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1. CLASSIFICATION OF TRANSPOSABLE
ELEMENTS (TES)

Transposons (transposable elements, TEs) are DNA
fragments capable of transposition, i.e., changing their
location in the genome. They can spread inside single
genomes, between genomes within a population and between
species in a process called horizontal transfer. The range of
their occurrence, with few exceptions (Gardner et al. 2002),
includes all known species.

Transposons were first discovered in maize genome by
Barbara McClintock (McClintock 1950, 1953, 1956).
McClintock established that “controlling elements” are
responsible for pigmentation patterns of corn seeds. Studies
on the molecular basics of gene expression in lactose and
galactose operons in Escherichia coli led to the discovery of
insertion sequences (IS) which are the transposons simplest

in structure (Hirsch et al. 1972). The enormous diversity of
structural features and transposition mechanisms of TEs
required a classification system.

1.1. Prokaryotic insertion sequences (ISs)

Insertion sequences (ISs) are short DNA fragments (about
1000 bp) that are capable of translocation in a genome, often
together with neighbouring genes. Their presence has been
noted in most studied genomes of bacteria and archaea.
Because of their high frequency in genomes, it is thought, that
ISs play an important evolutionary role by promoting gene
inactivation and genome plasticity (Touchon and Rocha 2007).

Most bacterial insertion sequences consist of two
characteristic elements. Inverted terminal repeats (ITR)
which are sequences 10 to 40 bp long that are located on both
ends of the element but oriented in opposite directions. The
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second is a region that encodes an enzyme taking an active
part in the transposition, a transposase.

In the structure of the transposase enzyme, there is a
conserved motif, which consists of three amino acids: DDE
or DDD, critical to the process of transposition (Siguier et al.
2006). IS elements are capable of moving into different
acceptor sites in the chromosome. But in the genomes of
some bacteria, hot spots have been found, where insertion of
the IS is more likely (Tobes and Pareja 2006). Insertion
sequences are classified into 20 families (Siguier et al. 2006)
based on the similarity of transposases, ITR elements and
conserved catalytic sites.

During the transposition process, the acceptor site is
duplicated outside of each of the ITRs. A sequence 4 to 12 bp
long is copied, and the sequence which is to be transposed is
placed between these duplicated fragments. The transposase
binds to inverted terminal repeats (ITR) on the ends of
insertion sequences and cleaves the DNA, as a result sticky
ends arise both in acceptor and donor sites (Filee et al. 2007).

1.2. Prokaryotic transposons (Tn)

Tn elements, in contrast to insertion sequences, contain a
gene which codes transposase and genes which encode
additional functions: resistance to antibiotics, resistance to
heavy metals, or conferring specific metabolic abilities, e.g.
gene encoding B-galactosidase (Brown and Evans 1991;
LAbee-Lund and Sorum 2000). The length of prokaryotic
transposons may vary significantly from about 2000 bp (Tn9
transposon) to 20000 bp (Tn4 transposon).

Many transposons consist of two insertion sequences
responsible for transposition, between which there is a DNA
fragment responsible for a phenotype feature, but this is not
needed in the process of transposition. Some insertion
sequences exist as independent elements. Others, despite
having the ability of independent transposition, are always a
part of compound transposons (Top and Springael 2003).
Transposing functionality may be carried out by only one of
the IS flanking a transposon (e.g. TnS transposon), or by both
IS (Tn9). Where both ISs are functional, the combined
transposition activities of these ISs improve the effectiveness
of transposition of the whole transposon (Tan 1999).

1.3. Class | of the eukaryotic
transposons - retrotransposons

In eukaryotic organisms, transposable elements are classified
by structure and mechanism of transposition into two classes
(Finnegan 1989, 1992a). Class I includes retrotransposons
that translocate by inverted transcription through RNA
intermediate. Class II transposons, move directly from DNA
to DNA and use a mechanism called ‘cut-and-paste’ in the
process of transposition.

Retrotransposons are amplified during transposition and
therefore remain in their original place in the genome - only
their copy is inserted into a new spot. This mechanism
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generates enormous potential to increase the number of their
copies (Kidwell 2002). Retrotransposons are transcribed and
then, because they encode reverse transcriptase, the genetic
information is transcribed from RNA to DNA.

Retrotransposons constitute a large fraction of genomes,
and great diversity can be found in fish and other vertebrate
genomes. The smallest of all the known vertebrate genomes
(fish Takifugu rubripes and Tetraodon nigroviridis) consist of
only about 400 million bp. These genomes include fewer
copies but, surprisingly, more clades of retrotransposons,
than found in much bigger (about 3.2:10° bp) mammalian
genomes (Sharov 2006) such as human or mouse (Fisher et
al. 2004; Volff et al. 2003).

In the retrotransposons class there are two subclasses. The
division criteria are structural features: the first subclass
includes elements with long terminal repeats, called LTR-
retrotransposons, the second class, called non-LTR
retrotransposons, includes elements, which have no LTRs
(Dalle Nogare et al. 2002). Some scientists include Penelope-
like elements as a third subclass in the retrotransposon class
(Volff et al. 2001).

1.3.1. LTR-retrotransposons

LTR-retrotransposons are widely represented in many plant
and animal genomes, including chordates, as with the Cigr-1
element in sea squirt Ciona intestinalis (Simmen and Bird
2000), the Gmr1 element in cod Gadus morhua and the Abrl
in sturgeon Acipenser baeri (Butler et al. 2001).

