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Abstract

A large part of repetitive DNA of vertebrate genomes have been identified as transposon elements (TEs) or mobile sequences.
Although TEs detected to date in most vertebrates are inactivated, active TEs have been found in fish and a salmonid TE has
been successfully reactivated by molecular genetic manipulation from inactive genomic copies (Sleeping Beauty, SB). Progress
in the understanding of the dynamics, control and evolution of fish TEs will allow the insertion of selected sequences into the
fish genomes of germ cells to obtain transgenics or to identify genes important for growth and/or of somatic cells to improve
DNA vaccination. Expectations are high for new possible applications to fish of this well developed technology for mammals.
Here, we review the present state of knowledge of inactive and active fish TEs and briefly discuss how their possible future
applications might be used to improve fish production in aquaculture.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

At least 40% of the vertebrate genomes contain
highly and moderately repeated (Britten and Kohne,
1968) transposon elements (TE) or mobile sequences
(Sherratt, 1995). TEs occur in families, copies of which
are dispersed throughout the genome. The number of
copies per genome can vary from 10 to several thou-
sands, depending on the family of TEs and the species
concerned.

On the basis of their structure and presumed mech-
anism of transposition, TEs fall into two major classes:
(1) RNA-based, which transpose DNA sequences after
reverse transcription of an RNA intermediate to DNA
and (ii)) DNA-based, which transpose directly from
DNA to DNA.

There are three types of RNA-based TEs, short
interdispersed elements (SINEs), long interdispersed
elements (LINEs) and retroviruses. The SINEs fol-
low an intermediate RNA to transpose from one locus
to another in genomic DNA and are dependent on
the presence of a reverse transcriptase provided by
separate partner LINEs. The identified fish SINEs
(retroposons) are of low size (200-300bp) and high
number of copies (10,000-100,000 copies per haploid
genome) and have no terminal repeats (TR). The retro-
viruses have ~600bp long terminal repeats (LTRs)
and encode reverse transcriptase and other polypep-
tides. A few retroviruses have been detected in fish
(Poulet et al., 1994) belonging to both endogenous
(Hronek et al., 2004) and exogenous (Shen and Steiner,
2004) virus. They will not be considered further in this
review.

Most DNA-based TEs are 1000-5000 bp and con-
tain 5 and 3’ inverted terminal repeats (ITR) of
10-200 bp long. The DNA-based TEs depend on the
presence of an active transposase to cut and paste
the sequences flanked by the two ITR, to transpose

from one locus to another in genomic DNA. The com-
plete sequence of the transposase can be included
(autonomous elements) or not (nonautonomous ele-
ments) into the TE sequence. The majority of the known
DNA-based fish TEs are either Tcl-like of interme-
diate size (1200-2500bp) and a moderate number of
copies (1000-10,000 copies per haploid genome) or
Tol2 of higher size (4700bp) and lower number of
copies (10-30 per haploid genome). Smaller, minia-
ture inverted-repeat TEs (MITEs) have been also iso-
lated from zebrafish (1000—10000 copies per haploid
genome) (Izsvak et al., 1999).

In contrast to mammals, a few transpositions and
complete transposase sequences have been detected
in the TEs of some fish genomes. Here, we review
the actual state of knowledge of active and inactive
fish TEs and the possible future use of that knowl-
edge to improve different aspects of aquaculture. Fish
TEs could be used in commercial fish to generate a
large number of transgenics (Davidson et al., 2003)
to increase the probabilities to find among those the
ones to improve production, resistance to diseases or
to obtain biopharmaceuticals (Rocha et al., 2003), to
identify commercially relevant genes by TE tagging
to apply traditional genetic selection methods and/or
to improve fish DNA vaccination vectors which would
decrease the required dosages or increase the duration
of immunisation (Coll, 2001; Fernandez-Alonso et al.,
2001; Lorenzen and LaPatra, 2005; Lorenzen et al.,
1998; Purcell et al., 2004; Takano et al., 2004; Traxler
etal., 1999).

2. RNA-based fish retroposons SINEs/LINEs
RNA-based fish retroposons or mobile short

interdispersed elements (SINEs) are highly repeti-
tive (10,000-100,000 copies per haploid genome),
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Fig. 1. Scheme of the main families of characterised fish TE. Most studied types of fish TEs belong to the groups of RNA-based TEs or
retroposons (SYNEs and LINEs) and DNA-based TEs, Tcl-like or Tol2. Black rectangles illustrate the approximate location of the enzymes
used for fish TEs to move. Those enzymes are reverse transcriptase in retroposons and transposase in DNA-based elements. ITR, inverted
terminal repeats which flank the enzyme genes in the DNA TEs. IIR, internal inverted repeats that are found inside the Tol2. In the case of
retroposons, an RNA from SINEs is copied to cDNA by the reverse transcriptase (black rectangle) coded in LINEs. In the case of DNA-based
TEs cut-and-paste mechanisms are catalysed by a transposase (black rectangle) coded in an autonomous element which may or may not be in

the same element.

200-300bp sequences described before in humans
and mice (Fig. 1) (Ohshima and Okada, 2005). They
were first identified in fish in the chum salmon
(Oncorhynchus keta) as a ~200bp RNA band tran-
scribed in vitro from the genomic DNA by RNA
polymerase III (Matsumoto et al., 1984). Sequences
among different copies of the same retroposon varied
between 1 to 15%. All the copies have a 5’ tRNA-
like ~80bp sequence that includes two RNA poly-
merase III promoter binding sites of ~10 bp each. They
contain flanking 67 bp direct terminal repeats (DTR)
and encode no protein gene (s) (Matsumoto et al.,
1986).

SINEs are mobilised by the reverse transcriptase
encoded in a longer partner member: the so-called long
interdispersed elements (LINEs) (Fig. 1) (Terai et al.,
1998). LINEs are about 1000 bp long, encode a reverse
transcriptase gene of about 500bp and contain a 3’
sequence similar to the corresponding SINEs partner.
Pairs of LINEs/SINEs elements have been identified
in the rainbow trout O. mykiss (Smit and Riggs, 1995;
Winkfein et al., 1988).

