis of repetitive elements.

Signature-based programs are searching for certain features
that characterize specific TEs, for example, long terminal repeats
(LTRs), target site duplications (TSDs), or primer-binding sites
(PBSs). Since different types (families) of elements are structurally
different, they require specific rules for their detection. Hence,
many of the programs that use signature-based algorithms are
specific for certain type of transposons. There are a number of
programs specialized in detection of LTR transposons, which are
based on a similar methodology. They take into account several
structural features of LTR retroposons including size, distance
between paired LTRs and their similarity, the presence of TSDs,
and the presence of replication signals, i.e., the primer-binding site
and the polypurine tract (PPTs). Some of the programs check also
for ORFs coding for the gag, pol, and env proteins. LTR_STRUC
[124] was one of the first programs based on this principle. It uses
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seed-and-extend strategy to find repeats located within user-
defined distance. The candidate regions are extended based on
the pairwise alignment to determine cognate LTRs’ boundaries.
Putative full-length elements are scored based on the presence of
TSD, PBS, PPT, and reverse transcriptase ORF. However, because
of the heuristics described above, LTR_STRUC is unable to find
incomplete LTR transposons and in particular solo LTRs. Another
limitation of this program is its Windows-only implementation that
significantly prohibits automated large-scale analysis. Several other
programs have been developed based on similar principles, e.g.,
LTR_par [125], find_LTR [126], LTR_FINDER [127], and
LTRharvest [128]. Lerat tested performance of these programs
[129], and although sensitivity of the methods was acceptable
(between 40% and 98%), it was at the expense of specificity, which
was very poor. In several cases, the number of falsely assigned
transposons exceeded the number of correctly detected ones.

Another group of transposons that have a relatively conserved
structure are MITEs and Helitrons. Several specialized programs
were developed that take advantage of their specific structure.
FINDMITE [130] and MUST [131] are tailored for MITEs,
while HelitronFinder [132] and HelSearch [133] were developed
for Helitron detection.

A further interesting approach to transposon classification was
implemented by Abrusan et al. [120] in the software package called
TEclass, which classifies unknown TE consensus sequences into
four categories, according to their mechanism of transposition:
DNA transposons, LTRs, LINEs, and SINEs. The classification
uses support vector machines, random forests, learning vector
quantization, and predicts ORFs. Two complete sets of classifiers
are built using tetramers and pentamers, which are used in two
separate rounds of the classification. The software assumes that the
analyzed sequence represents a TE and the classification process is
binary, with the following steps: forward versus reverse sequence
orientation > DNA versus retrotransposon > LTRs versus
nonLTRs (for retroelements) > LINEs versus SINEs (for nonLTR
repeats). If the different methods of classification lead to conflicting
results, TEclass reports the repeat either as unknown or as the last
category where the classification methods agree (http://bioinfor
matics.uni-muenster.de/tools/teclass/index.hbi).

4.6 Pipelines Recent years witnessed some attempt to create more complex,
global analyses systems. One such a system is REPCLASS
[134]. It consists of three classification modules: homology
(HOM), structure (STR), and target site duplication (TSD). Each
module can be run separately or in the pairwise manner, whereas
the final step of the analysis involves integration of the results
delivered by each module. There is one interesting novelty in the
STR module, namely, implementation of tRNAscan-SE [135] to
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detect tRNA-like secondary structure within the query sequence,
one of the signatures of many SINE families. The REPPET is
another pipeline for TE sequence analyses. It uses “classical”
three-step approach for de novo TE identification: self-alignment,
clustering, and consensus sequences generation. However, the
pipeline is using a spectrum of different methods at each step,
followed by a rigorous TE classification step based on recently
proposed classification of TEs [136]. Unfortunately, a complex
implementation that makes installation and running the system
rather difficult limits usage of the pipeline. The classification step
seems to be unreliable as it may annotate lineage-specific TEs in
wrong taxonomical lineages (Kouzel and Makalowski,
unpublished data).

