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1Chapter 12

2Transposable Elements and Their Identification

3Wojciech Makałowski, Amit Pande, Valer Gotea
4and Izabela Makałowska

5Abstract

6Most genomes are populated by thousands of sequences that originated from mobile elements. On the one
7hand, these sequences present a real challenge in the process of genome analysis and annotation. On the
8other hand, there are very interesting biological subjects involved in many cellular processes. Here,
9we present an overview of transposable elements (TEs) biodiversity and their impact on genomic evolution.
10Finally, we discuss different approaches to the TEs detection and analyses.

11Key words: Transposable elements, Transposons, Mobile elements, Repetitive elements, Genome
12analysis, Genome evolution, Junk DNA, RepeatMasker, TinT, TEclass

131. Introduction

14Most eukaryotic genomes contain huge numbers of repetitive
15elements. This phenomenon was discovered by Waring and Britten
16almost a half century ago using reassociation studies (1, 2). It turned
17out that most of these repetitive elements originated in transposable
18elements (TEs) (3), though the repetitive fraction of a genome varies
19significantly between different organisms, from 12% inCaenorhabditis
20elegans (4) to 50% inmammals (3), andmore than 80% in some plants
21(5).Covering sucha significant fractionof agenome, it is not surprising
22that TEs have a significant influence on the genome organization and
23evolution. What once was called junk now is considered a treasure.
24Althoughmuch progress has been achieved in understanding of a role
25thatTEsplay in ahost genome,we are still far froma full understanding
26of the delicate evolutionary interplay between a host genome and the
27invaders. They also pose amajor challenge for the genomic community
28at different levels, from their detection and classification to genome
29assembly and genome annotation. Here, we present a brief natural
30history of the TEs and discuss major techniques used in their analyses.

Maria Anisimova (ed.), Evolutionary Genomics: Statistical and Computational Methods, Volume 1,
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312. Discovery of
32Mobile Elements

33 TEs were discovered by Barbara McClintock during experiments
34 conducted in 1944 on maize. Since they influenced the activity of
35 some genes studied by McClintock, she named them controlling
36 elements. However, her discovery was met with less than enthusias-
37 tic reception by the genetic community. Her presentation at the
38 1951 Cold Spring Harbor Symposium was not understood and at
39 least not very well received (6). She had no better luck with her
40 follow-up publications (7–9) and after several years of frustration
41 decided not to publish on the subject for the next two decades.
42 Not for the first time in the history of science, an unappreciated
43 discovery was brought back to life after some other discovery has
44 been made. In this case, it was discovery of Insertional Elements in
45 bacteria by Szybalski group in early 1970s (10). In the original
46 paper, they wrote: “Genetic elements were found in higher organ-
47 isms which appear to be readily transposed from one to another site
48 in the genome. Such elements, identifiable by their controlling
49 functions, were described by McClintock in maize. It is possible
50 that they might be somehow analogous to the presently studied IS
51 insertions” (10). The importance of the McClintock’s original
52 work was eventually appreciated by the genetic community with
53 numerous awards including 14 honorary doctoral degrees and a
54 Nobel Prize in 1983 “for her discovery of mobile genetic elements”
55 (http://nobelprize.org/nobel_prizes/medicine/laureates/1983/).
56 Coincidently, at the same time as Szybalski “rediscovered” TEs,
57 SozumuOhno coined the term junk DNA that influenced genomic
58 field for decades (11). Ohno referred to so called noncoding
59 sequences or, to be more precise, to any piece of DNA that do
60 not code for a protein, which included all genomic pieces origi-
61 nated in transposons. The unfavorable picture of transposable and
62 transposed elements started to change in early 1990s when some
63 researchers noticed evolutionary value of these elements (12, 13).
64 With the wheel of fortune turning full circle and advances of
65 genome sciences, TE research is again focused on the role of mobile
66 elements played in the evolution of gene regulation (14, 15).

673. Transposons
68Classification

693.1. Insertion

70Sequences and

71Other Bacterial

72Transposons

73 The bacterial genome is composed of a core genomic backbone
74 decorated with a variety of multifarious functional elements. These
75 MGEs (mobile genetic elements) include bacteriophages, conjuga-
76 tive transposons, integrons, unit transposons, composite transposons,
77 and Insertion Sequences (IS). Here, we elaborate upon the last class
78 of these elements, as they are most widely found and described (16).
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79The ISs were identified during studies of model genetic systems
80by virtue of their capacity to generate mutations as a result of their
81translocation (10). In-depth studies in antibiotic resistance and
82transmissible plasmids revealed an important role for these mobile
83elements in formation of resistance genes and promoting gene
84capture. In particular, it was observed that several different ele-
85ments were often clustered in “islands” within plasmid genomes
86and served to promote plasmid integration and excision.
87Although these elements sometimes generate beneficial muta-
88tions, they may be considered genomic parasites as ISs code only for
89the enzyme required for their own transposition (16). While an IS
90element occupies a chromosomal location, it is inherited along with
91its host’s native genes, so its fitness is closely tied to that of its host.
92Consequently, ISs causing deleterious mutations that disrupt a
93genomic mode or function are quickly eliminated from the popu-
94lation. However, intergenically placed ISs have a higher chance to
95be fixed in the population as likely they are neutral regarding
96population’s fitness (17).
97Insertion Sequences are generally compact (Fig. 1). They usu-
98ally carry no other functions than those involved in their mobility.
99These elements contain recombinationally active sequences which
100define the boundary of the element, together with Tpase, an
101enzyme, which processes these ends and whose gene usually
102encompasses the entire length of the element (18). Majority of
103ISs exhibit short terminal inverted-repeat sequences (IR) of length
10410–40 bp. Several notable exceptions do exist, for example the IS91,
105IS110, and IS200/605 families.
106The IRs contains two functional domains (19). One is involved
107in Tpase binding, and the other cleaves and transfers strand specific
108reactions resulting in transposition. IS promoters are often posi-
109tioned partially within the IR sequence upstream of the Tpase gene.
110Binding sites for host-specific proteins are often located within
111proximity to the terminal IRs and play a role in modulating trans-
112position activity or Tpase expression (20). A general pattern for the
113functional organization of Tpases has emerged from the limited
114numbers analyzed. The N-terminal region contains sequence-
115specific DNA binding activities of the proteins, while the catalytic
116domain is often localized toward the C-terminal end (20).
117Another common feature of IS elements is duplication of a
118target site that results in short direct repeats (DRs) flanking the
119IS (21). The length of the DR varies from 2 to 14 base pairs and is a
120hallmark of a given element. Homologous recombination between
121two IS elements can result in each having two different DRs (22).

Fig. 1. Schematic representation of insertional elements (IS). See text for detailed description.
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122 Insertion Sequences have been classified on the following basis
123 (1) similarities in genetic organization (arrangement of open
124 reading frames); (2) marked identities or similarities in their Tpases
125 (common domains or motifs); (3) similar features of their ends
126 (terminal IRs); and (4) fate of the nucleotide sequence of their
127 target sites (generation of a direct target duplication of determined
128 length). Based on the above rules, ISs are currently classified in
129 24 families (23) (Table 1).
130 IS elements influence gene expression by facilitating as pro-
131 moters, for instance potential �35 hexamers have been detected
132 within the terminal IR of many ISs. The list of elements which have
133 been demonstrated experimentally to carry functional �35 hexam-
134 ers is now extensive and includes IS21, IS30, IS257, IS2, IS911,
135 and IS982 in Lactococcus lactis (24). Other elements, having a
136 different mode of influencing the expression of neighboring genes
137 do so by endogenous transcription “escaping” the IS and traversing
138 the terminal IR, e.g., IS3, IS10, IS481, and IS982 in Escherichia
139 coli (25–29).

1403.2. Eukaryotic

141Transposable Elements

142 The first TE classification system was proposed by Finnegan in
143 1989 (30) and distinguished two classes of TEs characterized by
144 their transposition intermediate: RNA (class I or retrotransposons)
145 or DNA (class II or DNA transposons). The transposition mecha-
146 nism of class I is commonly called “copy-and-paste” and that of
147 class II, “cut-and-paste.” In 2007, Wicker et al. (31) proposed
148 hierarchical classification based on TEs structural characteristics
149 and mode of replication (see Table 2 and Fig. 2). Below, we present
150 a brief overview of eukaryotic mobile elements that in general
151 follows the classification proposed by Wicker et al. (31).