Three retroposon families of 150-180bp contain-
ing flanking short DTR were described in salmonids
and named by the unique restriction enzyme sequence
found inside each of them (Table 1). They were: the
Smal family restricted to chum and pink salmon in the

genus Oncorhynchus, the Fokl family confined to all
known species of the genus Salvelinus and the Hpal
family present in all species of the subfamily Salmo-
niae including the genera Hucho, Salvelinus, Salmo
and Oncorhynchus (Kido et al., 1991, 1994). All of
them could be identified by hybridisation of genomic
libraries to the tRNA-Lys because of the presence
of a 5 tRNA homologous sequence in each of their
copies. Confirmation of its presence in several species
of salmonids and other fish could then be demonstrated
by PCR using two primers located in the consensus
sequences for each of the retroposon families.

Using similar methods, a zebrafish specific retro-
poson called DANA “mermaid’ comprising about
10% of its genome was also detected (Ivics et al.,
1996a; Shimoda et al., 1996). Other SINEs without
tRNA sequences were discovered in O. mykiss because
of their insertion into protamine and histone genes
(Winkfein et al., 1988).

Evolution of African cichlid (AFC) SINEs of
292-328 bp have been studied in more than 100 differ-
ent groups of cichlid fish in lake Tanganyika (Takahashi
etal., 1998). The number of AFC copies were estimated
between 2000 and 10,000 copies per haploid genome
(0.06-0.6% of the genome).

RNA-based transposable elements have not been
exploited as experimental tools to the same extent



Table 1
Properties of the best-characterised fish TEs
Type Name Fish group Size (bp)* TR (bp)*  Copies/haploid ~ Active GenBank number Reference
genome
Retro Smal Oncorhynchus sp. 200 7 (DTR) 10000-100000  ? D90289-D90300 Kido et al. (1994)
Fokl Salvelinus sp. 200 7 (DTR) 10000-100000  ? D90289-D90300 Kido et al. (1994)
Hpal Salmonidae 200 7 (DTR) 10000-100000  ? D32145-D32164 Kido et al. (1994)
AFC Cichlids 300 - 2000-10000 ? AB009699-AB009714 Takahashi et al. (1998)
RomI Oncorhynchus mykiss 600 20 (DTR) 4000 ? - Winkfein et al. (1988)
Tcl Tipl Ictalurus punctatus 1135 85 (ATR) ? ? X52617 Henikoff (1992)
Tesl Eptatretis;touti 1499 66 ITR) ? ? M93037-M93040 Heierhorst et al. (1992)
Ssall (SALT)  Salmo salar 1535 35 ATR) 15000 No L22865 Goodier and Davidson (1994)
Tell Esox lucius 1009 223 ITR) ? No L41172 Ivics et al. (1996b)
Tdrl Danio rerio 1205 208 (ITR) 1000 No L12210, L33472, 133469 Izsvak et al. (1995), Radice et al. (1994)
Tdr2 Danio rerio 1100 100 ITR) 1000 No AJ242983 Gottgens et al. (1999)
148874 Tvics et al. (1996b)
Tecl Cyprinus carpio 866 209 ATR) ? No 148683 Ivics et al. (1996b)
Techl Chionodraco hamatus 802 80 ? No AF305833, AY008266 Capriglione et al. (2002)
Tom1 Oncorhynchus mykiss 1689 221 (IATR) ? No L.12209 Radice et al. (1994)
Tssl Salmo salar 1619 226 ITR) ? No L12206-L12208 Tvics et al. (1996b), Radice et al. (1994)
Tss2 122865
Tzf ZebraFish, Danio rerio 1600 200 ITR) 700 Yes?  U51226-U51230 Lam et al. (1996)
Tppl (PPTN) Pleuronectes platessa 1627 200 ITR) 150 Yes?  AJ249083, AJ249085, Leaver (2001)
etc.
Tsnl Salvelinus namaycush 1643 225 (ITR) Many Yes? AF017232-34 Reed (1999)
SB10 Salmo salar + Oncorhynchus 1639 225 (ITR) Synthetic Yes Tvics et al. (1997)
mykiss
hAT  Tol2 Oryzias latipes 4700 12 (ITR) 10-30 Yes D84375 Koga et al. (1996)

Within most of the families there exist or have existed at a previous time point both autonomous elements that can stimulate their own transposition and nonautonomouss elements
that can only transpose in the presence of transposase from an autonomous element of the same family. T, TE. TR, terminal repeats. ITR, inverted TR. DTR, direct TR. Underlined,
the initials taken to describe the TE types. Bold, active TEs.

? Sizes are approximated.
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as have some of the DNA-based elements. The
relative complexity of their transposition mech-
anism and the high cost for facilities to pre-
vent possible infections and spread, will proba-
bly preclude their widespread use as experimental
tools.

3. Inactive Tcl-like fish TEs

Years ago, TE copies containing inverted termi-
nal repeats (ITR) were only known in maize (Ac/Ds
elements), Drosophila (P element) and Caenorhabdi-
tis (Tcl: T, transposon; ¢, initial of the genus/specie
and 1, order number of the TE described for that
specie). Tcl-like TEs (also known as Tcl/mariner)
were 1200-2500bp in length containing a trans-
posase gene and two flanking ITR of 50-200bp
(Fig. 1).

Although transposition of Tcl-like TEs required
endogenous proteins, they were not species-specific
(Lampe et al., 1996) contributing to their wide spread
of Tcl-like elements in nature. However, the Tcl-
like copies isolated from most vertebrates are dead
remnants of once active TEs that have become inac-
tivated by mutations, deletions and/or stochastic loss
of autonomous copies after successfully colonising
genomes.