There are other attempts to create comprehensive systems for
“repeatome” analysis. One of them is dnaPipeTE developed for
mosquito genomes’ analyses [100]. Interestingly, dnaPipeTE
works on the raw NGS data, which makes the pipeline well suited
for genomes with lower sequencing depth. The raw reads are first
subjected to k-mer count on the sampled data. The sampling of the
data to size less than 0.25� of the genome is required to avoid
clustering reads representing unique sequences. The determined
repetitive reads are assembled into contigs using Trinity
[137]. Although Trinity was originally developed for transcriptome
assembly from RNA-seq data, it proves to be very useful for TEs
assembly from short reads as it can efficiently determine consensus
sequences of closely related transposons. In the next step, dnaPi-
peTE annotates repeats using RepeatMasker with either built-in or
user-defined libraries. This is probably the weakest point of the
pipeline as it will not annotate any novel TEs, which have no similar
sequences present in the provided libraries. It would be useful to
complement this step with model-based or machine learning
approaches (see Subheading 4.5). After contigs’ annotation, copy
number of the TEs are estimated using BLAST algorithm
[91]. Finally, sequence identity between an individual TE and its
consensus sequence is used to determine the relative age of the TEs.
The pipeline produces a number of output files including several
graphs, i.e., pie chart with the relative proportion of the main
repeat classes and graph with the number of base pairs aligned on
each TE contig and TE age distribution. Overall, the dnaPipeTE is
very efficient, outperforming, according to the authors, RepeatEx-
plorer by severalfold [100].

4.7 Meta-analyses Most of the software developed are focused on the TE discovery
and rarely offer more biological oriented analyses. Consequently,
researchers interested in TE biology or using TE insertions as tools
for another biological investigations need to utilize other resources.
One of them is TinT (transposition in transposition), tool that
applies maximum likelihood model of TE insertion probability to
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estimate relative age of TE families [138] (http://bioinformatics.
uni-muenster.de/tools/tint/index.hbi). In the first steps, it takes
RepeatMasker output to detect nested retroposons. Then, it gen-
erates a data matrix that is used by a probabilistic model to estimate
chronology and activity period of analyzed families. The method
was applied to resolve the evolutionary history of galliformes [139],
marsupials [140], lagomorphs [141], squirrel monkey [142], or
elephant shark [143].

Another interesting application that takes advantage of TEs is
their use for detecting signatures of positive selection [144], a
central goal in the field of evolutionary biology. A typical research
scenario for this application would be investigating whether a spe-
cific TE fragment exapted into resident genomic features, such as
proximal and distal enhancers or exons of spliced transcripts, has
undergone accelerated evolution that could be indicative of gain of
function events. In short, the test first requires the identification of
all genomically interspersed TE fragments that are homolog to the
TE segment of interest, which can be done through alignments
with a family consensus sequence. Based on multi-species genome
alignments, a second step involves identification of lineage-specific
substitutions in every single homolog fragment, which are then
consolidated into a distribution of lineage-specific substitutions
that provides the expectation (null distribution) for a segment
evolving largely without specific constraints (neutrally). A signifi-
cantly higher number of lineage-specific substitutions observed in
the TE fragment of interest compared to the null distribution could
then be interpreted as a molecular signature of adaptive evolution.
However, the possibility of confounding molecular mechanisms,
such as GC-biased gene conversion [145–147], needs to be eval-
uated. We note that building the null distribution based only on
data from intergenic regions, where transcription-coupled repair is
absent, results in a more liberal estimate of the expected substitu-
tions, which in turn leads to a more conservative estimate of the
adaptive evolution. Additionally, building the null distribution
requires the detection of many homolog fragments, which limits
the applicability of the test to TE families with numerous members
in a given genome. Prime examples would be human Alu or murine
B1 SINEs. In theory, this test could also be used for detecting
signatures of purifying selection by searching for fragments
depleted of lineage-specific substitutions. However, the low level
or complete lack of lineage-specific substitution is characteristic to
many TE fragments, obscuring the effect of potential purifying
forces.
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5 Concluding Remarks