3.2.1. Class I Mobile

Elements

152 As mentioned above, class I TEs transpose through an RNA inter-
153 mediary. The RNA intermediate is transcribed from genomic DNA,
154 and then reverse-transcribed into DNA by a TE-encoded reverse
155 transcriptase (RT), followed by reintegration into a genome. Each
156 replication cycle produces one new copy, and as a result, class I
157 elements are the major contributors to the repetitive fraction in
158 large genomes (5, 32–34). Retrotransposons are divided into five
159 orders: LTR retrotransposons, DIRS-like elements, Penelope-like
160 elements (PLEs), LINEs (Long INterspersed Elements), and
161 SINEs (Short INterspersed Elements). This scheme is based on
162 the mechanistic features, organization and reverse transcriptase
163 phylogeny of these retroelements. Accidentally, the retrotranscip-
164 tase coded by an autonomous TE can reverse-transcribe another
165 RNA present in the cell, e.g., mRNA and produced a retrocopy
166 of it, which in most cases results in a pseudogene.
167 The LTR retrotransposons, are characterized by the presence of
168 the Long Terminal Repeats (LTRs) ranging from several hundred
169 to several thousand base pairs. Both exogenous retroviruses and
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170LTR retrotransposons contain a gag gene, that encodes a viral
171particle coat, and a pol gene that encodes a reverse transcriptase,
172ribonuclease H, and integrase, which provide the enzymatic
173machinery for reverse transcription and integration into the host
174genome. Reverse transcription occurs within the viral or viral-like

t1:1Table 1
Prokaryotic transposable elements as presented in the IS Finder database (120)

Family
Typical size
range in bp

Direct repeat
size in bp IRsa Number of ORFs t1:2

IS1 740–4,600 0–10 Y 1 or 2 t1:3

IS110 1,200–1,550 0 Y 1 t1:4

IS1380 1,550–2,000 4–5 Y 1 t1:5

IS1595 700–7,900 8 Y 1 t1:6

IS1634 1,500–2,000 5–6 Y 1 t1:7

IS200/IS605 600–2,000 0 N 1 or 2 t1:8

IS21 1,750–2,600 4–8 Y 2 t1:9

IS256 1,200–1,500 8–9 Y 1 t1:10

IS3 1,150–1,750 5 Y 2 t1:11

IS30 1,000–1,700 2–3 Y 1 t1:12

IS4 1,150–5,400 8–13 Y 1 or more t1:13

IS481 950–1,300 4–15 Y 1 t1:14

IS5 800–1,500 2–9 Y 1 or 2 t1:15

IS6 700–900 8 Y 1 t1:16

IS607 1,700–2,500 0 N 2 t1:17

IS630 1,000–1,400 2 Y 1 or 2 t1:18

IS66 1,350–3,000 8–9 Y 1 or more t1:19

IS701 1,400–1,550 4 Y 1 t1:20

IS91 1,500–2,000 0 N 1 t1:21

IS982 1,000 3–9 Y 1 t1:22

ISAs1 1,200–1,500 8–10 Y 1 t1:23

ISH3 1,225–1,500 4–5 Y 1 t1:24

ISL3 1,300–2,300 8 Y 1 t1:25

Tn3 over 3,000 0 Y More than 1 t1:26

t1:27
aPresence (Y) or absence (N) of terminal inverted repeats
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175 particle (GAG) in the cytoplasm, and it is a multistep process (35).
176 Unlike LTR retrotransposons, exogenous retroviruses contain
177 an env gene, which encodes an envelope that facilitates their migra-
178 tion to other cells. Some LTR retrotransposons may contain rem-
179 nants of an env gene but their insertion capabilities are limited
180 to the originating genome (36). This would rather suggest that
181 they originated in exogenous retroviruses by losing the env gene.
182 However, there is evidence that suggests the contrary, given that
183 LTR retrotransposons can acquire the env gene and become infec-
184 tious entities (37). Currently, most of the LTR sequences (85%) are
185 found only as isolated LTRs, with the internal sequence being
186 lost most likely due to homologous recombination between flank-
187 ing LTRs (38, 39). Interestingly, LTR retrotransposons target their
188 reinsertion to specific genomic sites, often around genes, with
189 putative important functional implications for a host gene (36).

t2:1 Table 2
Classification of eukaryotic transposable elements as proposed by Wicker et al. (31)

Class Order Superfamily Phylogenetic distributiont2:2

Class I (retrotransposons) LTR Copia Plants, Metazoans, Fungit2:3

Gypsy Plants, Metazoans, Fungit2:4

Bel-Pao Metazoanst2:5

Retrovirus Metazoanst2:6

ERV Metazoanst2:7

DIRS DIRS Plants, Metazoans, Fungit2:8

Ngaro Metazoans, Fungit2:9

VIPER Trypansosomest2:10

PLE Penelope Plants, Metazoans, Fungit2:11

LINE R2 Metazoanst2:12

RTE Metazoanst2:13

Jockey Metazoanst2:14

L1 Plants, Metazoans, Fungit2:15

SINE tRNA Plants, Metazoans, Fungit2:16

7SL Plants, Metazoans, Fungit2:17

5S Metazoanst2:18

Class II (DNA transposons)
Subclass 1

TIR Tc1-Mariner Plants, Metazoans, Fungit2:19

hAT Plants, Metazoans, Fungit2:20

Mutator Plants, Metazoans, Fungit2:21

Merlin Metazoanst2:22

Transib Metazoans, Fungit2:23

P Plants, Metazoanst2:24

PiggyBac Metazoanst2:25

PIF-harbinger Plants, Metazoans, Fungit2:26

CACTA Plants, Metazoans, Fungit2:27

Crypton Crypton Fungit2:28

Class II Subclass 2 Helitron Helitron Plants, Metazoans, Fungit2:29

Maverick Maverick Metazoans, Fungit2:30

t2:31 Please note that SVAs and retrogenes are not included in this classification
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190Lander et al. estimate that 450,000 LTR copies make up about
1918% of our genome (38). LTR retrotransposons inhabiting large
192genomes, such as maize, wheat, or barley can contain thousands
193of families. However, despite the diversity, very few families com-
194prise most of the repetitive fraction in these large genomes. Notable
195examples are Angela (wheat) (40), BARE1 (barley) (41), Opie
196(maize) (42), and Retrosor6 (sorghum) (43).

Fig. 2. Structures of eukaryotic mobile elements. Retrovisuses as representatives of LTR elements (a), DIRS (b), PLE (c),
LINEs (d), SINEs (e), SVAs (f), retrogenes (g), “classical” autonomous DNA transposons (h), “classical” nonautonomous
DNA transposons (i), Helitrons (j), and Mavericks (k). See text for detailed discussion.
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197 The DIRS order clusters structurally diverged group of
198 transposons that posses a tyrosine recombinase (YR) gene instead
199 of an integrase (INT) and do not form target site duplications
200 (TSDs). Their termini resemble either split direct repeats (SDR)
201 or inverted repeats. Such features indicate a different integration
202 mechanism than that of other class I mobile elements. DIRS were
203 discovered in the slime mold (Dictyostelium discoideum) genome
204 in early 1980s (44), and they are present in all major phyloge-
205 netic lineages including vertebrates (45). Recently, Piednoel and
206 Bonnivard have showed that they are common in hydrothermal
207 vent organisms (46).
208 Another order termed PLE has wide, though patchy, distribu-
209 tion from amoebae and fungi to vertebrates and copy number can
210 reach thousands per genome (47). Interestingly, no PLE sequences
211 have been found in mammalian genomes and apparently they were
212 lost from C. elegans genome (48). Although PLEs with an intact
213 ORF have been found in several genomes, including Ciona and
214 Dannio, the only transcriptionally active representative, Penelope, is
215 known from Drosophila virilis. It causes the hybrid dysgenesis
216 syndrome characterized by simultaneous mobilization of several
217 unrelated TE families in the progeny of dysgenic crosses. It seems
218 that Penelope invaded D. virilis quite recently and its invasive
219 potential was demonstrated in D. melanogaster (47). PLEs harbor
220 a single ORF that codes for a protein consisting of reverse tran-
221 scriptase (RT) and endonuclease (EN) domains. The PLE RT
222 domain more closely resembles telomerase than the RT from
223 LTRs or LINEs. The EN domain is related to GIY-YIG intron-
224 encoded endonucleases. Some PLE members also have LTR-like
225 sequences, which can be in a direct or an inverse orientation, and
226 have a functional intron (47).
227 LINEs do not have the long terminal repeats, have a poly-A
228 tail at the 30 end, and are flanked by the TSDs. They comprise about
229 21% of the human genome and among them L1 with about
230 850,000 copies is the most abundant and best described LINE
231 family. L1 is the only LINE retroposon still active in the human
232 genome (38). In the human genome, there are two other LINE-
233 like repeats, L2 and L3, distantly related to L1. A contrasting
234 situation has been noticed in the malaria mosquito Anopheles
235 gambiae, where around 100 divergent LINE families compose
236 only 3% of its genome. LINEs in plants, e.g., Cin4 in maize and
237 Ta11 in Arabidopsis thaliana seem rare as compared with LTR
238 retrotransposons. A full copy of mammalian L1 is about 6 kb
239 long, contains a PolII promoter, and two ORFs. The ORF1
240 codes for a non-sequence-specific RNA binding protein that con-
241 tains Zn-finger, leucine zipper, and coiled-coil motifs. The ORF1p
242 functions as chaperone for the L1 mRNA (49, 50). The second
243 ORF encodes an endonuclease, which makes a single stranded nick
244 in the genomic DNA, and a reverse transcriptase, which uses the
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245nicked DNA to prime reverse transcription of LINE RNA from
246the 30 end. Reverse transcription is often unfinished, leaving
247behind fragmented copies of LINE elements, hence most of the
248L1-derived repeats are short, with an average size of 900 bp. LINEs
249are part of the CR1 clade, which has members in various metazoan
250species, including fruit fly, mosquito, zebrafish, pufferfish, turtle,
251and chicken (51). Because they encode their own retrotrans-
252position machinery, LINE elements are regarded as autonomous
253retrotransposons.
254SINEs evolved from RNA genes, such as 7SL, and tRNA genes.
255By definition, they are short, up to 1,000 base pair long. They do
256not encode their own retrotranscription machinery and are consid-
257ered as nonautonomous elements and in most cases are mobilized
258by the L1 machinery (52). The outstanding member of this class
259from the human genome is the Alu repeat, which contains a cleav-
260age site for the AluI restriction enzyme that gave its name (53).
261With over a million copies in the human genome, Alu is probably
262the most successful transposon in the history of life. Primate specific
263Alu and its rodent relative B1 have limited phylogenetic distribution
264suggesting their relatively recent origins. The Mammalian-wide
265Interspersed Repeats (MIRs), by contrast, spread before eutherian
266radiation, and their copies can be found in different mammalian
267groups including marsupials and monotremes (54).
268There are two special categories of retroposed elements worthy
269of discussion but not included in general classification proposed by
270Wicker et al. (31). SVA elements are unique primate elements due
271to their composite structure. They are named after their main
272components: SINE, VNTR (a variable number of tandem repeats)
273and Alu. Usually, they contain the hallmarks of the retroposition,
274i.e., they are flanked by TSDs and terminated by a poly(A) tail.
275It seems that SVA elements are nonautonomous retrotransposons
276mobilized by L1 machinery and they are thought to be transcribed
277by RNA polymerase II. SVAs are transpositionally active causing
278some human diseases (55). They originated less than 25 mil-
279lion years ago and they form the youngest retrotransposon family
280with about 3,000 copies in the human genome (56). Interestingly,
281similarly to L1 elements, they can transduce downstream sequences
282during their movement. It has been shown recently that about
28353 kb of the human genomic sequences has been duplicated by
284SVA-mediated transductions, including three independent duplica-
285tions of the entire AMAC gene (57).
286Another special group of retroposed sequences consists of
287retro(pseudo)genes, which are products of reverse transcription of
288a spliced (mature) mRNA. Hence, their characteristic features are as
289follows: an absence of both 5-promoter sequence and introns, the
290presence of flanking DRs and a 30 end-polyadenosine tract (58).
291Processed pseudogenes, as sometimes retropseudogenes are called,
292have been generated in vitro at a low frequency in the human HeLa
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293 cells via mRNA from a reporter gene (59). The source of the reverse
294 transcription machinery in humans and other vertebrates seems to
295 be active L1 elements (60). However, not all retroposed messages
296 have to end up as pseudogenes. About 20% of mammalian protein
297 encoding genes lack introns in their ORFs (61). It is conceivable
298 that many genes lacking introns arose by retroposition. Some genes
299 are known to be retroposed more often than others. For instance,
300 in the human genome there are over 2,000 retropseudogenes for
301 ribosomal proteins (62). A recent genome-wide study showed that
302 the human genome harbors about 20,000 pseudogenes, 72% of
303 which arose through retroposition (63). Interestingly, vast majority
304 (92%) of them are quite recent transpositions that occurred after
305 primate/rodent divergence (63). Some of the retroposed genes
306 may undergo quite complicated evolutionary path. An example
307 could be retrogene RNF13B, which replaced its own parental
308 gene in mammalian genomes. This retrocopy was duplicated in
309 primates and the evolution of this primate specific copy was accom-
310 panied by the exaptation of two TEs, Alu and L1, and intron gain
311 via changing a part of coding sequence into an intron, leading
312 to the origin of a functional, primate specific retrogene with two
313 splicing variants (64).