In fish, Tc1-like elements were first reported in 1992
as gene insertions. Those were in the immunoglobulin
genes of catfish (Ictalurus punctatus), Tipl (Henikoff,
1992) and in the vasotocin gene of the pacific hag-
fish (Eptatretis stouti), Tesl (Heierhorst et al., 1992)
(Table 1).

Tcl-like TEs of 1600-1700 bp were then identified
by PCR by using a single primer derived from the ITR
of Tcl in zebrafish (Danio rerio, Tdrl), rainbow trout
(O. mykiss, Toml) and Atlantic salmon (Salmo salar,
Tssl) (Radice et al., 1994). Copies of Tcl-like ele-
ments revealed considerable intra-individual as well
as inter-specific sequence variations. Thus, sequence
similarities throughout a canonical 320-343 amino
acid transposase from several clones showed that Tss1,
Toml, Tipl and Tes1 have 77, 69, 43 and 34% amino
acid identities with Tdrl (Izsvak et al., 1995). All the
Tcl-like sequences containing ITR of about 200 bp
were flanked by TA dinucleotides, which are target
site duplications. None of the copies of these fish

TEs were active because many contain incomplete or
nonautonomous elements consisting in sequences with
deletions, frameshift mutations or premature termina-
tion codons in their transposase genes (Ivics et al.,
2004).

Further examination of sequences from many Tdrl
copies (Izsvak et al., 1995) revealed that a deletion
derivative of 1250 bp was its dominant form (the dele-
tion included the N-terminal DNA-binding region of
the transposase). Estimations showed that Tdrl was
present in about 1000 copies per haploid zebrafish
genome (0.07% of the genome). The Tdr1 copies con-
tained flanking ITR of 208 bp which were each flanked
by short DTR of 12-21 bp (the so-called IR/DR struc-
ture) (Fig. 1). Tdr1 probes did not hybridised with other
zebrafish species or carp (Cyprinus carpio) but inten-
sive hybridisation were observed with chinook salmon
(Oncorhynchus tschawitscha) and northern pike (Esox
lucius).

Tdr2 was later identified by hybridisation of a
Tcl-like sequence found in a developmental zebrafish
gene to the complete zebrafish genomic sequence.
Fragments of Tdr2 were then detected in several
expressed sequence tag sequences from the same
genome (Table 1). Tdr2 expands 1100bp contained
flanking ITR of 100 bp and were present in about 1000
copies per haploid zebrafish genome. The 5’ ITR is
itself composed of another ITR, an original structure
only found in Tdr2. All the sequenced copies were inac-
tivated by mutations (Gottgens et al., 1999; Ivics et al.,
1996b).

Other Tcl-like TEs, the so-called Ssall (SALT)
of 1535 bp were independently identified in Atlantic
salmon by hybridisation of a genomic library with the
580 and 800bp bands obtained by Pstl digestion of
its genomic DNA. By densitometry of ethidium bro-
mide stained gels, the two bands accounted for 0.2% of
the genomic DNA. By hybridisation with Ssall probes,
335 positive clones were detected among 3600 clones
of a size of 15,000bp each, which corresponded to
about 15,000 copies per haploid genome (Goodier and
Davidson, 1994). Ssall TEs contained an open read-
ing frame corresponding to a transposase gene with a
high number of stop codons and therefore are proba-
bly not active. Ssall copies were also found in other
salmonids (Salmo, Salvelinus and Oncorhynchus) but
not in any other fish species studied (Goodier and
Davidson, 1994).
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4. Active Tcl-like fish TEs

In contrast to other vertebrates, active transposition
in zebrafish (Lam et al., 1996) or complete Tcl-like
TE sequences suggesting active Tc1-like transposition
in Salvelinus namaycush and Pleuronectes platessa
(Leaver, 2001; Reed, 1999) have been described or
detected.

Thus, by hybridisation with probes derived from the
transposases Tcl +Tesl, about 700 copies of a new
zebrafish TE were first detected and called Tzf (Lam
et al., 1996). The consensus of several copies defined
a 1621 bp candidate to an active transposase similar to
the Ssall and Tdr2 (Ivics et al., 1996b). When compar-
ison of digested DNA mixed from father and mother
zebrafish were made with each progeny DNA by two
dimensional electrophoresis followed by hybridisation,
new spots were detected, demonstrating Tzf transpo-
sition activity had taken place during gametogenesis
in the germ line of the parent fish. On the average
there were 3.9 new spots per each progeny individ-
ual zebrafish DNA. Since it is not clear that Tzf does
move (the authors pointed out that they saw new spots
but never saw a spot disappear, this TE have an ? in
activity in Table 1).

Complete full length of Tcl-like TE copies were
detected in the genome of the lake trout Salveli-
nus namaycush, Tsnl (Reed, 1999) by using primers
from the Tdrl for PCR amplification (Izsvak et al.,
1995). The consensus sequence of full length Tsnl
was 1643 bp (corresponding to a complete trans-
posase of 340 amino acids) containing flanking ITR
of 225 bp. Although even one amino acid change could
destroy transposase activity, the amino acid consensus
sequence of Tsnl only differed by three amino acids
from the Sleeping Beauty (SB) active transposase (see
later), suggesting that some of the Tsnl copies might
still be active. However, since to detect activity there
also needs to be an enhancer/promoter source as well
and often there is none (the ITR seems to lack promoter
activity) it is not known if those TEs have retained
activity. Sequence comparisons indicated that Tsnl is
common to some salmonid and cyprinid fish.

Complete full length copies of Tppl (PPTN) were
also found among the 150 copies per haploid genome
of P. platessa (Leaver, 2001). The Tppl sequence
was obtained from genomic DNA by PCR with a
primer derived from the ITR of the TE sequence iden-

tified within the glutathione S-transferase gene from
Pleuronectes. The existence of ~60% of full length
(1627 bp) copies of the transposase suggests that Tpp1
is still active. Similar sequences were also detected in
Pleuronectes flexus and Limanda limanda. The corre-
sponding but different and incomplete sequences were
also found among 600 copies per haploid genome in
Salmo salar (SSTN) and Salmo trutta.