Annoying junk for some, hidden treasure for others, TEs can hardly
be ignored [148]. With their diversity and high copy number in
most of the genomes, they are not the easiest biological entities to
analyze. Nevertheless, recent years witnessed increased interest in
TEs. On the one hand, we observe improvement in computational
tools specialized in TE analyses. Table 3 lists some of such tools and

Table 3
Selected resources for transposable elements discovery and analyses

Software Address

AB-BLAST http://www.advbiocomp.com/blast.html

ACLAME http://aclame.ulb.ac.be/

BLASTER suite http://urgi.versailles.inra.fr/index.php/urgi/Tools/BLASTER

Censor http://www.girinst.org/censor/download.php

DOTTER http://sonnhammer.sbc.su.se/Dotter.html

DROPOSON ftp://biom3.univ-lyon1.fr//pub/drosoposon/

find_ltr http://darwin.informatics.indiana.edu/cgi-bin/evolution/ltr.pl

FINDMITE http://jaketu.biochem.vt.edu/dl_software.htm

FORRepeats http://al.jalix.org/FORRepeats/

Gepard http://cube.univie.ac.at/gepard

HelitronFinder http://limei.montclair.edu/HT.html

HelSearch http://sourceforge.net/project/showfiles.php?group_id¼260708

HERVd http://herv.img.cas.cz/

IRF http://tandem.bu.edu/irf/irf.download.html

LTR_FINDER http://tlife.fudan.edu.cn/ltr_finder/

LTR_MINER http://genomebiology.com/2004/5/10/R79/suppl/s7

LTR_par http://www.eecs.wsu.edu/~ananth/software.htm

MGEScan-LTR http://darwin.informatics.indiana.edu/cgi-bin/evolution/daphnia_ltr.pl

MGEScan-nonLTR http://darwin.informatics.indiana.edu/cgi-bin/evolution/nonltr/nonltr.pl

microTranspoGene http://transpogene.tau.ac.il/microTranspoGene.html

MITE-Hunter http://target.iplantcollaborative.org/mite_hunter.html

PILER http://www.drive5.com/piler/

REannotate http://www.bioinformatics.org/reannotate/index.html

ReAS ftp://ftp.genomics.org.cn/pub/ReAS/software/

RECON http://eddylab.org/software/recon/

(continued)

198 Wojciech Makałowski et al.

http://www.advbiocomp.com/blast.html
http://aclame.ulb.ac.be/
http://urgi.versailles.inra.fr/index.php/urgi/Tools/BLASTER
http://www.girinst.org/censor/download.php
http://sonnhammer.sbc.su.se/Dotter.html
ftp://biom3.univ-lyon1.fr//pub/drosoposon/
http://darwin.informatics.indiana.edu/cgi-bin/evolution/ltr.pl
http://jaketu.biochem.vt.edu/dl_software.htm
http://al.jalix.org/FORRepeats/
http://cube.univie.ac.at/gepard
http://limei.montclair.edu/HT.html
http://sourceforge.net/project/showfiles.php?group_id=260708
http://sourceforge.net/project/showfiles.php?group_id=260708
http://herv.img.cas.cz/
http://tandem.bu.edu/irf/irf.download.html
http://tlife.fudan.edu.cn/ltr_finder/
http://genomebiology.com/2004/5/10/R79/suppl/s7
http://www.eecs.wsu.edu/~ananth/software.htm
http://darwin.informatics.indiana.edu/cgi-bin/evolution/daphnia_ltr.pl
http://darwin.informatics.indiana.edu/cgi-bin/evolution/nonltr/nonltr.pl
http://transpogene.tau.ac.il/microTranspoGene.html
http://target.iplantcollaborative.org/mite_hunter.html
http://www.drive5.com/piler/
http://www.bioinformatics.org/reannotate/index.html
ftp://ftp.genomics.org.cn/pub/ReAS/software/
http://eddylab.org/software/recon/