3.2.2. Class II Mobile

Elements

314 Class II elements move by a conservative cut-and-paste mechanism,
315 the excision of the donor element is followed by its reinsertion
316 elsewhere in the genome. DNA transposons are abundant in bacte-
317 ria, where they are called insertion sequences (see Subheading 3.1
318 above), but are present in all phyla. Wicker et al. distinguished two
319 subclasses of DNA transposons based on the number of DNA
320 strands that are cut during transposition (31).
321 Classical “cut-and-paste” transposons belong to the subclass I.
322 They are characterized by terminal inverted repeats and encode a
323 transposase that binds near the inverted repeats and mediates
324 mobility. This process is not usually a replicative one, unless the
325 gap caused by excision is repaired using the sister chromatid. When
326 inserted at a new location, the transposon is flanked by small gaps,
327 which, when filled by host enzymes, cause duplication of the
328 sequence at the target site. The length of these TSDs is characteris-
329 tic for particular transposons. Wicker et al. (31) listed two orders
330 and ten superfamilies in this group of transposons, including rather
331 obscure Crypton TEs known only from fungal genomes (65).
332 To this subclass also belong MITEs—a heterogeneous small non-
333 autonomous elements (66), which in some genomes amplified
334 to thousands copies, e.g., Stowaway in the rice genome (67) or
335 Galluhop in the chicken genome (68).
336 Subclass II includes two orders of the TEs that, as those
337 from subclass I, do not form RNA intermediate. However, unlike
338 “classical” DNA transposons, they replicate without double-strand
339 cleavage. Helitrons replicate using a rolling-circle mechanism and
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340their insertion does not result in target site duplication (69).
341They encode tyrosine recombinase along with some other proteins.
342Helitrons were first described in plants but they are present also in
343other phyla including fungi and mammals (70, 71). Mavericks are
344large transposons that have been found in different eukaryotic
345lineages excluding plants (72). They encode various number of
346proteins that include DNA polymerase B and an integrase. Kapito-
347nov and Jurka suggested that their life cycle includes a single strand
348excision, followed by extrachromosomal replication and reintegra-
349tion to a new location (73).

3504. Identification
351of Transposable
352Elements
353With ever-growing number of sequenced genomes from different
354branches of tree of life, detection of TEs is getting increasingly
355challenging. There are several different reasons why one would
356like to analyze TEs and their “offsprings” left in a genome. On the
357one hand, they are very interesting biological subjects to study for
358instance genome structure, gene regulation, or genome evolution.
359On the other hand, they might be considered just an annoying
360genomic feature that makes genome sequencing and annotation
361more difficult. In either case, TEs should be and are worthy to
362study. However, it is not a simple task and requires different
363approaches depending on the level of analysis. We will walk through
364these different levels starting with “freshly” sequenced genome
365without any annotation and discuss different methods and software
366used for TEs analyses. In principle, we can imagine two scenarios:
367in the first one, genomic or transcriptome, sequences are coming
368from the species for which there is already some information about
369transposon repertoire available, for instance related genome has
370been previously characterized or TEs have been studied before.
371In the second scenario, we have to deal with a completely unknown
372genome or a genome with little information. In the previous case,
373one can apply a range of techniques used in comparative genomics
374or try to search specific libraries of transposons using “homology
375search” approach. In the latter, called de novo approach, first we
376need to find any repeats in a genome and then try to understand
377their nature. In this approach, we will find any repeats not necessar-
378ily transposons. There are many algorithms and even more software
379that can be applied in both approaches.

3804.1. De Novo

381Approaches to Finding

382Repetitive Elements

383There are several steps involved in the de novo characterization of
384transposons. First, we need to find all the repeats in a genome, then
385build a consensus of each family of related sequences, and finally
386classify detected sequences. For the first step, three groups of
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387algorithms exist: k-mer approach, sequence self-comparison, and
388periodicity approach.
389In the k-mer approach sequences are scanned for overrepre-
390sentation of string of certain length. The idea is that repeats that
391belong to the same family are compositionally similar and
392share some oligomers. If the repeats occur many times in a genome,
393then those oligomers should be overrepresented. However, since
394repeats and transposons in particular are not exactly the same, some
395mismatches must be allowed when oligo frequencies are calculated.
396The challenge is to determine optimal size of an oligo (k-mer) and
397number of mismatches allowed. Most likely these parameters
398should be different for different types of transposons, i.e., low
399versus high copy number, old versus young transposons, and
400transposon class. Several programs have been developed based on
401k-mer idea using a suffix tree data structure including REPuter
402(74, 75), Vmatch (Kurtz, unpublished; http://www.vmatch.de/),
403and Repeat-match (76, 77). Another approach is to use fixed length
404k-mers as seeds and extend those seeds to define repeat’s family as it
405was implemented in ReAS (78), RepeatScout (79), and Tallymer
406(80). Another interesting algorithm can be found in FORRepeats
407software (81), which uses factor oracle data structure. It starts with
408detection of exact oligomers in the analyzed sequences, following
409with finding approximate repeats and their alignment.
410The second group of programs developed for de novo detec-
411tion of repeated sequences is using self-comparison approach.
412Repeat Pattern Toolkit (82), RECON (83), PILER (84, 85), and
413BLASTER (86) belong to this group. The idea is to use one of
414the fast sequence similarity tools, e.g., BLAST (87) followed by
415clustering search results. The programs differ in the search engine
416for the initial step, though most are using some of the BLAST
417algorithms, the clustering method, and heuristics of merging initial
418hits into a prototype element. For instance, RECON (83), which
419was developed for the repeat finding in unassembled sequence reads,
420starts with an all-to-all comparison using WU-BLAST engine. Then,
421single linkage clustering is applied to alignment results, which is
422followed by construction of an undirected graph with overlapping.
423The shortest sequence that contains connected images creates a
424prototype element. However, this procedure might result in com-
425posite elements. To avoid this, all the images are aligned to the
426prototype element to detect potential illegitimate mergers and split
427those at every point with a significant number of image ends.
428PILER (84, 85) is using a different approach to find initial
429clusters. Instead of BLAST, it uses PALS (Pairwise Alignment
430of Long Sequences) (88) for the initial alignment. PALS records
431only hit points and uses banded search of the defined maximum
432distance to optimize its performance. To further improve perfor-
433mance of the system PILER uses different heuristic for different
434types of repeats, i.e., satellites, pseudosatellites, terminal repeats,
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435and interspersed repeats. Finally, a consensus sequence is generated
436from a multiple sequence alignment of the defined family members.
437Spectral Repeat Finder (89) uses completely different approach,
438namely discrete Fourier transformation to identify periodicities pres-
439ent in a sequence. The specific regions that contribute to a given
440periodicity are located through a sliding window analysis. The peaks
441in the power spectrum of the sequence represent candidate repetitive
442elements. These candidates are used to seed a local alignment search
443to identify similar elements and compute a consensus sequence
444for the family. Although this method is most effective for tandem
445repeats, because the signal worsens with the distance between ele-
446ments, the authors claim that it can be used for the interspersed
447repeats as well. The serious drawback of the method is its speed
448which may be prohibitive for genome scale analyses.