5. Reactivating and improving Tcl-like TEs:
the SB model

From defective copies of Tss1 and Tom1 and using
additional site directed mutagenesis, a Tc1-like trans-
posase with activity in mammal cells was obtained. The
active TE consisted in a 1600 bp transposase gene con-
taining flanking ITR of 225 bp. It was called Sleeping
Beauty or SB (Ivics et al., 1997).

To control stable insertion in the genomes of desir-
able genes based on SB, dual transposition systems
(SB/ITR) were then developed. A donor plasmid with
an expression cassette between two ITR (5 ITR-
promoter-gene-terminator-3’ ITR) or ITR construct,
was used together with a helper plasmid with the SB
transposase sequence under the control of a promoter
(most of the times the SB protein or its mRNA are
used instead of the SB plasmid to avoid insertion of the
SB gene into the genomes). Dual SB/ITR transposition
systems were functional in many mammalian and fish
cell lines (Dupuy et al., 2002; Izsvak et al., 2000) as
well as in transgenic mice (Dupuy et al., 2002; Horie et
al., 2003; Masuda et al., 2004; Yant et al., 2000; Yusa et
al., 2004), medaka (Grabher et al., 2003) and zebrafish
(Davidson et al., 2003).

The SB transposition required an active recon-
structed transposase, two transposase binding sites of
30bp in the 225 bp ITR (Izsvak et al., 2000, 2002) and
cellular factor (s) (Yant and Kay, 2003; Zayed et al.,
2003), to cut the sequence bracketed by the ITR in the
ITR construct and paste it into the genome at target TA
sites (Plasterk et al., 1999). For optimal use in HeLa
human cells, mutations have been scanned to increase
the efficiency of transposition and introduced both in
the SB10 first active version (Geurts et al., 2003; Ivics
et al., 1996b; Plasterk et al., 1999; Yant et al., 2004;
Zayed et al., 2004) and in the first ITR1 sequences
(Cui et al., 2002; Izsvak et al., 2000; Yant et al., 2004).
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Mutant SB11, SB12 and HSB3 versions of the trans-
posase improved two- to eight-fold the efficiency of
transposition. Combination of some of those new trans-
posase with improved ITR2 or ITR3 versions produced
about a 14-fold increase in the efficiency of transposi-
tion in comparison to the original.

Promoter improvement can also be added to both
the SB transposase and to the ITR construct. The use
of different promoters would depend on the applica-
tion involved as shown for gene therapy or insertional
mutagenesis examples in mammals. Thus, the best gene
expression in a gene therapy in vivo mice model were
obtained with four-fold less active promoters in the
SB transposase than in the gene of the ITR construct
(Mikkelsen et al., 2003). On the contrary, when used
for massive insertional mutagenesis in mice, transpo-
sition was too low and local (Fischer et al., 2001), so
both the SB11/ITR2 improved versions and a smaller
size/highly efficient promoter on the ITR2 construct
were used to increase efficiency (Collier et al., 2005a;
Dupuy et al., 2005).

Other additional improvements to optimise transpo-
sition efficiency for fish cells, might still be incorpo-
rated as our knowledge of the SB/ITR systems pro-
gresses and this, in turn, could boost their possible
applications to aquaculture (Tafalla et al., submitted for
publication. On the other hand, an active Tc1-like ele-
ment has recently been constructed from frogs called
the Frog Prince (Miskey et al., 2003). This new syn-
thetically active TE and/or some future ones from other
species might also be applied to fish cells.

6. Active Tol2 TEs of medaka

The Tol2 TEs were discovered as a TE-like insertion
into the tyrosinase gene of medaka (Oryzias latipes)
(Koga et al., 1996) causing a loss-of-function mutation
in the tyrosinase gene resulting in a naturally occurring
albino phenotype. The Tol2 insertion was a 4700 bp
TE containing flanking ITR of 17 and 19 bp, two inter-
nal inverted repeats (IIR) of ~300bp and present in
10-30 copies per haploid genome of nearly identical
sequences (Koga and Hori, 1999). The Tol2 contained
four open reading frames of an specific transposase
belonging to the hAT TE family (Fig. 1). Its insertion
site showed an 8 bp target site sequence duplication
(Koga and Hori, 2000).

The observation of Tol2 excision during medaka
embryogenesis (Koga et al., 1996) and the presence of
complete transposase open reading frames, suggested
the existence of active transposases. Active trans-
position was demonstrated by inducing transposase-
dependent excision in cells (Kawakami et al., 2004a)
and by coinjecting fertilised medaka eggs (from a
medaka specie without Tol2) with a Tol2 derivative
containing an antibiotic resistance gene, an mRNA
from the putative Tol2 transposase and a target plas-
mid (Koga and Hori, 2000).

Further work showed that a similar Tol2/ITR system
successfully worked in zebrafish eggs, which do not
contain Tol2 (Kawakami et al., 2000). Thus, a Tol2 ITR
construct designed by deleting a fragment of 1500 bp
of the transposase and by inserting antibiotic resistant
genes in its place, coinjected in zebrafish eggs with
mRNA for the Tol2 transposase was able to transpose.
Long (four exons) or short (three exons) transposase
mRNAs exerted positive and negative effects on exci-
sion, respectively, suggesting an internal pathway of
regulation of the Tol2 activity (Tsutsumi et al., 2003).
Furthermore, the Tol2 transposase showed an extranu-
clear localisation which might explain its low trans-
position activity in its original host species (lida et
al., 2004). Improvements in mRNA in vitro production
and inclusion of a promoter-green fluorescent protein,
GFP-poly(A) terminator cassette in the Tol2 ITR con-
struct, increased in vivo transmission of the GFP gene
to about 50% of the zebrafish progeny (Kawakami et
al., 2004b).