The LTR-retrotransposons subclass includes four distinct
groups: Tyl-copia, BEL, DIRS and Ty3-gypsy (Kidwell 2002).
Those groups were distinguished on the basis of comparison
of amino-acid sequences of the reverse transcriptase.
Differences in sequence result in differences in the
arrangement of the domains of the protein.

LTR-retrotransposons are commonly found in plant
genomes (Park et al. 2007). A particularly wide range of
distribution characterizes elements from the subclass
Tyl-copia. Their presence was notified in algae, bryophytes,
gymnosperm and angiosperms (Alix et al. 2005). The number
of their copies is different depending on species — e.g., from
several hundreds in Arabidopsis thaliana (Terol et al. 2001)
and Oryza sativa (Vincient and Schulman 2002) up to 50-80%
of the whole genome of Zea mays (Sanmiguel and Bennetzen
1998).

The length of elements from the Ty3-gypsy subclass in
Drosophila genome varies from 5 to 14 kbp. In Dictyostelium
the element DIRS-1 from subclass DIRS is about 5 kbp long,
whereas Cer7 element from BEL group in Caenorhabditis
elegans varies from 3 to 20 kbp.

Horizontal transfer is not well documented for LTR-
retrotransposons. But, results of phylogenetic analysis of
sequences of elements from Tyl-copia group from
Phelipanche and Orobanche, may show that transfer
occurred between genomes of those groups of plants (Park et
al. 2007).
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The LTR-retrotransposons show similarity in structure to
retroviruses which encode similar proteins. In the sequence
of both retroviruses and LTR-retrotransposons, there is a
gene gag, which in retrotransposons encodes a protein similar
to the capsid proteins of retroviruses, and a pol gene
encoding a polyprotein. Its activity covers functions of
reverse transcriptase, ribonuclease, integrase and protease,
thereby enabling the process of reverse transciption and
integration of the new copy.

What differentiates retroviruses and LTR-retrotransposons
is the presence of the env gene in retroviruses. This
encodes capsid proteins, which enable the translocation of
the virus from cell to cell. LTR-retrotransposons do not
have that gene or have only fragments of it (Kazazian
2004). The length of LTR-retrotransposons differs widely
from 3 to 20 kbp.

1.3.2. Non-LTR retrotransposons

The subclass of non-LTR retrotransposons includes LINE
(long interspersed nuclear elements) and SINE (short
interspersed nuclear elements) elements (Weiner 2002). The
characteristic feature for elements included in that subclass,
beside lack of repeats, is a polyadenylation sequence at the 3’
end (Kazazian 2004).

The lengths of LINE and SINE elements vary from
several kbp (LINES) to less than 500 bp (SINES). LINES are
autonomous retroelements, whereas the functioning of
SINES depends on proteins encoded by LINES.

The occurrence of LINE elements is common and their
distribution in genomes may be significant - the number of
their copies varies from several thousands up to a million per
haploid genome. It is estimated that the haploid human
genome contains about 850 thousand copies of LINES, about
21% of the whole genome (Sugano et al. 2006). The
abundance of LINE elements does not indicate a high activity
in the genome. It is estimated that less than 0.2% of
spontaneous mutations in human genome is caused by the
insertion of LINE elements. Moreover, although all
mammals have a similar level of insertions, the activity of
individual groups of retrotransposons varies significantly, i.e.
in mice about 10% of spontaneous mutations are caused by
LTR retrotransposons (Eickbusch and Furano 2002).

Elements from this group are also common in fish, i.e.
Rex1 element is present in the genomes of many teleost fish
species (Volff et al. 2000). In Danio rerio, over 30 separate
lineages of LINE elements were found, which is about 10%
of its genome (Furano et al. 2004).

No LINES or Ty3-gypsy elements were found in genomes
of Bdelloidae, which belongs to the phylum of rotifers
(Rotifera). This lack of LINE elements, in contrast to their
ubiquity in other examined species of both vertebrates and
invertebrates, is connected with the agamous reproduction of
Rotifera. Retrotransposons, as nuclear parasites, are
transferred vertically in the process of sexual reproduction
(Arkhipova and Meselson 2002).

LINE elements usually have two open reading frames
(ORFs). One encodes a protein that binds nucleic acids, the
second encodes a protein which has endonuclease and
reverse transcriptase activities (Kazazian 2004).

During the process of transposition, proteins encoded by
LINES form a ribonucleoprotein complex that moves to the
target site in a host chromosome. Endonuclease cleaves a
genomic DNA strand and then LINE-encoded reverse
transcriptase translates genetic information from RNA to
DNA, using as a starter the hydroxylic group formed as a
consequence of cleavage. Next the newly synthesized DNA
integrates in the genomic DNA of the host.

The mechanisms of integration are not yet well known
(Sugano et al. 2006). The insertion of some non-LTR
retrotransposons takes place in specific sites in the
genome. For instance, integration of R1 and R2
elements in Drosophila melanogaster and Bombyx mori
takes place in rRNA gene (Kazazian 2004). It is known,
that heT-A and TART elements are specifically located
on the ends of chromosome in D. melanogaster,
maintaining the stability of telomeres (Pardue et al.
2005). In mammals however, LINE elements are
scattered throughout many sites in the genome. This
variety results from the tendency of endonuclease to
cleave a short consensus sequence 5’-TTTT/A-3’ between
the last T and A (Kazazian 2004).

It is assumed, that LINE retrotransposons are transmitted
vertically, although there is a hypothesis of the horizontal
transfer of Rex1 element between Anguilla (eel) genus and
evolutionally distant species Battrachocottus baikalensis. This
hypothesis is based on the discovery that the percentage of
synonymous substitutions between genes which code a
reverse transcriptase of Rexl element in Anguilla and in
Battrachocottus baikalensis is lower than between most other
genes found in these species. But that observation cannot be
an incontrovertible proof for horizontal transfer in these
species (Volff et al. 2000).