4494.2. Classification

450of Transposable

451Elements

452Once the consensus of a repetitive element has been constructed, it
453can be subjected to further analyses. There are twomajor categories
454of programs dealing with the issue of TEs classification: library or
455similarity based, and signature based. The latter approach is very
456often used in specialized software, i.e., tailored for specific type of
457TEs; however, some general tools also exist, e.g., TEclass (90).
458The library approach is probably the most common approach
459for TE classification. It is also very efficient and quite reliable as
460long as good library of prototype sequences exist. In practice, it is
461recommended approach in case when we analyze sequences from
462well characterized genome or from a genome relatively closely
463related to the well-studied one. For instance, since the human
464genome is one of the best studied, any primate sequences can be
465confidently analyzed using library approach. Most likely, the first
466software using similarity based approach for repeat classification
467was Censor developed by Jurka in early 1990s (91). It uses RepBase
468(92, 93) as a reference collection and in its newest version BLAST as
469a search engine (94). However, the most popular TE detection
470software is RepeatMasker (RM) (http://www.repeatmasker.org).
471Interestingly, RM is also using RepBase as a reference collection
472and AB-BLAST, RM-BLAST, or cross-match as a search engine.
473In both cases, original search hits are processed by a series of perl
474scripts to determine structure of elements and classify them to one
475of known TE families. Both Censor and RM can also use user-
476provided libraries, including “third party” lineage specific libraries,
477e.g., Plant Repeat Databases (95) or TREP (96). Over the
478years, RM has become a standard tool in TE analyses and often its
479output is used for more biologically oriented studies (see below).
480The aforementioned programs have one important drawback, since
481they are completely based on sequence similarity, they can detect
482only TEs that has been previously described. However, similarity
483search, like in many other bioinformatics tasks, should be the first
484thing to do while analyzing repetitive elements.
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485Signature based programs are searching for certain features that
486characterize specific TEs, for example long terminal repeats (LTRs),
487target site duplications (TSDs), or primer-binding sites (PBSs).
488Since different types (families) of the elements are structurally
489different, they require specific rules for their detection. Hence,
490many of the programs that use signature based algorithms are
491specific for a certain type of transposons. There is a number of
492programs specialized in detection of LTR transposons, which are
493based on similar methodology. They take into account several
494structural features of LTR retroposons including size, distance
495between paired LTRs and their similarity, the presence of TSDs,
496presence of replication signals, i.e., the primer binding site and the
497polypurine tract (PPTs). Some of the programs check also for ORFs
498coding for the gag, pol, and env proteins. LTR_STRUC (97) was
499one of the first programs based on this principle. It uses seed-and-
500extend strategy to find repeats located within user-defined distance.
501The candidate regions are extended based on pairwise alignment to
502determine cognate LTRs’ boundaries. Putative full-length elements
503are scored based on the presence of TSD, PBS, PPT, and reverse
504transcriptase ORF. However, because of the heuristics described
505above, LTR_STRUC is unable to find incomplete LTR transposons
506and in particular solo LTRs. Another limitation of this program is
507its Windows-only implementation that significantly prohibits auto-
508mated large-scale analysis. Several other programs have been devel-
509oped based on similar principles, e.g., LTR_par (98, 99), find_LTR
510(100), LTR_FINDER (101), and LTRharvest (102). Lerat has
511recently tested performance of these programs (103), and although
512sensitivity of the methods was acceptable (between 40% and 98%),
513it was in the expense of specificity, which was very poor. In several
514cases, number of falsely assigned transposons exceeded number of
515correctly detected ones.
516Another group of transposons that have relatively conserved
517structure are MITEs and Helitrons and several specialized pro-
518grams were developed that take advantage of this information.
519FINDMITE (104), MUST (105) are tailored for MITEs, while
520HelitronFinder (106) and HelSearch (107) were developed to
521detect Helitrons.
522A further interesting approach to transposon classification was
523implemented by Abrusan et al. (90) in the software package called
524TEclass, which classifies unknown TE consensus sequences into
525four categories, according to their mechanism of transposition:
526DNA transposons, LTRs, LINEs, SINEs. The classification uses
527support vector machines, random forests, learning vector quantiza-
528tion, and predicts ORFs. Two complete sets of classifiers are built
529using tetramers and pentamers, which are used in two separate
530rounds of the classification. The software assumes that the analyzed
531sequence represents a TE and the classification process is binary,
532with the following steps: forward versus reverse sequence
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533orientation > DNA versus Retrotransposon > LTRs versus
534nonLTRs (for retroelements) > LINEs versus SINEs (for nonLTR
535repeats). If the different methods of classification lead to conflicting
536results, TEclass reports the repeat either as unknown, or as the last
537category where the classification methods agree.

5384.3. Meta-analyses 539Recent years witnessed some attempt to create more complex,
540global analyses systems. One such a system is REPCLASS (108).
541It consists of three classification modules: homology (HOM),
542structure (STR), and target site duplication (TSD). Each module
543can be run separately or in the pairwise manner and final step of
544the analysis involves integration of the results delivered by each
545module. There is one interesting novelty in the STR module,
546namely implementation of tRNAscan-SE (109) to detect tRNA-
547like secondary structure within the query sequence, one of the
548signatures of many SINE families. The REPPET is another pipeline
549for TE sequence analyses. It uses “classical” three-step approach
550for de novo TE identification: self-alignment, clustering, and con-
551sensus sequences generation. However, the pipeline is using a
552spectrum of different methods at each step, followed by rigorous
553TE classification step based on recently proposed classification
554of TEs (110).
555Another relatively unexplored territory of the TE analyses is
556going beyond TE detection and classification. For instance, T-lex
557(111) detects presence and/or absence of annotated individual TEs
558in sequenced genomes using next-generation sequencing (NGS)
559data and is especially useful for the population studies. When using
560NGS data from multiple strains, T-lex also returns the frequency
561estimate for each TE in the tested strains. To detect the presence,
562T-lex finds reads that overlap the junctions of each TE with its
563flanking region. The TE junction sequences and NGS data are
564then converted into binary formats by Maq (112). Next, the
565reads mapped on the TE junction sequences are used to build
566contigs. If at least one contig spans the TE sequence, the TE is
567defined as “present.” To detect the absence, T-lex finds reads that
568span both flanking regions. The TE flanking regions are extracted
569and concatenated. The reads are then mapped on the concatenated
570sequence of the TEs using SHRIMP (113). T-lex selects the reads
571spanning the two flanking regions of the TEs. If at least one read
572that does not fully correspond to repeated sequence maps correctly
573on both TE sides, T-lex classifies the TE as “absent.” Recently,
574Hormozdari et al. have extended their VariationHunter (114)
575algorithm to next-generation sequencing data. In the simulated
576data test the algorithm was able to discover over 85% transposon
577insertions (115).
578The TinT (Transposition in Transposition) tool is applying
579maximum likelihood model of TE insertion probability to estimate
580relative age of TE families (116). In the first steps it takes RM

12 Transposable Elements and Their Identification 351



581output to detect nested retroposons. Then, it generates a data
582matrix that is used by a probabilistic model to estimate chronology
583and activity period of analyzed families. The method has recently
584been applied to resolve the evolutionary history of galliformes
585(117), marsupials (118), and lagomorphs (119).

5865. Concluding
587Remarks

588 Annoying junk for some, hidden treasure for others, TEs can be
589 hardly ignored. With their diversity and high copy number in most
590 of the genomes, they are not the easiest biological entities to
591 analyze. Nevertheless, recent years witnessed increase interest in

t3:1 Table 3
Selected resources for Transposable Elements discovery and analyses

Software Addresst3:2

AB-BLAST http://www.advbiocomp.com/blast.htmlt3:3

ACLAME http://aclame.ulb.ac.be/t3:4

BLASTER suite http://urgi.versailles.inra.fr/index.php/urgi/Tools/BLASTERt3:5

Censor http://www.girinst.org/censor/download.phpt3:6

DROPOSON ftp://biom3.univ-lyon1.fr//pub/drosoposon/t3:7

find_ltr http://darwin.informatics.indiana.edu/cgi-bin/evolution/ltr.plt3:8

FORrepeats http://al.jalix.org/FORRepeats/t3:9

HelitronFinder http://limei.montclair.edu/HT.htmlt3:10

HERVd http://herv.img.cas.cz/t3:11

IRF http://tandem.bu.edu/irf/irf.download.htmlt3:12

IScan http://www.bioc.uzh.ch/wagner/software/IScan/t3:13

IS Finder http://www-is.biotoul.fr/is.htmlt3:14

LTR_FINDER http://tlife.fudan.edu.cn/ltr_finder/t3:15

LTRdigest http://www.zbh.uni-hamburg.de/forschung/genominformatik/software/
ltrdigest.htmlt3:16

LTRharvest http://www.zbh.uni-hamburg.de/forschung/genominformatik/software/
ltrharvest.htmlt3:17

LTR_STRUC http://www.mcdonaldlab.biology.gatech.edu/finalLTR.htmt3:18

LTR_MINER http://genomebiology.com/2004/5/10/R79/additionalt3:19

LTR_par http://www.eecs.wsu.edu/~ananth/software.htmt3:20
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t3:21Table 3
(continued)

Software Address t3:22

mer-engine http://roma.cshl.org/mer-source.php t3:23

MGEScan-LTR http://darwin.informatics.indiana.edu/cgi-bin/evolution/daphnia_ltr.pl t3:24