Because medaka Tol2 transposes in cells from other
species and, although there is no limit to capacity for
genes in SB or probably in any other TE (Horie et al.,
2003; Izsvak et al., 2000; Karsi et al., 2001), Tol2 TE
might have a larger size capacity for inserting genes
than the Tcl-like elements (Kawakami et al., 2004a;
Kawakami and Noda, 2004). The expectations of their
possible biotechnological applications are high (Koga,
2004).

7. Other fish TEs

New families of fish TEs are being identified by
computer assisted searches of sequences related to
known TE from other species, including prokarytes,
in the banks from fish genome projects now available.
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Table 2

Properties of some new fish TEs discovered by searching in recently published sequences

Type No  Fish Size (bp) TR (bp)* Copies/haploid AP GenBank number  Reference
genome
Merlin 1 Danio rerio 10173 177 ATR) 50 No  ALB45359 Feschotte (2004)
2 Danio rerio 1371 462 (ITR) 500 No  ALB45359 Feschotte (2004)
3 Danio rerio 239 29 (ITR) 8000 No  ALB45359 Feschotte (2004)
Harbinger 1 Danio rerio 4016 16 (ITR) <10 Yes AL591210 Kapitonov and Jurka (2004)
>2000 No
2 Danio rerio 3727 13 (ITR) 100 Yes  ctg25784.2 Kapitonov and Jurka (2004)
3 Danio rerio 3599 12 (ITR) <10 Yes  ctg25396.1 Kapitonov and Jurka (2004)
>1000 No  ~HARBII protein
PiggyBAC 1 Fugu rubripes 2472 13 (ITR) 200 No  AC1562662¢ Sarkar et al. (2003)
1-5  Danio rerio ? ? ? No XM6779974 Sarkar et al. (2003)
P-like 1 Danio rerio 11149 13 (ITR) 1 Yes BX511023 Hammer et al. (2005)
3 No

No, number.
4 Sizes are approximated.

b Etimations of TE activity are based only in the autonomous/nonautonomous characteristics of the elements detected in the sequences of the
GenBank. However, the nonautonomous elements could be mobilised by transposases encoded in autonomous non-yet detected elements.

¢ Longest sequence of fugus in the GenBank.

4 Five piggyBAC-like defective elements were found in zebrafish. Only one sequence source is given.

Such is the case of the DNA-based Merlin/IS1016
group of bacterial insertion sequences (IS) present
in the parasitic blood fluke Schistosoma mansoni
(Feschotte, 2004). Thus, three families of nonau-
tonomous Merlin-like elements of different sizes
and copy numbers have been found in the genome
sequences of zebrafish (Table 2) as well as in other
eukaryotic organisms including frogs and man.

Harbinger transposases are a family of widely
distributed (from bacteria to animals and plants,
including vertebrates) autonomous DNA-based TEs
requiring two separated proteins to transpose: one
with DNA-binding activity, the other with the trans-
posase activity. Harbinger-like TEs have been found
among the sequences in gene banks in many species
including the fish fugu, medaka, trout and zebrafish
(Kapitonov and Jurka, 2004). Three families of
Harbinger-like sequences divergent but related, have
been described in zebrafish (Table 2). Only a few copies
of those Harbinger-like elements were autonomous
while several thousand copies were nonautonomous.
Harbinger3-like elements from zebrafish were charac-
terised by a striking preference for a 17 bp target site
never seen previously in any other TE.

About 200 copies of inactivated piggyBac-like
sequences were identified in the pufferfish (Fugu

rubripes), in zebrafish and in many mammalian species
(Sarkar et al., 2003). PiggyBac-like DNA-based TE
were of 2472bp encoding an 594 amino acid trans-
posase and containing flanking ITR of 13 bp inserted
into TTAA target sites (originally isolated from the
moth Trichoplusia). Unique piggyBac-like sequences
have been found presumably dedicated to cellular
functions (known as “domesticated” TE) in the Fugu
genome (Sarkar et al., 2003).

P-like elements, related to the first DNA-based TEs
characterised in Drosophila, have been recently iden-
tified in the zebrafish genome by computer searches
(Hammer et al., 2005). Truncated P-like elements
have been detected before in other insect species but
“domesticated” forms beneficial to the host genome,
truncated and complete copies were not. The Pdre2
P-like element in zebrafish was the only complete
copy among the four copies of P-like elements
detected in the zebrafish genome (Table 2). It is
11,149bp long, containing an open reading frame
of 2631 bp in three exons (corresponding to a trans-
posase of 877 amino acids), 13bp flanking ITR
and 8 bp target site duplications. A maximum DNA
sequence divergence of 3.5% was obtained when
comparing the internal regions of all four P-like
elements.
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TEs of different types are potentially capable of
inserting into each other to form complex TEs. Evi-
dence for some of those have been found in zebrafish
(Ivics et al., 1996a; Izsvak et al., 1999). Other, yet
unidentified, complex TEs surely exist not only in
zebrafish but in many other fish genomes, but these
remain to be investigated.

8. Control of efficiency of transposition and
number of copies

The control of exogenously induced transposition,
efficiency is different whether they are made in the
absence (mammals) or in the presence (fish) of endoge-
nous TEs. Thus, in the absence of endogenous TEs
related sequences, once the ITR constructs are inserted
into the genome, the rate of TEs excision depends on
both the number of mobilizable copies inserted and
the level of exogenous specific transposase supplied.
However, in fish, that already have endogenous TEs
related sequences in their genomes, both the activity of
exogenous transposase and the ITR copies added might
be tightly regulated to avoid excessive transposition
activities which would cause lethal effects. Although,
diploid genomes which provide two copies of each
gene, represent a first line of control of the possible neg-
ative effects of transposition, excessive transposition
would cause generation of numerous random insertions
in genes and/or promoters (thereby causing numer-
ous loss-of-functions). However, adverse effects of TE
insertional mutagenesis are hardly seen (Essner et al.,
2005b; Kazazian, 2004; Keng et al., 2005; Yusa et al.,
2004) unless: (i) the offspring are inter-mated to detect
homozygous mutations or (ii) the inserted TE is a con-
struct with powerful enhancer/promoter combinations
(Collier et al., 2005a,b).