SINE elements show similarity to LINES, but are shorter
(on average from 100 to 500 bp), simpler in structure and
almost totally dependent on the function of reverse
transcriptase and endonuclease encoded by LINES (Weiner
2002). They are numerously represented; in the human
genome there are about 1,500,000 copies, which is
approximately 13% of the whole genome (Kawagoe-Takaki et
al. 2006). Because they make up a large part of the size of the
genome, they significantly influence its complexity and
evolution (Kazazian 2004).

SINE elements do not encode enzymes necessary in the
process of transposition. Typical SINE elements consist of
two parts: a region related, and a region unrelated, to tRNA.
For instance, the Smal SINE element is found in the genome
of salmon (Kawagoe-Takaki et al. 2006). Exceptions to this
are Alu elements, which occur in human genome and Bl
found in mice, both of which contain a region related to 7SL
RNA instead of tRNA (Bowen and Jordan 2002; Okada
1991).
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Often the SINE elements neighbouring the LINE
elements, share a conserved poly(A) 3’-end (Kajikawa et
al. 2005). This specific structure enables the mobilization
of the Alu element by the LINE element. The reverse
transcriptase recognizes poly(A) region and binds to the
3’-end. A similar mechanism of mobilization was
described in the case of SINE (UnaSINE1) and LINE
(UnaLl) elements in eel (4nguilla) (Kajikawa and Okada
2002).

Alu elements are the most active and dominant type of
SINES in the human genome. Polymorphism of Alu
elements, shown by their presence or absence, contributes to
differences between human populations and therefore is a
source of useful markers for studies on population and
evolutionary genetics. It is estimated that about 5000 Alu
elements are specific only for humans. About 25% of them
were inserted so recently, that they are polymorphic for
different populations, families or even individuals (Wang et
al. 2006).

Alu elements can contribute to the emergence of
minisatellites, which are repetitive, short segments of DNA
(from 10 to 100 bp). In humans, for example, minisatellites
correspond to 44 bp of consensus Alu sequence (Jurka and
Gentles 2006).

1.3.3. Penelope elements

Classification of retrotransposons of the Penelope group
is not easy. They have features characteristic for both
LTR and non-LTR retrotransposons. A Penelope element
found in Drosophila virilis was first described by Evgenev
et al. (1997). It contains simple LTR sequences, which
suggests that the element belongs to the LTR-
retrotransposons class. However the Penelope elements
lack several genes specific for that class: gag, protease and
RNase H. Therefore Penelope elements were classified as
non-LTR retrotransposons. Heterogeneity in the
structure of Penelope elements may indicate the diversity
of their mechanisms of retrotransposition. The
evolutionary position of this group remains unsolved
(Eickbush and Jamburuthugoda 2008). Elements related
to Penelope described in D. virilis — Poseidon and
Neptune — were found in many teleosts including Oryzias
latipes and Tetraodon nigroviridis, some of them are found
in numerous copies (Volff et al. 2001).

ITR-L
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Transposons from class II conduct transposition via a
DNA intermediate. The mechanism involves cutting out
the element and reintegrating it in a new site in the
genome (cut-and-paste) (Miskey et al. 2005). An
exception is the family of Helitrons transposons. This
family uses, in the process of transposition, the rolling
circle model (RC), similar to the replication process in
bacteriophages (Kidwell 2002). Most representatives of
class II contain in their structure characteristic ITR
elements (Figure 1).

The characteristic, conserved amino acid motif DDE
or DDD is present in all known groups of transposing
elements, including bacterial insertion sequences, this
may suggest their common origin (Capy et al. 1997). The
members of class II of DNA transposons are very diverse,
and include many superfamilies such as: Tcl/mariner, hAT
(hobo, Activator, Tam-3), P elements, MuDR elements
(Mu, MULESs), PIF-Harbinger and others.

The length of class II elements varies widely. The
longest is MuDR family (400 - 20,000 bp) and Helitrons
(5,500 - 17,500 bp). Tel-mariner elements are 1,000 - 3,500 bp
long (Kidwell 2002).

A characteristic feature, common for class I and class
II elements, is that most of the elements are inactive
because of mutations, and some of them are only short
fragments of full-size elements. Class II transposons
usually occur in a smaller number of copies compared to
retrotransposons, which may be explained by the
replicative model of transposition of the latter (Kidwell
2002).

The Tcl/mariner superfamily of transposons is one of
the most diverse and widespread of class II elements.
Mariner-like Elements (MLEs) and Tcl-like Elements
(TLEs) are distinct families, for which the main division
criterion is the composition of the cation-binding domain:
D,D,E/D. The MLE and TLE elements are divided into
subfamilies, based on similarity of sequences. Both MLEs
and TLEs have a very wide range of hosts (Hartl et al.
1997). They frequently occur in insect genomes and other
invertebrates. Their presence was also noted in
vertebrates, including human (Auge-Gouillou et al. 1995;
Robertson and Zumpano 1997) and plants (Feschotte et
al. 2003).
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Figure 1. Scheme of structure of class II transposons. Grey rectangle represents transposase gene. On both ends there are inverted

terminal repeats ITR, ITR-L - left one, ITR-R - right one.
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1.4.1. Mariner elements

The family of mariner transposons contains DNA fragments
1,200 - 3,500 bp long. They include a single gene, without
introns, encoding a transposase composed of about 350 amino
acids. The gene is flanked by two ITRs, each 19-40 bp long
(Casse et al. 2006). Most of the mariner elements are inactive
because of numerous mutations: presence of stop codons,
deletions, insertions or substitutions (Lohe et al. 1997).