MGEScan-nonLTR http://darwin.informatics.indiana.edu/cgi-bin/evolution/nonltr/nonltr.pl t3:25

microTranspoGene http://transpogene.tau.ac.il/microTranspoGene.html t3:26

Miropeats http://www.genome.ou.edu/miropeats.html t3:27

MITE-Hunter http://target.iplantcollaborative.org/mite_hunter.html t3:28

MUST http://csbl1.bmb.uga.edu/ffzhou/MUST/ t3:29

PILER http://www.drive5.com/piler/ t3:30

PLOTREP http://repeats.abc.hu/cgi-bin/plotrep.pl t3:31

RAP http://genomics.cribi.unipd.it/index.php/Rap_Repeat_Filter t3:32

REannotate http://www.bioinformatics.org/reannotate/index.html t3:33

ReAS ftp://ftp.genomics.org.cn/pub/ReAS/software/ t3:34

RECON http://selab.janelia.org/recon.html t3:35

RepSeek http://wwwabi.snv.jussieu.fr/public/RepSeek/ t3:36

RepeatFinder http://cbcb.umd.edu/software/RepeatFinder/ t3:37

RepeatGluer http://nbcr.sdsc.edu/euler/intro_tmp.htm t3:38

RepeatMasker http://www.repeatmasker.org/ t3:39

RepeatModeler http://www.repeatmasker.org/RepeatModeler.html t3:40

RepeatRunner http://www.yandell-lab.org/software/repeatrunner.html t3:41

RepeatScout http://repeatscout.bioprojects.org/ t3:42

repeat-match http://mummer.sourceforge.net/ t3:43

REPET http://urgi.versailles.inra.fr/index.php/urgi/Tools/REPET t3:44

RepMiner http://repminer.sourceforge.net/index.htm t3:45

REPuter http://bibiserv.techfak.uni-bielefeld.de/reputer/ t3:46

RetroBase http://biocadmin.otago.ac.nz/fmi/xsl/retrobase/home.xsl t3:47

RetroMap http://www.burchsite.com/bioi/RetroMapHome.html t3:48

RetroTector http://www.kvir.uu.se/RetroTector/RetroTectorProject.html t3:49

RJPrimers http://probes.pw.usda.gov/RJPrimers/index.html t3:50

RTAnalyzer http://www.riboclub.org/cgi-bin/RTAnalyzer/index.pl t3:51

SeqGrapheR http://www.biomedcentral.com/imedia/6784621823926090/supp4.gz t3:52

SMaRTFinder http://services.appliedgenomics.org/software/smartfinder/ t3:53
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http://services.appliedgenomics.org/software/smartfinder/
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t3:54 Table 3
(continued)

Software Addresst3:55

SoyTEdb http://www.soytedb.orgt3:56

Spectral Repeat
Finder

http://www.imtech.res.in/raghava/srf/t3:57

Tallymer http://www.zbh.uni-hamburg.de/Tallymer/t3:58

TARGeT http://target.iplantcollaborative.org/t3:59

TCF http://www.mssm.edu/labs/warbup01/paper/files.htmlt3:60

TEclass http://www.compgen.uni-muenster.de/tools/teclass/t3:61

TE Displayer http://labs.csb.utoronto.ca/yang/TE_Displayer/t3:62

TE nest http://www.plantgdb.org/prj/TE_nest/TE_nest.htmlt3:63

TESD http://pbil.univ-lyon1.fr/software/TESD/t3:64

TinT http://www.bioinformatics.uni-muenster.de/tools/tint/t3:65

T-lex http://petrov.stanford.edu/cgi-bin/Tlex_manual.htmlt3:66

TRANSPO http://alggen.lsi.upc.es/recerca/search/transpo/transpo.htmlt3:67

TranspoGene http://transpogene.tau.ac.il/t3:68

Transposon Express http://www.swan.ac.uk/genetics/dyson/TExpress_home.htmt3:69

Transposon-PSI http://transposonpsi.sourceforge.net/t3:70

TRAP http://www.coccidia.icb.usp.br/trap/tutorials/t3:71

TRF http://tandem.bu.edu/trf/trf.htmlt3:72

TROLL http://finder.sourceforge.net/t3:73

TSDfinder http://www.ncbi.nlm.nih.gov/CBBresearch/Landsman/TSDfinder/t3:74

WikiPoson http://www.bioinformatics.org/wikiposon/doku.phpt3:75

VariationHunter http://compbio.cs.sfu.ca/strvar.htmt3:76

Vmatch http://www.vmatch.de/t3:77
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592TEs. On the one hand, we observe improvement in computational
593 tools specialized in TE analyses. Table 3 lists some of such tools
594 and more comprehensive list can be found at our Web site: http://
595 www.bioinformatics.uni-muenster.de/ScrapYard/. On the other
596 hand, the improved tools and new technology enable biologists
597 to explore mobile elements even further, with more surprising
598 discoveries certainly lying ahead.
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Chapter 6

Transposable Elements: Classification, Identification,
and Their Use As a Tool For Comparative Genomics

Wojciech Makałowski, Valer Gotea, Amit Pande, and Izabela Makałowska

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.

Key words Transposable elements, Transposons, Mobile elements, Repetitive elements, Genome
analysis, Genome evolution

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

TRANSPOSASE

Class I

Class II - subclass 1

ORF polyA

HELICASE, (rpal)TC CTRR

int ORFs polBOORFs

Class II - subclass 2

TSDTSD

LTR

TTTTTRRAANSPOSAASEEEEE

LTR gag pol enveeeeeeeeeeenvvvvvvvvvv

ORF

HHHEELICASE, (rppaaall)))

iiiiiiinnniii tttttt ppppppppppppppolBBBBBBBBB

TSDTSD

TDS TDS

TIR

TIR

TIR

TIR

TIR

TIR

Retroviruses

ORF1 ORF2 polyA TSDTSD
LINEs

LTRLTR gag polTSD
LTR elements

TSD

Retrogenes

TSD TSD
CGCTCTn Alu-like VNTR SINE-RSSSSSSSSSSSIIINNNNNNNEN --RRRRRRRRRRRRRRRRRRR polyA

SVAs

YRgag TIRTIRTSD
DIRS

TSDYRgggggggaggggg gggg

A B polyATSD
SINEs

TSD
AAAAA

LTRLTR RT EN
TSD TSD

PLE - Penelope-like elements

“classical” autonomous DNA transposons

“classical” nonautonomous DNA transposons

Helitrons

Mavericks

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

Transposable Elements: Classification, Identification, and Their Use. . . 195

http://bioinformatics.uni-muenster.de/tools/teclass/index.hbi
http://bioinformatics.uni-muenster.de/tools/teclass/index.hbi


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)
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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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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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Introduction 

Gene tagging by transposons (transposon tagging) is one of the most useful 
methods to identify and isolate specific genetic loci of an organism. It was first 
applied in Drosophila [1] and then in several plant species, until recently most 
often and successfully in maize and Antirrhinum (for an overview of attempts 
in these plant species see [4, 12]). However, there should be many other good 
candidates for this approach as listed in [8]. The advantage of transposon 
mediated cloning over most other gene isolation methods is that, except for a 
mutant phenotype, no other information on the gene product or its function is 
required. The two major keys to the method of transposon tagging are: 
1. that integration of a transposon (mobile DNA element) into a genetic locus 

often leads to a loss of its function whereas excision from that locus may 
result in partial or full restoration for its original tasks. (In a minority of the 
cases the tagged gene becomes ectopically expressed, transposon excision 
also leading to restoration of its original boundaries of function). 

2. that excision and integration of a transposon result in a change in the 
physical size of the donor site as well as that of the new insertion site. As 
a consequence, the results of transposition become detectable as Restriction 
Fragment Length Polymorphisms (RFLPs) when the transposon is used as 
a molecular probe (Fig. 1). 

Two different approaches to isolate genetic loci with the help of trans po sons 
are based on these observations: targeted and non-targeted gene tagging. 

In this chapter the experimental details of these strategies are discussed as 
far as they apply and exploit endogenous transposons. It should also allow the 
experimenter to adapt the procedures outlined in the protocols to his/her own 
plant system. 

Experimental design 

Selecting the proper approach 

As outlined in Fig. 2, non-targeted or random gene tagging is designed to 
identify the re-insertion of an active transposon at any new position in the 
genome where it causes a detectable mutation. The frequency of insertion 
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Fig. 1. A conspicuous manifestation of the phenomenon of genetic instability is seen when an 
active transposon resides at a locus involved in the colouration of flowers. As illustrated schema
tically, the inserted transposon inactivates the 'colour gene' and cells will not be able to synthesize 
pigment during petal development (white hexagonal cells). Due to rare excision events in 
mitotically active cells, the (cell autonomous) function of the 'colour gene' may become restored 
(gray hexagonal cells). The clonally derived daughter cells of such somatic reversions will form 
pigmented sectors displayed as a variegated colour pattern of the petals (left flower). 

Excisions late in the development of a petal result in small sectors, whereas early excisions 
may result in large sectors. When excision occurs in cells or their ancestors that contribute to 
the germ cells (germinal excision), selling may lead to the appearance of wild-type coloured plants 
in the progeny. In fact, an excision event early in the development of the plant may result in a 
fully revertant and wild-type coloured flower (right flower). Assuming that no further trans
position has occurred, RFLP analysis using the colour gene as a probe will reveal a one to one 
ratio between the wt (revertant) allele and the transposon-carrying mutant allele (lane 4, for 
further explanation see below). From selling such flowers a Mendelian 3: I segregation of wild-type 
to variegated coloured plants in the progeny can be expected. However, the same situation occurs 
with respect to the transposon-carrying allele and, upon excision, the new transposon insertion 
site (lane 3, now using the transposon as a probe). If the new insertion caused a recessive 
mutation, a quarter of the progeny of the selfed revertant flower will also reveal the new mutant 
phenotype. This is the basis of the non-targeted gene tagging approach. The many revertants 
needed for this approach can be obtained from the progeny (FI) ofselfed variegated flowers, as 
illustrated in Fig. 2. 