A way to control transposition is by inactivating
most of the transposase copies as it happens with
Tcl-like transposases in vertebrates. In vertebrates
most of the copies of the existing transposase-like
sequences detected at the moment are truncated by
deletions, internal stop codons and/or frameship muta-
tions, resulting in non-detectable transpositions.

On the other hand, in addition to complete sequences
of both transposase and ITR, the presence of a pro-
moter at the 5" end and a poly(A) signal at the 3’ end
are both required for a high level of endogenous trans-

posase expression. Few studies have been made about
the existence of such putative promoters in fish TE.
The possibility that ITR sequences and their adjacent
sequences might contain some of the required elements
with enhancer/promoter activities, as it happens in fish
retrovirus with the LTR flanking sequences (Hronek et
al., 2004) or in Tol2 in which a promoter activity was
detected in their IIR (Tsutsumi et al., 2003), has not
been reported.

Several host endogenous enzymes might play a role
in the repair of both TE excision and/or integration in
cells as it occurs with the SB (Izsvak et al., 2000; Yant
and Kay, 2003; Zayed et al., 2003). Excision of the
sequences at the ends of the ITRs generates double-
strand breaks with 3 bp of single stranded sequences
at the 3’ ends of each strand that invade the DNA tar-
get to generate a 6 bp single stranded gap at each flank
of the TE at the insertion site (Plasterk et al., 1999).
Failure to repair any of these gaps might cause cell
death or reduce the efficiency of transposition (Izsvak
et al., 2004). On the other hand, required DNA bend-
ing proteins for transposition could be also used to
control the efficiency of transposition (Zayed et al.,
2003).

The effect of the ratio of expression of exogenously
added transposase and ITR construct in transposition
efficiency has been studied for SB in human HelLa
cells. Optimal transpositions were obtained in a nar-
row window and excess of transposase caused over-
expression inhibition (Geurts et al., 2003). In vivo, the
inhibitory effect of SB transposase overproduction was
also detected by comparing 10 different promoters.
Best gene expression was obtained with SB promot-
ers 30—40-fold less active than CMV or four-fold less
active than the RSV used for the gene in the ITR con-
struct (Mikkelsen et al., 2003).

The size of the TE and the endogenous or exoge-
nous number of existing or induced copies per hap-
loid genome seem to be somehow controlled. Thus, an
inverse correlation between the size of existing fish TE
and their number of copies present in the correspond-
ing genomes have long been recognised (Tables 1 and 2
and Fig. 2). The longer the sequence in between the
ITR, the lower the number of endogenous copies in
the genomes (for instance, there are 10,000-100,000
copies of retroposons of ~200bp, 1000-1500 copies
of Tcl-like TEs of ~1500 bp and 10 copies of Tol2 of
4700 bp).
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Fig. 2. Representations of the size of endogenous fish TE with their
number of copies per haploid genome (open circles) and of the size of
exogenous SB and their relative transposition efficiencies (black cir-
cles and squares). Open circles, number of copies per haploid genome
of endogenous fish TE (approximated data form Tables 1 and 2).
Black circles, approximated transposition efficiencies obtained with
different size constructs between the ITR of SB expressed in per-
centage with respect to the 2.2 kbp pT1/SVneo plasmid (Izsvak et
al., 2000). Black rectangles, approximated transposition efficien-
cies obtained with different size constructs between the ITR of SB
expressed in percentage with respect to the 2.2 kbp pT1/SVneo plas-
mid corrected by variation in transfection efficiencies with size of
the constructs (Geurts et al., 2003).

Although there still would be a 30% transposition
with exogenous TE carrying >10kbp (Geurts et al.,
2003), the efficiency of exogenous SB-mediated trans-
position has been also shown to be inversely propor-
tional to ITR construct size (Geurts et al., 2003; Izsvak
etal., 2000). Fig. 2 shows a composition of endogenous
and exogenous data suggesting that those two different
observations might correlate due to the existence of a
common mechanism of regulation. Since other factors
are involved when delivering exogenous TE as a plas-
mid, for instance the outer distance of the ends of the
TE (Izsvak et al., 2000) or the efficiency of transfection
due to the use of different expression cassettes (Karsi
et al., 2001), the correlation might be not significant.

The Tol2 TE has shown two other possibilities to
control fish transposition. Thus, by coinjecting Tol2
vectors together with long (four exons) or short (three
exons) Tol2 mRNA into medaka eggs, it was shown
that the long and short Tol2 mRNAs exerted positive
and negative effects on excision, respectively. These

results suggested a new internal pathway of regulation
of the Tol2 activity (Tsutsumi et al., 2003). In addition,
the extranuclear localisation of Tol2 transposase (lida
et al., 2004) might provide another control, in contrast
to the intranuclear localisation of the Tcl-like trans-
posases (Ivics et al., 1997; Yant et al., 2004), confirmed
by following localisation with SB10-GFP fusion con-
structs in cells (unpublished).

9. Possible influences of endogenous fish TE in
exogenous TE-induced transposition

A TE taken from one specie (salmon/trout) and
introduced into another specie (mammal), will usu-
ally be placed into a genome that has no related TE
sequences. This situation simplifies subsequent manip-
ulation and reduces the chances of transposition being
affected by possible endogenous controls.

However, when inactivated copies of an specific TE
are still present in the host genome such as it seems
to occur in mammalian cells with retroposons (esti-
mates of about 100 active LINEs hoping all over the
genome) (Kazazian, 2004) and it could happen in many
commercially important fish, what would be the effects
of introducing active TEs? Would the introduction of
exogenous specific transposase in fish genomes induce
endogenous transposition events of the present specific
TEs? Would it cause excessive fish genome damages?
What would happen if there is a low specific endoge-
nous TE transposase activity present in fish cells? These
and many more questions need to be answered before
one TE system could be applied to the germ line (trans-
genic fish, gene identification) or to somatic (DNA
vaccination) fish cells.