Currently the mariner family is divided into five
subfamilies: cecropia, elegans/briggsae, irritans, mauritiana
and mellifera/capitata (Bigot et al. 2005). Discovery of the
Tvmarl element, related to MLEs, in the genome of
protozoon Trichomonas vaginalis, suggests that a sixth family
exists (Silva et al. 2004).

The mariner element (Mosl) was first identified and
described in Drosophila mauritiana (Jacobson and Hartl
1985; Jacobson et al. 1986) as an insertion in white eye gene.
Later works confirmed the presence of related elements in
insect genomes such as: D. melanogaster (Garza et al. 1991),
Chrysoperla plorabunda (Robertson and Lampe 1995),
Hyalophora cecropia (Lidholm et al. 1991) and Solenopsis
invicta (Krieger and Ross 2003), as well as in flatworms
(Dugesia tigrina) (Garcia-Fernandez et al. 1993) and
roundworms (C. elegans) (Sedensky et al. 1994).

The presence of deletions in the mariner sequence
from H. cecropia differentiates it from those found in
D. mauritiana. Both have stop codons in the transposase
gene, resulting in lack of activity. Sequence analysis of the
elements found in C. elegans also indicates their lack of
activity (Sedensky et al. 1994). Full-length mariner elements
identified in silkworm Antheraea mylitta are inactive because
of point mutations (Prasad and Nagaraju 2003). However,
there are many examples of elements from the mariner
family, whose sequences include intact reading frames and
complete ITR sequences, hence it may be concluded that
they remain active.

A typical phylogenetic tree of mariner transposons reveals
a characteristic lack of compatibility with the phylogeny of
their hosts. This shows the special predispositions of that
group for horizontal transfer (HT) (Lampe et al. 2003).
Probably for no other family of transposons, have so many
examples of HT been proven. This phenomenon was
described not only between species belonging to the same
genus, but also between higher taxons (Garcia-Fernandez et
al. 1995; Lampe et al. 2003).

A sequence from D. tigrina has an intact reading frame,
which may suggest that the element has the ability to
transpose (Garcia-Fernandez et al. 1993). A similar thesis
was stated in relation to a mariner element from 7. vaginalis
(Silva et al. 2004).

Sequence analysis of Mboumar element located in
satellite DNA (stDNA) in genomes of three species of
ants from Messor genus (M. bouvieri, M. barbarus, M.
structor) was performed. Results suggest, that it might be
an active element. Insertion of this Mboumar element was

also found inside MITEs elements. Studies on these
elements show, that genomic mobility of stDNA
repetitions mediated by transposing elements, might be
an important molecular mechanism of DNA conservation
(Palomeque et al. 2006).

Mariner elements from the irritans subfamily were
identified in the genome of hydrothermal crab Bythograea
thermydron (Bytmarl element). Very few of their copies
includes full-length sequences, which suggests the presence
of HT (Case et al. 2006).

The distribution of Mosl1 element inside endemic African
species Drosophila teissieri is heterogeneous in separate
populations. In the Brazzaville population, full length
elements were discovered, suggesting their potential activity.
Other studied populations had a deletion of 500 bp long
segment in Mosl sequence. Based on analysis of complete
Mosl sequences, it was stated that their phylogeny is
compatible with the model of vertical transmission from a
common ancestor. Therefore, in that case, the influence of
HT on the distribution of mariner elements may be
precluded (Brunet et al. 1996).

1.4.2. Tc1-like transposons

The family of Tc1 transposons includes elements homological
to Tel transposon, first described in C. elegans (Rosenzweig
et al. 1983a). The name is an abbreviation based on: T -

transposon, ¢ - ceanorhabditis, 1 - ordinal number of the
transposon identified in that species, conferred according to
discovery order.

ITRs are 50 to 200 bp long and have on their end
conserved sequences TACAGTG. Most Tcl-like transposons
have defects in their transposase genes because of numerous
mutations resulting in inactivation of the transposon. An
inactive transposon is a permanent part of genome, defined
as a “genetic fossil” (Miskey et al. 2005; Sinzelle et al. 2006a).
The presence of relatives to Tcl transposon was observed in
genomes of numerous species of fish and amphibians (Radice
et al. 1994). In fish these elements were first discovered in
channel catfish (Ictalurus punctatus, Tip1) as insertions in the
immunoglobulin gene (Henikoff 1992) and in the genome of
Eptatretis stouti (Tesl) as insertions in a vasotocin gene
(Heierhorst et al. 1992). These transposons were then
discovered in D. rerio (Tdrl), rainbow trout (Oncorhynchus
mykiss, Toml) and Atlantic salmon (Salmo salar, Tssl)
(Radice et al. 1994).

The sequences of these transposons vary significantly,
both intra-individual and interspecies. The amino acid
sequence of transposase encoded by Tss1, Tom1, Tipl and
Tes1 elements when compared to the Tdrl element, shows
77, 69, 43 and 34% of similarity, respectively (Izsvak et al.
1995). Dinucleotide TA is a target integration site of
transposon and is located on the ends of both ITRs, as in
C. elegans (Ketting et al. 1997; Rosenzweig et al. 1983b). All
sequences of these elements contain ITRs about 200 bp long.
None of the copies of these transposons is active, because of
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numerous mutations, reading frame shifts and stop codons in
the transposase gene (Ivics et al. 2004).