In contrast to fully revertant flowers, RFLP analysis performed on genomic DNA extracted 
from variegated flowers will reveal a strong disturbance in the distributon of the different alleles. 
Generally, although dependent on the activity of the transposon, the majority of cells will be 
homozygous for the transposon-carrying mutant allele such that only a weak band representing 
the wild-type (revertant) allele can be detected (lane 2, colour gene used as probe). In addition, 
the revertant sectors of the variegated flower represent independent excision events and thus 
multiple new insertion sites can be expected (lane I, transposon used as probe). In fact, any site 
might become tagged although, due to late excision events, many of these new insertion sites will 
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Chapter 11
Transposon Tagging and Reverse Genetics

A. Mark Settles

11.1 Introduction

Transposons are mobile genetic elements that can amplify themselves in a genome.
Transposable elements were first discovered in maize (McClintock 1948) and have
been found to exist in all organisms. Transposons have multiple modes of movement
or transposition, which is used to group the elements into two major classes, based
on having an RNA or a DNA intermediate during transposition (reviewed in Hua-
Van et al. 2005). The maize genome contains examples of most known transposon
families including long terminal repeat (LTR) and non-LTR retrotransposons (class
I), which use RNA intermediates, as well as class II DNA elements (Bruggmann
et al. 2006). Maize class II elements tend to insert near or within genes (Bureau and
Wessler 1992; Cowperthwaite et al. 2002; Fernandes et al. 2004; Kolkman et al.
2005; Kumar et al. 2005; McCarty et al. 2005; Settles et al. 2004). Transposition
into genes can cause mutant phenotypes, and transposons are used as endogenous
mutagens. This chapter focuses on the use of maize DNA transposons in molecular
genetics and functional genomics studies.

With the exception of helitrons, DNA transposons share some common molecu-
lar and genetic properties. DNA elements have terminal inverted repeats as well as
autonomous and non-autonomous transposons (Hua-Van et al. 2005). Autonomous
elements encode the genes required for transposition. Non-autonomous transposons
contain sequences recognized by transposase proteins and can move only in the
presence of an autonomous element. Non-autonomous elements either have mu-
tations in transposase genes or have replaced them with other sequences. DNA
transposons also create target site duplications at the site of insertion. The length
of the duplication is specific to each family of element. The major families of

A. Mark Settles
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maize transposons that have been used as mutagens include Activator and Dis-
sociation (Ac/Ds), Enhancer/Suppressor-mutator (En/Spm), and Robertson’s Mu-
tator (Mu). These families were identified because they cause unstable mutations
(McClintock 1950, 1954; Peterson 1960; Robertson 1978). The instability of many
transposon-induced alleles is due to excision events or epigenetic regulation of the
transposons. The structures, mechanisms of transposition, and epigenetic regulation
of Ac/Ds, En/Spm, and Mu are discussed in greater detail in multiple reviews (see
Kunze and Weil 2002; Lisch 2002; Walbot and Rudenko 2002).

11.2 General Strategies for Transposon Tagging

Transposon mutagenesis is a central tool for current research in maize molecular
genetics. A non-exhaustive database search for recent mutant gene cloning reports
identified 20 papers (see Table 11.1). Transposon-tagged alleles played a central
role in the proof of cloning for 90% of these studies, and conventional transposon-
tagging strategies were used in 60% of the reports. Transposon tagging is a gene-
cloning strategy that relies on the transposon to provide a DNA “tag” with a known
sequence (see Fig. 11.1). The transposon sequence is used to identify DNA se-
quences adjacent to the transposable element. The strategy was initially developed
to clone the Drosophila white locus (Bingham et al. 1981). Fedoroff et al. (1984)
adapted the method for Ac and cloned a tagged allele of the bronze1 (bz1) locus. To
identify DNA adjacent to a transposon, the initial approach was to isolate λ phage
clones that included the transposon tag. Phage libraries have continued to be useful
for cloning transposon-tagged genes (e.g. McSteen et al. 2007; Vollbrecht et al.
2005), but PCR-based methods for amplifying sequences adjacent to endogenous
maize transposons have been developed as well (Earp et al. 1990; Frey et al. 1998;
Settles et al. 2004).

Transposable elements are useful tags only if the sequences of the elements are
known. The Ac, Ds, En/Spm, and Mu sequences were cloned using a method that
is sometimes referred to as transposon trapping (Barker et al. 1984; Chomet et al.
1991; Fedoroff et al. 1983; Pohlman et al. 1984; Schwarz-Sommer et al. 1984).
Previously cloned genes are used as “traps” to isolate transposon-tagged, mutant
alleles. The known gene sequence is used to identify clones containing a mutant al-
lele containing the transposon. Through transposon-induced alleles of cloned loci
researchers have continued to identify new classes of transposons in the maize
genome. For example, the first miniature inverted repeat transposable element and
the first helitron insertions in maize were identified through mutants in the waxy
(wx) and shrunken2 (sh2) loci, respectively (Bureau and Wessler 1992; Lal et al.
2003).

Ac/Ds, En/Spm, and Mu exist in multiple copies within the maize genome. More-
over, it is possible for transposons to induce mutations without tagging the locus of
interest (e.g. Satoh-Nagasawa et al. 2006). Thus, it is imperative to collect addi-
tional data about putatively tagged mutants to ensure that the cloned locus represents
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Fig. 11.1 Schematic of a transposon-tagged mutation. DNA transposable elements insert into or
near genes with a “cut and paste” type of mechanism. The resulting mutant is a fusion of the normal
gene with the transposon sequence. The transposon sequence can then be used as a probe to screen
phage or plasmid libraries. More frequently, the transposon sequence is used to anneal specific
primers for I-PCR, AIMS, or TAIL-PCR

the mutation of interest (reviewed in .Walbot 1992). Generally accepted criteria for
proof of cloning include two types of data. First, the transposon tag and mutant
phenotype need to be linked genetically. Second, either the mutant needs to be com-
plemented with a transgene, or multiple mutant and/or revertant alleles of the locus
need to be isolated and sequenced. In the past 10 years, there has been significant
advancement in genetic resources and technologies, which has simplified cloning
transposon-tagged mutants. These efforts have focused on three major areas: (1)
directed tagging, (2) non-directed, saturation mutagenesis, and (3) reverse genetics
resources.

11.3 Directed Tagging

Directed transposon tagging recovers mutations at a specific locus of interest. The
conventional strategy for directed tagging is illustrated well by the cloning of
opaque2 (o2) (Schmidt et al. 1987). Plants carrying active transposons are crossed
with homozygous mutants for a reference, non-tagged allele (Fig. 11.2A). The F1

progeny are screened for mutant phenotypes. Obtaining multiple alleles of a locus
requires a near-saturation level of mutagenesis. A near-saturation screen will re-
quire between 30,000 and 500,000 progeny from tagging crosses, depending on the
type of transposon used for mutagenesis. Novel alleles that show unstable or mu-
table phenotypes are considered the best candidates for being transposon-tagged.



11 Transposon Tagging and Reverse Genetics 147

Fig. 11.2 Schematic of transposon mutagenesis strategies. a Directed tagging identifies
transposon-induced alleles by crossing transposon-active plants with a reference allele of the mu-
tation. The mutable alleles are separated from the reference allele by crossing the F1 to a standard
line (hybrid, inbred, or tester). To identify a co-segregating transposon, the mutable allele is back-
crossed into the standard line, and the backcrossed progeny are self-pollinated. b For non-directed
tagging, transposon-active stocks are generally crossed to a standard line and the resulting progeny
are self-pollinated. The self-pollinated families are screened for recessive mutants and segregating
populations are generated by backcrossing into the standard line. Although both schematics show
the transposon parent as a pollen parent, transposon mutagenesis can be completed with either a
male or a female transposon parent
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These alleles are crossed to a standard inbred or hybrid to separate the mutable alle-
les from the reference allele. Segregating populations of the mutable alleles are then
screened by DNA gel blot or with PCR methods to identify transposon insertions
that co-segregate with the mutable phenotype. The most common PCR method for
co-segregation analysis is the amplification of insertion mutagenized sites (AIMS)
protocol (Frey et al. 1998). AIMS is a modified amplified fragment length polymor-
phism protocol that is specific for DNA adjacent to Mu transposons. Thermal asym-
metric interlaced PCR (TAIL-PCR) has also been used to identify co-segregating
Mu insertions (e.g. Chung et al. 2007; Porch et al. 2006). The co-segregating inser-
tion is cloned by generating a size-selected phage/plasmid library or by a flanking
sequence PCR method such as inverse-PCR (I-PCR) (Earp et al. 1990) or TAIL-
PCR (Liu et al. 1995).

Ac/Ds, En/Spm, and Mu have all been employed successfully in directed tagging
experiments. These elements have different transposition characteristics. Ac/Ds el-
ements are known to have a low mutation rate and an insertion preference for ge-
netically linked sites (Dooner and Belachew 1989; Greenblatt 1984). En/Spm and
Mu are generally used for tagging loci with unknown map locations. Mu has a high
mutation rate associated with a high copy number of Mu elements (Robertson 1978;
Walbot and Warren 1988). A comparison of early directed tagging experiments with
Mu and En/Spm lines suggested that Mu lines give a 10-fold higher rate of novel alle-
les (Walbot 1992). The high-copy nature of Mu lines makes subsequent segregation
analysis more complicated. Also, Mu elements show very low rates of germinal ex-
cision events and revertant alleles are difficult to recover (Brown et al. 1989; Levy
et al. 1989; Schnable et al. 1989).