To have a preliminary estimation of some of the
possibilities mentioned above, we have compared the
published Tcl-like endogenous sequences from carp
(L48683) or trout (L12209) to the existing active
SB10/ITR1 sequences) (Ivics et al., 1997). Maximal
identities of 78 or 88 % were obtained between the SB10
active transposase sequence (Ivics et al., 1997) and the
carp (nucleotides 336-1225) or the trout (nucleotides
370-1397) corresponding sequences. Similarly, the
ITR sequences from carp or trout were 84 or 87%
(5’ ITR) and 83 or 82% (3’ ITR) identical to the cor-
responding ITR1 sequences from the ITR construct
(plasmid pT H/B) (Ivics etal., 1997) (unpublished anal-
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ysis). Because there are ~1000 copies of those similar
sequences per haploid genome in both carp and trout,
there might exist among those some identical copies to
SB/ITR. Also, as has been mentioned above, since nat-
urally active transpositions have been detected in some
fish (Kawakami et al., 2000; Koga and Hori, 2000;
Lam et al., 1996; Tsutsumi et al., 2003) and complete,
potentially active transposase gene(s) have also been
detected (Leaver, 2001; Reed, 1999), it seems likely
that active TEs related or not to the SB/ITR TE might
still be active in particular fish species. Therefore, the
use of the SB/ITR, atleast in carp (Cyprinid) or rainbow
trout (Salmonid), will be difficult to predict since we do
not know yet the possible effect(s) of those endogenous
sequences on exogenous SB/ITR-induced transposi-
tion. The above studied situation might be similar for
other still unexplored fish TEs.

10. Transgenic fish by TEs

The SB/ITR system, the first example of a reacti-
vated vertebrate transposon, has been mainly devel-
oped and optimised to be used for human gene therapy
vectors (transformation of somatic cells) (Essner et al.,
2005a; Izsvak and Ivics, 2003; Liu et al., 2004; Miskey
et al., 2005), for transgenic mice generation (Dupuy et
al.,2005,2002; Ivics et al., 2004; Miskey et al., 2005) or
for insertional mutagenesis in mice (Clark et al., 2004)
(Table 3). For stable transgenesis, massive transposi-
tions need to be avoided (Davidson et al., 2003; Grabher
et al., 2003), whereas for insertional mutagenesis the
efficiencies of transposition and the number of copies

Table 3
Some of the possible applications of TEs in fish

need to be increased (Collier et al., 2005a; Dupuy et
al., 2005).

Methods based and/or related to the SB/ITR sys-
tem and/or other fish TEs, could also be applied to
model fish and to commercially important fish species
to improve immunisation by DNA or to obtain trans-
genic fish and to identify important fish genes. Inser-
tional mutagenesis for basic research has been widely
applied to zebrafish (Davidson et al., 2003; Kawakami
et al., 2000; Wadman et al., 2005).

However, in vivo use of TEs in mammals is favoured
because of the absence of active copies of the corre-
sponding transposases prevents excision and increases
stability of the inserted genes. The possible existence
of active copies of some TEs in fish, changes that situ-
ation but it might also offer some other possibilities for
manipulation. In other words, the presence of active
transposases in fish might be an advantage (only the
donor plasmid will be required or the efficiency of
transposition might be higher) or a disadvantage (low
stability of the inserts). The low stability of the inserts
might not be an important disadvantage because there
is no requirement to be stable enough to pass onto the
next generation (to increase the duration of an immu-
nisation by DNA, for instance, will only require some
months of expression).

Although the SB/ITR system have already been
used to express the green fluorescent protein (GFP) in
zebrafish (Davidson et al., 2003) and medaka (Grabher
et al., 2003), arguing about the absence or, at least, the
existence of a low endogenous activity of the SB trans-
posase in both fish species, molecular characterisation
of those fish lines are not so clear to interpret. Thus,

Purpose Results

Reference

Loss-of-function Gene identification

Gain-of-function Transgenic vector

Enhancer traps

Transgenics

Promoter traps Promoter identification
Poly(A) traps Poly(A) identification
Immunisation® DNA vaccination

Oncogene induction

Gene-tagged deficient mutants

Enhancer identification

Oncogene-tagged identification

Clark et al. (2004), Gollin et al. (2002)

Davidson et al. (2003)

Balciunas et al. (2004), Grabher et al. (2003)
Westerfield et al. (1992)

Yoshida et al. (1995), Zambrowicz et al. (1998)
Coll (2001)

Collier et al. (2005a), Dupuy et al. (2005)

Tabulated and modified from Wadman (Wadman et al., 2005), Hackett (Hackett and Alvarez, 2000) and Coll (Coll, 2001). The ideal transposable
system for use in loss- or gain-of-functions should have, at least, the following properties: (i) the possibility to develop a dual system, separating
the transposase from the donor sequence, (ii) a genetic background free of the TE to avoid control mechanism possible interferences and (iii) a

rate of transposition adequated to the goals pursued by the transposition.

? Preliminary evidence.
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sequencing of the junctions of the ITR insertions or
of the SB-induced excision of previously inserted ITR
constructs (Liu et al., 2004) showed that in contrast to
10 in 10 zebrafish lines being the result of SB-induced
transposition events, only 1 in 10 of the medaka lines
was the result of SB transposition, the other nine being
the result of unspecific recombination (Davidson et al.,
2003; Grabher et al., 2003).

The effective concentration of the ITR constructs,
the molecular ratio between exogenous transposases
and ITR, the possible influence of fish species—specific
host factors, the interference of possible endogenous
TEs-related sequences and/or other still unknown con-
trol mechanisms, might be some of the factors to be
taken into account when TE technology would be
applied to transgenesis of commercially important fish
species such as salmonids.