Research on the Tdrl element shows, that the dominant
form is deletion derivate 1,250 bp long. Deletion in the
transposon included the N-terminal part of the DNA-binding
region of transposase. It has been estimated, that Tdrl is
present in about 1,000 copies per haploid genome of D. rerio,
which is about 0.07% of its whole genome.

Both ITRs of Tdrl transposon contain in their sequence
simple short repeats (Direct Terminal Repeats, DTR, 12-
22 bp long), called IR/DR structures. Molecular probes
complementary to Tdr1 did not hybridize with DNA of other
species of Danio or with DNA of carp (Cyprinus carpio),
whereas an intense hybridization signal occurred for
Oncorhynchus tshawytscha and pike (Esox lucius) (Izsvak et
al. 1995).

The discovery of a new Tcl-like transposons class called
Tdr2 in D. rerio, showed the similarity of the transposons to
the Te3A element from C. elegans, suggesting the distant
evolutionary origin of that family (Gottgens et al. 1999). Tdr2
is about 1000 bp long, flanked by ITRs 100 bp long and
occurs in about 1,000 copies per haploid genome of Danio.
All sequenced copies appeared to be inactive because of
many mutations (Ivics et al. 1996).

Independently of research on transposons in D. rerio,
other Tcl-like elements were identified in the Atlantic
salmon genome Ssall (SALT). They are 1,535 bp long and
occur in 15,000 copies per haploid genome (Goodier and
Davidson 1994). Sequence analysis of the Ssall transposon
revealed the presence of many stop codons in the transposase
gene. Therefore, the group of Ssal elements is also included
in non-autonomic elements (Goodier and Davidson 1994).

The genome of salmon (Salmo salar) was analysed for the
presence of transposons (de Boer et al. 2007). Over 250
transposon sequences were found, that belong to 14 different
families, grouped in two separate classes: Tcl-like and
piggyback-like transposons. Several of these families showed
similarity to sequences in other species of fish, lamprey,
flatworms and other parasites (Schistosoma japonicum).

Ivics et al. (1996) classified the Tcl-like transposons, based
on similarity of sequence and grouped them into three
clusters: A, B and C. Despite the close relationship of cluster
A transposons, their hosts represent two distant orders of
teleost fish: Cypriniformes and Salmoniformes. Evolutionarily,
lines of the fish diverged 130 million years ago. The Tsnl
transposon from Salvelinus namaycush was also classified to
cluster A (Reed 1999).

In the B cluster there are representatives of Cypriniformes
order, including the Tdr1 transposon. Elements in this cluster
have a higher level of divergence than elements in the A
cluster, and they contain in their sequences multiple
insertions and deletions. Cluster C contains Tss2 from S. salar
and Tdr2 from D. rerio. It is worth emphasizing, that in
genomes of S. salar and D. rerio several different
evolutionary lineages of Tcl-like transposons coexist (Izsvak
et al. 1995).
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In the fish Ictalurus punctatus, non-autonomous Tipnon
sequences related to Ic1-like elements have been described. The
Tipnon sequences are only 500 bp long and their ITR sequences
are 29 bp long and identical to Tdr1 ITRs. However comparison
of inner sequences of Tipnon and Tdrl shows little similarity
between these elements. Tipnon sequences are classified as non-
autonomous elements, but they can be mobilized by transposons
encoded by autonomous elements (Liu et al. 1999).

Techl transposons, about 800 bp long, have been found in
the genome of Antarctic fish Chiondraco hamatus. They are
similar in general structure to Tcl elements, but they have
several deletions in the DNA sequence, located mainly in 5
region (Capriglione et al. 2002).

There are examples of autonomous Tcl-like transposons,
which can be considered to be currently active. Tzf element,
identified in D. rerio genome shows some relationship with Tdr1l
found in the same species. Results of two-dimensional (2D)
electrophoresis, combined with hybridization of parent and
offspring DNA, suggest a potential activity of Tzf transposon
(Lam et al. 1996a). It has been suggested that full length Tcl-
like sequences (Tsnl), found in S. namaycush, have the ability
of active transposition (Reed 1999). The consensus amino acid
sequence of Tsnl element differs in only three amino acids
from an active transposase in the reconstructed Sleeping Beauty
transposon (Ivics et al. 1997), perhaps suggesting that some
copies of Tsnl remain still active.

PPTN transposons from Tcl-like family were found in
gene clusters which encode glutathione S-transferase in
flatfish Pleuronectes platessa (Leaver 2001). Some copies of
PPTN transposon were full-length and contained an intact
transposase gene, which may suggest the possibility of active
transposition (Leaver 2001).

Tcl-like transposons are also widespread in amphibian
genomes. They were identified in frogs Rana catesbeiana and
Xenopus laevis, in the latter the coexistence of several
evolutionary lineages of Tcl-like transposons was observed
(Lam et al. 1996b).

In the genome of Rana esculenta a highly repetitive R.e./Tcl
subfamily was identified. A single repetition contains a
fragment of Tcl transposon, which is very similar to a
transposon found in the fly Haematobia irritans, this is flanked
by two short simple repetitions DR (Pontecorvo et al. 2000).

In the genome Xenopus tropicalis, the coexistence of seven
different and distinct evolutionary lineages of Tcl-like
transposons was described (Sinzelle et al. 2005). Three of
them are homological to the transposons identified in fish
D. rerio (Tdr1, Tdr2, Tzf) and S. salar (Tss, SALT1).