Ac/Ds elements are useful for directed tagging when a mutant maps close to a
characterized element. The propensity of Ac/Ds elements to transpose to linked sites
enables the construction of a large allelic series once an Ac or Ds is positioned close
to a locus of interest (Athma et al. 1992; Moreno et al. 1992). In addition, Ac/Ds
tagged alleles give rise to germinal excision events that are frequently imprecise,
leaving partial target site duplications. These “footprints” can generate weak alleles
and even proteins with enhanced functional properties (Giroux et al. 1996; Wessler
et al. 1986). Footprints are also used as supporting evidence that a tagged locus
causes the mutant phenotype of interest. The historical limitation to utilizing Ac/Ds
for directed tagging has been that only a small number of the transposons were at
known map locations.

Several research groups focused on developing Ac resources for directed tagging.
Currently, there are nearly 170 Ac elements that are mapped to distributed locations
throughout the genome (Auger and Sheridan 1999; Cowperthwaite et al. 2002;
Dooner et al. 1994; Kolkman et al. 2005). These Ac stocks are in four collections
generated by different genetic strategies. Each collection is propagated and moni-
tored with distinct genetic markers. Dooner et al. (1994) mapped unlinked transpo-
sitions from bz1-m2 using wx reciprocal translocations. These stocks are propagated
with wx translocations to ensure that the Ac elements remain at the expected locus.
Auger and Sheridan (1999) converted a series of inversion and balanced translo-
cations with a Pericarp color1 allele tagged by Ac, P1-vv. The conversions are
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recombinants of non-tagged alleles of P1 with P1-vv. The translocated or inverted
DNA in each stock places the P1-vv allele (and thus the Ac element) in a linked po-
sition to sites throughout the genome. More recently, Cowperthwaite et al. (2002)
and Kolkman et al. (2005) generated a series of transpositions originating from Ac
elements on chromosomes 1, 5, and 9. Flanking DNA from the transposed Ac el-
ements was amplified and sequenced using I-PCR. The flanking sequences can be
used to confirm that the Ac has not moved during the propagation of the stocks.
In addition, these stocks have Ds markers to monitor Ac transposition. To use the
Ac stocks for conventional tagging, the locus of interest needs to be mapped. One or
more Ac’s that map close to the mutant can be ordered and crossed to a homozygous
reference allele to screen for novel tagged alleles.

11.4 Non-directed Tagging

Directed tagging is limited to mutants that are non-essential for a plant to complete
its life cycle. The general approach outlined above requires a homozygous mutant
tester and detects tagged alleles via a mutant phenotype in the F1. If a mutant is
lethal or infertile, a heterozygous tester could be generated. Tagged-alleles would
be recovered at half the frequency due to the segregation of the mutation in the
tester. However, most mutants would be lost in the first generation after the directed
tagging crosses. Many lethal or infertile mutants have been cloned by transposon
tagging. The tagged alleles of these mutants were identified from non-directed mu-
tagenesis.

Non-directed transposon-induced mutants are generated in a way that is simi-
lar to other conventional mutagenesis approaches. Plants with active transposons
are maintained through crosses to a reference genotype such as a hybrid, inbred, or
transposon-activity tester (Fig. 11.2B). Progeny from these crosses contain a mutag-
enized gamete and are equivalent to the M1 generation in conventional mutagenesis.
Self-pollinations of the M1 yield M2 families segregating for recessive mutants. The
recessive phenotypes can be identified through any screening approach practical
for maize. Infertile and lethal mutations are propagated with heterozygous siblings
from the specific M2 family. Co-segregating insertions are identified and cloned us-
ing the same general strategies as described for directed tagging in Section 11.3. A
near-saturation mutagenesis population requires a similar number of mutagenized
gametes as in a directed tagging experiment, i.e. 30,000 (for highly active Mu) to
500,000 (for En/Spm) M2 families.

M2 families are more laborious to generate and to screen than progeny of
directed-tagging crosses. Consequently, the early focus of non-directed tagging ex-
periments was on mutant classes that occur at a high frequency, such as seed and
seedling lethal phenotypes (Cook and Miles 1988; Scanlon et al. 1994; Taylor et al.
1987). Relatively small transposon-tagging populations generally recover single al-
leles of individual loci. A common approach for cloning “orphan” isolates is to
screen for a tightly linked transposon insertion from the individual allele. To confirm
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that a tagged locus causes the mutant phenotype, reverse genetics screens are used
to recover additional alleles (e.g.Gutierrez-Marcos et al. 2007; Hamant et al. 2005;
Wen et al. 2005). However, the single allele strategy carries the risk that the mutant
may not be tagged.

There are several approaches to ensure that a mutant locus identified in a non-
directed tagging experiment can be cloned. First, near-saturation Mu populations
have been developed for multiple genomics projects (Bensen et al. 1995; Fernandes
et al. 2004; Martin et al. 2006; May et al. 2003; McCarty et al. 2005). If a mutant
locus has a distinctive phenotype, forward genetic screens of these populations can
identify several alleles to reduce the risk of recovering non-tagged alleles (e.g. Lid
et al. 2002; Suzuki et al. 2006). Moreover, two functional genomics projects have
generated near-saturation collections of non-photosynthetic and seed mutants. Both
the photosynthesis mutant library (PML) and the UniformMu seed mutant collection
contain thousands of visible mutants that represent hundreds of loci (McCarty et al.
2005; Stern et al. 2004). However, many seed and seedling lethal loci have simi-
lar phenotypes. Identifying alleles of the same locus within these collections using
conventional genetics requires secondary phenotypic screens, mapping the mutants,
and extensive complementation tests (e.g. Scanlon et al. 1994).

Second, there are several recent examples of a hybrid transposon-tagging and
map-based approach to clone mutant loci (see Table 11.1). Map-based cloning is
practical for maize as the physical map, genome sequence, and synteny relation-
ships to rice have become better understood (reviewed in Bortiri et al. 2006a). A
general strategy for this hybrid approach is to generate a segregating population by
crossing the transposon-induced allele to a divergent inbred. The segregating popu-
lation can be screened initially for a co-segregating transposon insertion. If a linked
transposon is not identified, the same DNA samples can be used to map the mu-
tant with molecular markers. Once an approximate map position is determined, the
population is expanded to ∼1,000 meiotic products for fine mapping.

Third, lethal mutations can be targeted by using regional tagging with Ac/Ds
elements. An example of this approach is the tagging of the pink scuttellum1
(ps1) locus (Singh et al. 2003). An Ac element linked to a normal Ps1 allele
was used to generate a non-directed tagging population. A Ds insertion in the
R locus was used to report Ac dosage and select 400 linked transpositions from
∼50,000 M1 seed. Seven alleles of ps1 were found after self-pollinating the selected
transpositions.

The optimal tagging approach will be determined by several factors. Is the phe-
notype sensitive to genetic background modifiers? Mutants that are sensitive to ge-
netic background effects may be more difficult to map using a map-based cloning
strategy. Is the mutant lethal or viable? Directed tagging can be employed for vi-
able mutants. For lethals, are there many or just a few loci that give rise to similar
phenotypes? It is easier to screen a near-saturation Mu population when the mutant
phenotype is simple to score, and relatively rare mutants are more straight-forward
to analyze with genetics. Finally, is the map position of the locus known? Tagging
using Ac/Ds is practical only when one of the elements is at a closely linked site to
the locus of interest.
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11.5 Reverse Genetics Resources

Conventional transposon tagging is a forward genetics approach. Mutants are char-
acterized due to their phenotypes, and the purpose of identifying tagged alleles
is to understand the molecular cause of the phenotype. Transposons can also be
used for reverse genetics screens, in which mutations are identified affecting a
sequence using PCR. These mutants are analyzed for altered phenotypes to gain
insight into the function of the sequence of interest. The maize research com-
munity has developed a myriad of reverse genetics resources including multiple
transposon-tagged collections. This section will focus on the transposon-tagging
populations to discuss the advantages as well as the challenges that come with
each resource. Chapter 12 discusses reverse genetics using chemical mutagenesis
populations.

A reverse genetics resource begins with a near-saturation collection of mutage-
nized plants. A large population is necessary to ensure a reasonable chance that a
mutation in any given sequence will be present. DNA is sampled from all of the
mutagenized individuals for PCR. The specific mutations within the population can
be identified on a locus-by-locus basis or systematically depending on the antici-
pated demand for the particular resource. For the locus-by-locus approach, the DNA
samples are pooled, typically in grids, for efficient screening of the population. To
identify a mutant in a specific locus, the pooled DNA samples are screened by PCR
with a primer for the gene of interest and a primer specific to the transposable ele-
ment. Amplification products indicate an insertion. Corresponding row and column
amplifications identify the plant that has the insertion allele. Plants harboring active
transposons will also have somatic insertions in small sectors of the tissue sampled
for DNA extractions. Somatic insertions are not inherited and lead to false posi-
tive amplification during PCR screening. To limit the impact of somatic insertions,
some reverse genetics projects sample from different leaves for row and column
pools (Bensen et al. 1995; Fernandes et al. 2004). Other projects have used genetic
inhibitors or genetic markers for transposon activity to select against somatic trans-
position within the plants sampled for DNA (May et al. 2003; McCarty et al. 2005).