Table 3
(continued)

Software Address

RepSeek http://wwwabi.snv.jussieu.fr/public/RepSeek/

RepeatFinder http://cbcb.umd.edu/software/RepeatFinder/

RepeatMasker http://www.repeatmasker.org/

RepeatModeler http://www.repeatmasker.org/RepeatModeler/

RepeatRunner http://www.yandell-lab.org/software/repeatrunner.html

Repeat-match http://mummer.sourceforge.net/

REPET http://urgi.versailles.inra.fr/index.php/urgi/Tools/REPET

RepMiner http://repminer.sourceforge.net/index.htm

REPuter http://bibiserv.techfak.uni-bielefeld.de/reputer/

RetroMap http://www.burchsite.com/bioi/RetroMapHome.html

SMaRTFinder http://services.appliedgenomics.org/software/smartfinder/

SoyTEdb http://www.soytedb.org

Spectral Repeat Finder http://www.imtech.res.in/raghava/srf/

T-lex http://petrov.stanford.edu/cgi-bin/Tlex.html

Tallymer http://www.zbh.uni-hamburg.de/Tallymer/

TARGeT http://target.iplantcollaborative.org/

TEclass http://www.bioinformatics.uni-muenster.de/tools/teclass/

TE Displayer http://labs.csb.utoronto.ca/yang/TE_Displayer/

TE nest http://www.plantgdb.org/prj/TE_nest/TE_nest.html

TESD http://pbil.univ-lyon1.fr/software/TESD/

TinT http://www.bioinformatics.uni-muenster.de/tools/tint/

TIPseqHunter https://github.com/fenyolab/TIPseqHunter

TRANSPO http://alggen.lsi.upc.es/recerca/search/transpo/transpo.html

TranspoGene http://transpogene.tau.ac.il/

Transposon-PSI http://transposonpsi.sourceforge.net/

TRAP http://www.coccidia.icb.usp.br/trap/tutorials/

TRF http://tandem.bu.edu/trf/trf.html

TROLL http://finder.sourceforge.net/

TSDfinder http://www.ncbi.nlm.nih.gov/CBBresearch/Landsman/TSDfinder/

WikiPoson http://www.bioinformatics.org/wikiposon/doku.php

VariationHunter http://compbio.cs.sfu.ca/software-variation-hunter

Vmatch http://www.vmatch.de/
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http://target.iplantcollaborative.org/
http://www.bioinformatics.uni-muenster.de/tools/teclass/
http://labs.csb.utoronto.ca/yang/TE_Displayer/
http://www.plantgdb.org/prj/TE_nest/TE_nest.html
http://pbil.univ-lyon1.fr/software/TESD/
http://www.bioinformatics.uni-muenster.de/tools/tint/
https://github.com/fenyolab/TIPseqHunter
http://alggen.lsi.upc.es/recerca/search/transpo/transpo.html
http://transpogene.tau.ac.il/
http://transposonpsi.sourceforge.net/
http://www.coccidia.icb.usp.br/trap/tutorials/
http://tandem.bu.edu/trf/trf.html
http://finder.sourceforge.net/
http://www.ncbi.nlm.nih.gov/CBBresearch/Landsman/TSDfinder/
http://www.bioinformatics.org/wikiposon/doku.php
http://compbio.cs.sfu.ca/software-variation-hunter
http://www.vmatch.de/


the up-to-date list can be found at our web site: http://www.
bioinformatics.uni-muenster.de/ScrapYard/. On the other hand,
improved tools and new technologies enable biologists to explore
new research avenues that might lead to novel, fascinating insights
into the biology of mobile elements.
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