2. HORIZONTAL TRANSFER (HT)
AS A PHENOMENON WHICH CONDITIONS
THE FUNCTIONING OF TE

Most transposable elements are defective in the transposase
gene. As noted above, transposons that contain a transposase
pseudogene become permanent components of a genome
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(genetic fossils accumulating mutations). If complete ITR
sequences are preserved, this in some cases gives them the
chance of being mobilized by an active transposase (trans
mobilization).

Loss of activity, distribution and sequence polymorphism
of transposing elements may be explained by an appropriate
evolutionary model. The model assumes, that horizontal
transfer (HT) is a process enabling transposons to begin their
life cycle as a result of being transmitted from one host
species to another (Lohe et al. 1997; Miskey et al. 2005;
Sinzelle et al. 2006a).

The mechanism of transposon invasion of cells, which
produce gametes of an organism, is not yet known.
Transposons themselves are not infectious factors, therefore
invasion probably takes place by means of a vector, for
instance, either a virus (Ivics et al. 1996) or intracellular and
extracellular parasites (Kidwell 1992).

Research by Jehle et al. (1998) demonstrated the presence of
the TCp3.2 transposon, which belongs to Tcl-like group, in
genome of a baculovirus that infects a species of butterfly — Cydia
pomonella. In genomes of that species 10 copies of TCp3.2 have
been identified. On the basis of phylogenetic analysis a
hypothesis was put forward, that the TCp3.2 transposon was
inserted into the virus genome during infection of the hosts
larvae. This example of HT of transposon from host genome to
virus genome suggested a potential role of baculoviruses as
interspecies vectors to mediate horizontal transmission of
transposons among insects (Arends et al. 2005; Jehle et al. 1998).
Newly acquired transposon colonizes host genome by
amplification of its copies in the process of transposition. Then,
as a result of sexual reproduction of the host, the transposon
spreads in the population. This process of transferring
transposon copies to host offspring is called vertical transmission.

However, transposons do not come under positive selection,
therefore in proportion to elapsed time, random mutations are
accumulated in their sequences. As a result, the proportion of
inactive copies of a transposon rises. This process is called
vertical inactivation (Lohe et al. 1997). Simultaneously, the
mutated copies may turn into negative regulators of
transposition. Transposase produced by active copies of
transposons, may accidentally influence the inactive copies which
it can also recognize. Finally, often mutations will eventually
inactivate all copies. That way, with time, the rate of propagation
falls, and eventually as a result of genetic drift, transposons may
be removed from genome in the process of stochastic loss
(Miskey et al. 2005). Therefore, in order to survive, transposons
must undergo the process of HT to new organisms and start their
life cycle over again. It is thought, that HT is a selection tool,
which maintains “live” transposons, because only the active
elements are able to start a new evolutionary lineages in new
populations and species (Sinzelle et al. 2006a).

The HT phenomenon is well documented for the P
transposon, first discovered in D. melanogaster. 1t is suggested
that P elements have spread fast in natural populations of
D. melanogaster in the past few decades and seized genome of
that species by horizontal transmission from Drosophila

willistoni (Daniels et al. 1990). HT is also considered the main
mechanism for spreading mariner elements, especially in
insects, as seen in the presence, in Drosophila erecta, of an MLE
copy from the melifera subfamily, which are 97% similar to
MLE found in Ctenocephalis felis. Such a close relationship may
prove that HT occurred between ancestors of C. felis and
D. erecta (Lohe et al. 1997).

MLE elements from the same subfamily were found in
genomes of insects from four orders: earwig Forficula
auricularia, bee Apis mellifera, Mediterranean fruit fly
Ceratitis capitata and beetle Epicauta funebris. Phylogenetic
analysis showed the close relationship of MLE from these
species and HT between these orders might be the
explanation (Lampe et al. 2003).

Relatively recently, HT occurred between evolutionarily
distant insects including fruit fly Drosophila ananassae, fly
Haematobia irritans, mosquito Anopheles gambiae and green
lacewing Chrysoperla plorabunda (Robertson and Lampe 1995).
Moreover, HT has been documented not only in insects. MLE
elements were identified in two evolutionarily distant
crustaceans from the amphipods and decapods orders. These
MLE are 99.5% similar between the two species (Casse et al.
2006). It is also suggested that HT occurred between more
distant taxons: a 75% similarity of MLE elements in flatworms
and arthropods may prove that HT occurred between these two
taxons (Garcia-Fernandez et al. 1995). MLE elements from the
irritans subfamily are present in genomes of chordates (Sinzelle
et al. 2006a). It is suggested that these transposons are
maintained in the genome by vertical transmission.
Phylogenetic incompatibility of MLE elements and host DNA
may be explained by a different rate of evolution of these
sequences, depending on host species, by stochastic loss and by
polymorphism of the ancestors’ genome.

The similarity of sequences of transposons that were
indentified in Cypriniformes and Salmoniformes (grouped in
cluster A) is 90% (Ivics et al. 1996), perhaps suggesting that
HT occurred. Transposons, which are degenerated Tcl-like
elements related to PPTN from plaice (Pleuronectes platessa),
were identified in genomes of evolutionally distant species
like salmon (S. salar) and frog (Rana temporaria). This may
also suggest, that horizontal transfer occurred.

The Minos element from the Tcl/mariner family (Arca and
Savakis 2000), first discovered in Drosophila hydei (Franz and
Savakis 1991), was found in numerous species of Drosophila.
Based on several kinds of sequence analysis, it is suggested that
five HT events combined with vertical inactivation and stochastic
loss, can explain the distribution of Minos in the examined
species of Drosophila (de Almeida and Carareto 2005).