11.5.1 Single-Gene Screening Resources

Single-locus screens can be completed either by service facilities or by the individ-
ual laboratory. Service facilities include the Trait Utility System for Corn (TUSC),
Maize Targeted Mutagenesis (MTM), Biogemma’s Mu population, and the Mu re-
sources at the University of Bristol. The TUSC facility is operated by Pioneer Hi-
Bred International, Inc., and academic researchers need to establish a collaboration
with the company to complete a screen. These collaborations are relatively straight-
forward to develop, as evidenced by the steady rate of around two publications per
year that report mutants identified using the TUSC service (e.g. Ching et al. 2006;
Chung et al. 2007; Golubovskaya et al. 2006; Li et al. 2007).
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There are several issues to consider related to choice of a service facility. For
example, mutants identified from the TUSC collection require a material transfer
agreement (MTA) for distribution, while the MTM population was established as a
public screening service to identify mutants that can be freely distributed (May et al.
2003). MTM screens are completed for a user fee, which can become expensive to
an individual program when screening for mutations in multiple loci. Also, MTM is
not a near-saturation mutagenesis collection and has a lower likelihood of recover-
ing mutations than the TUSC population. The initial MTM screens found mutants
for only 42% of the genes screened (May et al. 2003). Moreover, positive MTM
screens typically recover a single allele (Martin et al. 2006; Sheehan et al. 2007).
In contrast, TUSC screens generally recover two to three alleles.

Biogemma has developed reverse genetics resources that were used in two recent
mutant gene cloning reports (Gutierrez-Marcos et al. 2007; Martin et al. 2006).
Similar to TUSC, a collaborative agreement is required for a screen and an MTA is
required for distributing the mutant seed (Pascual Perez, personal communication).
Although the Biogemma population is smaller than the TUSC and MTM popula-
tions, it has a similar rate of success as MTM for finding at least one allele of the lo-
cus of interest (∼50%). Unlike MTM, the two published reports using Biogemma’s
population recovered multiple alleles for each locus.

The Functional Genomics group at the University of Bristol has a free screening
service (www.cerealsdb.uk.net). This population consists of 5,000 Mu-active plants
arrayed into a grid. The one report that used this service recovered three insertion
alleles for a K+-channel gene (Philippar et al. 2006).

For researchers who would like to complete single-locus screens in their own
laboratories, the Maize Gene Discovery Project developed a Mu population with
a transgenic Mu element, RescueMu (Raizada et al. 2001). RescueMu contains
a plasmid vector, and flanking DNA from the transposon can be recovered using
plasmid rescue. RescueMu insertions can be screened by ordering plasmid libraries
recovered from grids that contain ∼27,500 germinal transpositions (Fernandes et al.
2004). Due to the low number of transpositions, there is a significant chance that a
mutation will not be found after completing a PCR screen. Although the RescueMu
population is a challenge to use as a reverse genetics resource, the population is
in an active Mu genetic background. The non-transgenic, endogenous Mu elements
are useful for conventional transposon tagging (McSteen et al. 2007). However, it is
necessary to obtain appropriate movement and release permits, as well as any spe-
cific institutional authorizations, to propagate RescueMu lines due to the transgenic
Mu elements in the population.

11.5.2 Flanking Sequence Tags and Reverse Genetics

Single-gene reverse genetics screens are equivalent to directed-tagging experiments.
Mutations in a specific gene of interest can be recovered efficiently. However, each
gene that researchers are interested in analyzing requires a separate screen. If a
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reverse genetics resource will be used to analyze thousands of genes, it becomes
more cost effective and faster to identify transposon-induced mutations using a sys-
tematic approach. In Arabidopsis and rice, the approach has been to index insertion
mutants using flanking sequence tags (FSTs). FSTs are sequenced DNA adjacent
to a transposon or T-DNA tag. The sequence anchors the insertion site to a refer-
ence genome, allowing gene disruptions to be identified in silico. Sequencing from
several hundred thousand insertion sites recovers mutations in the vast majority of
genes in the genome (Alonso et al. 2003; Rosso et al. 2003; Samson et al. 2004;
Sessions et al. 2002).

Maize FSTs are not as developed as Arabidopsis and rice resources. However,
many of the same genetic resources discussed above have also been used to gener-
ate FSTs. Most maize insertional mutagenesis resources utilize native transposable
element systems. These transposons exist as part of the genome, and plants contain
a mix of somatic, novel, and parental insertions. Thus, recovering unique, germinal
insertions is more challenging from maize transposon-tagging populations than it
is from rice or Arabidopsis T-DNA tagging populations. Amplifying native trans-
poson insertion sites leads to redundant products that represent parental insertions
shared by many plants within a mutagenized population. Also, plants with active
transposons will have somatic, non-heritable insertions.

Several groups have sequenced random samples of parental, novel, and somatic
insertions. The functional genomics group at the University of Bristol amplified
transposon insertions from Mu-active plants using a modified AFLP method (Hanley
et al. 2000). Seven hundred and fifty FSTs resulted in 450 unique insertion sites.
Only a small number of these insertions were tested for inheritance, leaving the
specific fraction of somatic insertions unknown. MuTAIL-PCR has also been used
to amplify insertions for 99 FSTs from a Mu population developed in China (Liu
et al. 2006). These sequences identified 59 non-redundant insertion sites that were
not tested for heritability. The Maize Gene Discovery Project took a large-scale
shotgun approach and sequenced 191,717 RescueMu FSTs, resulting in 14,887 non-
redundant Mu FSTs (Fernandes et al. 2004). Only 528 of the insertion sites were
identified as germinal, based on the criteria that the insertion site was recovered
from two independent DNA samples from the same plant.

The Maize Endosperm Genomics Project used a somatic activity marker to en-
sure that germinal FSTs are recovered (McCarty et al. 2005; Settles et al. 2004).
A total of 37,595 FSTs were sequenced from the UniformMu population using
MuTAIL-PCR to amplify the insertions. These FSTs identify over 1,900 non-
redundant insertion sites (www.uniformmu.org). Heritability tests for 106 of the
insertions gave no evidence of somatic FSTs and showed at least 89% are inherited,
germinal insertions (Settles et al. 2007).

FSTs from germinal Ac and Ds insertions have also been generated. For Ac inser-
tions, DNA gel blots were screened to identify novel, germinal Ac insertions. After
a subsequent gel extraction step, specific insertion sites were amplified with I-PCR
(Cowperthwaite et al. 2002; Kolkman et al. 2005). A total of 115 FSTs have been
sequenced from Ac and a similar approach is being used to generate FSTs from Ds
elements with 916 FSTs available currently (see Table 11.2).
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Table 11.2 Summary of transposon-tagging reverse genetics resources

Resource Website/contact

FST sequence databases
Ac/Ds http://www.plantgdb.org/prj/AcDsTagging/tool/blast.php
RescueMu and UniformMu http://www.mutransposon.org/cgi-bin/MuBLAST.cgi
UniformMu http://currant.hos.ufl.edu/mutail/
University of Bristol http://www.cerealsdb.uk.net/mudb.htm

PCR screening services
TUSC Robert Meeley (bob.meeley@pioneer.com)
MTM http://mtm.cshl.org
Biogemma Christophe Tatout (christophe.tatout@biogemma.com)
University of Bristol http://www.cerealsdb.uk.net/pcrscrn.htm

11.5.3 An Optimal Reverse Genetics Strategy?

With five PCR screening resources and seven FST resources, it is challenging to
decide which resources are best to obtain mutations in a gene of interest. Since se-
quence database searches are fast, BLAST searching the FST resources is an easy
starting point. Most of the FSTs can be searched at two websites. All of the Ds FSTs
and most of the Ac FSTs are at PlantGDB, and the UniformMu and RescueMu FSTs
can be searched at www.mutransposon.org (see Table 11.2). A separate Unifor-
mMu FST database includes both a BLAST server and analyzed FSTs to help users
find non-redundant insertions and annotations for the insertions. The University of
Bristol FSTs can be searched at the resource website. Germinal insertions in the
RescueMu FSTs can be identified when multiple hits are recovered from columns
and rows in the same grid. Both a column and a row hit is necessary to identify a
specific RescueMu plant. For all of the other FST resources, a single hit is sufficient
to identify the plant carrying the insertion.

Combined, the Mu, Ac, and Ds FST resources represent less than 4,000 non-
redundant insertion sites that are likely to be germinal. With these current sequences,
a researcher will be lucky to find a match in a gene of interest. The ease of data-
base searches makes these searches worth completing prior to initiating other re-
verse genetics screens. If no FSTs are identified after database screening, the re-
searcher needs to decide whether to collaborate with a company or pay for a public
reverse genetics screen. The advantages of collaborating with a company are that
there are no user fees and the probability of recovering mutant alleles is higher.
However, the company will obtain some intellectual property rights to the bio-
logical process under study and generally will require a company review of the
manuscript describing the mutant alleles. A factor to consider for public resources
is that smaller populations are less likely to identify a mutant in a gene of inter-
est. The “do-it-yourself” RescueMu screen contains the fewest number of novel
insertions.
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11.6 Future Perspectives

Conventional transposon tagging is the predominant approach for current maize ge-
netics research. As the maize genome is sequenced, map-based cloning will be eas-
ier and is likely to become more common. However, transposon tagging will still
play a central role in molecular genetics. Transposon-induced alleles give a differ-
ent spectrum of mutant phenotypes than other mutagens and are useful in generating
allelic series. Transposons also cause mutable or epigenetically regulated alleles that
are useful for generating chimeric plants. Most importantly, transposon reverse ge-
netics resources are likely to be critical for obtaining confirming alleles for forward
genetics studies. A key challenge in making transposon reverse genetics resources
more efficient is generating a saturated collection of FSTs with corresponding seed.
Massively parallel sequencing technologies will help in reducing the cost of gener-
ating FSTs. Lower costs per FST should allow sufficient numbers of FSTs to make
database searches a standard method for recovering maize mutants in a gene of
interest.
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