3. THE INFLUENCE OF TRANSPOSING ELEMENTS
ON GENOME EVOLUTION

Since the discovery of transposons by McClintock (1950,
1953) and their role in generating genetic changes, the nature
of these elements and their impact on genome evolution have
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been discussed. Genomes, particularly eukaryotic, are
complex and dynamic units, where the coding sequences
constitute only a small part. The majority are non-coding
sequences, composed of repetitive elements. In mammals
only 2% of genome appears to be functional exons whereas
about 50% of the genomes is comprised of repetitive
elements originating probably from mobile elements
(Makalowski 2000). Transposable elements constitute a large
fraction of genome, i.e. in maize it is 50%, in some other
plants it is as much as 95%. Insertion sequences in some
species of bacteria constitute 10% of genome, whereas in
mammals 20% of genome are retrotransposons, especially
LINE and SINE elements (Lerat et al. 1999; Shapiro 1999).

While studying the nature of TE and their influence on
genome evolution, two different ideas develop. The first
originates in the conception of the paradigm of phenotype
which is derived from neo-Darwinian theory. This theory
states that genes ensure their survival and representation in
following generations by providing a selective advantage to
the host (Bowen and Jordan 2002). A corollary of this
proposes that the presence of TEs must provide a selective
benefit to the host genome.

Two important papers, published simultaneously
(Doolittle and Sapienza 1980; Orgel and Crick 1980),
opposed this neo-Darwinism. They concluded that the
appearance and spread of transposing elements may be
explained solely by their ability to self-replicate in genome.
Therefore, the evolutionary success of these elements is
irrelevant to gaining selective advantage for the host genome.
A theoretical model was developed, showing that TEs can
spread and remain in natural populations even if they
generate changes disadvantageous for the host (Hickey
1982). These discoveries are the basis of the theory of selfish
DNA with reference to TE. This theory emphasizes the
parasitic nature of transposons. Their parasitic status is
determined by their inability to reproduce beyond the host
genome which provides the mechanism essential for the
transposon to perform replication and transcription. TEs are
transferred to offspring together with the host genes, and
their evolution depends on interactions with other genome
components — genes and other TE (Le Rouzic et al. 2007).

However, uncritical approval of this latter concept leads to a
radical opinion on the evolutionary importance of transposons -
that TEs are only genomic parasites and that their selfish nature
excludes a significant influence on genomic evolution. Such a
conclusion would discourage research on an evolutionary role
for transposons. This latter concept also fails to account for
examples of transposons that, despite their undeniable parasitic
nature, were adapted in genome and in many ways can well
serve their hosts (Bowen and Jordan 2002). Moreover,
horizontal transfer, which is characteristic of TEs, is considered
to be one of main driving forces of evolution (Syvanen 1994). On
the basis of this information it can be concluded, that TEs
influence genomic evolution. With their abundance and
dispersion in contemporary genomes, they fulfill functions
advantageous to the host and as demonstrated in laboratory
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tests, they provide an ability to generate genomic changes. This
leads to the conclusion, that TEs used to, and still do, play an
important role in genome reorganization (Shapiro 1999).

Interactions between TEs and their host genome are poorly
understood, but examples of their influence on the functioning,
structure and evolution of genome have been observed. TE
interfere with the genomic environment influencing its
evolution and they increase the genome plasticity (Makalowski
2000). It is thought, that non-coding sequences, including non-
autonomous TE, determine the overall architecture of the
genome, integrate coding sequences into functional groups and
also participate in the organization of chromatin (Shapiro
1999). Many interactions of this kind are considered to be the
domestication of TE by host genome or the co-evolution of
these two units (Capy et al. 2000).

Prokaryotic transposons can carry genes encoding resistance
to antibiotics (Recchia and Hall 1997) indicating the role of
TEs in generating evolutionary changes by delivering new
functional systems. Retrotransposons LINE (heT-A and
TART) in D. melanogaster, located on chromosome ends,
protect them from degradation (Pardue et al. 1997, 2005).

Another example of the influence of TEs on genome
evolution are LTR-retrotransposons, which can partly or
completely regulate the activity of the host gene (McDonald
et al. 1997). Ty sequences in genome of Saccharomyces
cerevisiae, are often inserted in tRNA genes influencing the
profile of their expression (Hani and Feldmann 1998).

TEs are a source of motifs, which can take a part in a
controlling RNA transcription. Retrotransposons may be a
signal for polyadenylation — it was shown that in 20 vertebrate
genes, the poly(A) sequences derive from retrotransposons
(Makalowski 2000). Transposon sequences may also play an
important role in homologous recombination. Thanks to the
similarity of their sequences, they can cause an exchange of
chromatin fragments, leading to deletions or duplications of
genome fragments. Although most observed recombinations
cause pathological effects (Deiniger and Batzer 1999; Kazazian
1998), there can be positive effects. For example, in humans, the
family of glycophorin (transmembrane protein of erythrocytes)
developed as a result of several duplications generated by
recombination between Alu elements (Makalowski et al. 1994).
Insertion of transposons from Tcl/mariner superfamily could
probably have been adapted during evolution of the vertebrate
immune system in order to provide mechanisms enabling
proliferation of immunoglobins (Agrawal et al. 1998; Hurst and
Werren 2001; Van Gent et al. 1996).

Retrotransposons, thanks to the activity of reverse
transcriptase, can take part in the mechanism of gene
shuffling by incorporating additional genomic sequences to a
new locus (Pickeral et al. 2000). Induced rearrangement of
chromosome segments includes genomic changes like
inversions, translocations, duplications and the generation of
tandem structures (Moran 1999). There is also a hypothesis
assuming that accumulation of TEs plays a key role in
maintaining the critical volume of the nucleus (Cavalier-
Smith and Beaton 1999).
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TEs deliver genetic material to their hosts, which can be
tested by natural selection for functions that are
advantageous to the host (Hurst and Werren 2001). This does
not contradict the fact, that TEs can remain in genomes,
thanks to their ability to self-replicate. Benefits for hosts may
be a consequence of the presence of TEs in genome rather
then a reason for it (Charlesworth et al. 1994; Edgell et al.
1996; Zeyl and Bell 1996).

4. EVOLUTIONARY DYNAMICS
OF TRANSPOSABLE ELEMENTS

The evolutionary dynamics of TEs is a complex phenomenon
because it results from interactions between the following
processes: their natural ability of amplification, selection at
the level of host, regulation of transposition, and genetic drift
(Le Rouzic and Capy 2005). The evolutionary success of TEs
in generating an abundance of copies represented in
genomes when set against the harmful effects of their activity
seems paradoxical.

The parasitic nature of TEs cannot be denied because their
mutagenic activity decreases host fitness. They are responsible
for 50% of harmful mutations in Drosophila (Finnegan 1992b)
and 10% in mice (Kazazian 1998). Their success is related to
their ability to amplify, thanks to which they can effectively
invade the genomes. Without any evolutionary force limiting
the amplification of TE, increasing number of copies would
lead to the destruction of the host genome. Experimental data
suggest, that selection is the main factor limiting excessive
multiplication of copies (Charlesworth et al. 1992; Hoogland
and Biemont 1996). This functions together with self regulation
of TEs. Self regulation is thought to be a successful parasitic
strategy, because it controls, if necessary, the rate of
transposition. Transposons with a constant rate of transposition
would be removed from the genome. Too slow a rate of
transposition would lead to removal by genetic drift. Too high a
rate would effect in excessive amplification, leading to
destruction of the host genome. Transposons, whose rates of
transposition are regulated are able to successfully colonize
populations, thanks to an initial rapid invasion followed by a
reduction in their activity (Le Rouzic and Capy 2005).

The influence of genetic drift on the dynamics of
transposons is not understood very well. Theoretical studies
show that in small populations, TE families with several copies
per individual, would undergo random loss (Brookfield and
Badge 1997). Estimation of the frequency of TE distribution in
natural, large populations shows, that the influence of genetic
drift is unimportant (Biemont et al. 1994). Hence the
evolutionary dynamics of transposons is based on balancing
different evolutionary forces. Too aggressive behaviour by
transposons would lead to the destruction of host genome and
then to degradation of the transposons. On the other hand,
species that react too repressively to the presence of TEs in
their genomes, would lose them and deprive themselves of an
important source of genetic diversity (Kazazian 2004).

5. TRANSPOSONS AS USEFUL GENETIC TOOLS

Apart from the undeniable profits for the genome resulting
from the genetic changes generated by transposons, their
great potential as useful genetic tools should be emphasized.
Transposons can be used in biotechnology (Clark et al. 2004;
Sasakura et al. 2003), medicine (Aronovich et al. 2007, 2008)
and genetics (Kawakami 2005).

A transposase gene was reactivated from defective
copies of Tssl transposon from S. salar and Toml from
Oncorhynchus mykiss, by site-specific mutagenesis. The active
transposon 1600 bp long was called Sleeping Beauty, SB
(Ivics et al. 1997). In order to control stable insertions of
desired genes in genomes, a transposing system, based on SB
was constructed. It consists of donor plasmid, containing an
expression cassette, located between two ITRs, and of an
helper plasmid with a sequence of SB transposase gene. This
system functions in many fish (Izsvak et al. 2000) and
mammalian cell cultures (Dupuy et al. 2002) and in
transgenic organisms: mice (Masuda et al. 2004; Yusa et al.
2004), medakafish (Grabher et al. 2003) and Danio
(Davidson et al. 2003).

The introduction of suitable mutations in the SB
transposase gene and in the ITR sequences, increased the
effectiveness of transposition 2 to 8 times. Thanks to
successful combinations of modified transposases and ITR
sequences, an increase of transposition was achieved, 14-fold
over the original (Cui et al. 2002; Geurts et al. 2003; Yant
et al. 2004) and more recently up to 50-fold more active
(Mates et al. 2009).

Depending on the application, different sets of promoters
are used. In gene therapy in vivo using a single plasmid for
both transposon and transposase in mice, the best expression
of gene occurs with the use of a moderate promoter for the
transposase gene (Mikkelsen et al. 2003). However, when the
system was used to perform insertional mutagenesis in mice,
it was optimal to use a modified promoter in the ITR
construct in order to increase the efficiency of transposition
(Collier et al. 2005; Dupuy et al. 2005).

Active transposons, based on a sequence of Tcl-like
transposon from a frog Rana pipiens were constructed and
called Frog Prince, FP (Miskey et al. 2003). They showed 50%
similarity in sequence to SB. Their functionality in cells of
fishes, amphibians and mammals was proved. FP are
regarded as the most effective transposons in vertebrates,
and show twice the activity of SB transposon in cells of Danio.
That increases possible applications in genetic analysis of
vertebrates (Miskey et al. 2003). Both SB and FP systems are
used in generating lines of transgenic fish (Grabher et al.
2003) and amphibians (Sinzelle et al. 2006b), in which
transgene integrated with genome is transferred to offspring.
In this way transposons inactive for 10 million years, whose
activities have been reconstructed by molecular methods, are
able to perform an effective transfer of DNA sequences
to chromosomes in order to incorporate desired, new
phenotype features (Wadman et al. 2005).
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