The capacity to select a desirable trait among new
transgenic fish would depend on the number of trans-
genics that we are able to produce (Kawakami et al.,
2004b). Therefore, a method that produces as many
transgenics as possible (highest efficiency) should be
applied to widen the possibilities to find the best one.
Thus, injection of naked plasmids obtained a 5% effi-
ciency (Stuart et al., 1990), of Tc obtained 37.5%
efficiency (Raz et al., 1997), of pseudotyped retro-
viruses obtained 10% efficiency (Linney et al., 1999)
and of I-Scel meganuclease obtained 30.5% efficiency
(Thermes et al., 2002). On the other hand, fish trans-
posons like SB obtained 5-31% efficiency (Davidson et
al., 2003) and Tol2 obtained about 50% of the zebrafish
progeny (Kawakami et al., 2004b).

The introduction of tissue-specific and/or inducible
promoters could be used to obtain transgenic fish with
some useful characteristics (increase growth rates, dis-
ease resistances, etc.), production of biopharmaceu-
ticals or detection of toxic substances (Rocha et al.,
2003-2005).

11. Possible use of TEs to identify genes
important for aquaculture

The identification of genes important for aquacul-
ture (for instance, those implicated in growth rates,
feed conversion, resistance to diseases, etc.) could be
approached by ITR tagging the germ line of the target
species. A similar method to the natural onset of albino

phenotypes in medaka by Tol2 insertional mutagenesis
(Koga et al., 1996) and identical to the strategy used in
mice to detect oncogenes (Dupuy et al., 2005) and/or
to induce saturation mutagenesis (Keng et al., 2005).

To increase the number of insertional inactivations,
the ITR constructs first inserted into the genome of new
progeny can be further mobilised in the next genera-
tion by the addition of exogenous specific transposases
to reinsert again into other genes. The inactivation of
gene(s) by ITR insertional mutagenesis would result in
an alteration of the selected phenotype. In this process,
the inactivated gene(s) are tagged by the ITR construct
and their sequence(s) can then be recovered by PCR
and cloning (Collier et al., 2005a; Dupuy et al., 2005).
Once the implicated gene(s) have been identified, tra-
ditional genetic selection methods could be applied to
obtain the desirable traits.

12. Possible use of TEs to improve DNA
vaccination

The existence of copies of TEs-related sequences in
fish, might also influence transposition in DNA immu-
nisation attempts using the TEs to induce somatic trans-
position.

For example, in the presence of endogenous active
transposases, only the ITR construct plasmid would be
required to obtain transposition of an antigenic gene,
although that would be at the cost of a lower stability of
the gene inserted. However, relatively lower stability
might not be an important disadvantage in this case
since there is no need to carry the gene to the next
generation and the immunisation would probably last
longer than if the gene had not been inserted.

On the other hand, in the presence of endogenous
intact ITR sequences, the addition of exogenous TEs
could induce their excessive mobilisation causing some
gene insertion(s) but also massive cellular deaths. Cel-
lular death could stimulate local inflammation of the
tissues affected which in turn would increase cellular
defenses and immunisation (Garver et al., 2005).

All these possible effects remain to be investigated
but they might be viable methods to improve DNA
vaccination in fish by use of TEs. Furthermore, if
required to avoid excessive activity, inducible expres-
sion systems allowing precise control of temporal
expression of the exogenous transposases could also
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be incorporated to the helper plasmids (Rocha et al.,
2005, 2003).

13. Concluding remarks

To find complete transposase and ITR sequences
in any of the copies existing in vertebrates, has been
a difficult task because of the extremely high back-
ground of incomplete or defective copies prevalent in
the actual genomes. Nevertheless complete, hypotheti-
cally active copies of Tc1-like TEs, have been detected
inflatfish (Tppl, Pleuronectes platessa) (Leaver,2001)
and in Salvelinus (Tsnl, Salvelinus namaycush) (Reed,
1999). Also, active transposition has been demon-
strated to occur during fish gametogenesis although
only in zebrafish (Tc1-like TE: Tzf, zebrafish) (Lam et
al., 1996) and in medaka (hAT-like TE: Tol2, Oryzias
latipes) (Koga et al., 1996). Therefore, autonomous
TEs do exist in fish and it seems likely that other active
TEs might be discovered in the future in the genomes
of commercial fish (Ivics and Izsvak, 2002).

As an example of another strategy, active TEs are
being recovered by synthetic reconstruction throughout
sequence comparison and by site-directed mutagenesis
of incomplete copies. The best studied example is the
reconstructed SB. SB has been mainly studied to be
used for human gene therapy vectors (transformation
of somatic cells) or for gene-promoter identification
(transformation of one cell embryos in model animals)
but it could also be applied to fish (Table 3).

Fish TEs offer new possibilities, many of them yet
to be investigated, to increase aquaculture yields by
manipulating the germ line of commercially important
fish such as for the generation of a large number of
transgenics (Davidson et al., 2003) to select among
those the ones to increase production, resistance to dis-
eases or to obtain biopharmaceuticals (Rocha et al.,
2003) or to identify important genes by TE tagging to
then apply traditional genetic selection methods.

The TEs might also be used for fish somatic trans-
position such as it is required to improve fish immu-
nisation to develop new DNA vaccination vectors
(Fernandez-Alonso et al., 2001; Lorenzen et al., 1998;
Purcell et al., 2004; Takano et al., 2004; Traxler et al.,
1999). Thus, the TEs could be used to decrease the
dosage of the vectors now required for fish immuni-
sation to economically viable levels or to increase the

duration of the immune response to the required time
in culture of the fish to be commercialised (Coll, 2001;
Lorenzen and LaPatra, 2005) (Table 3).

Understanding the dynamics and evolution of fish
TEs will allow to use them, to develop derivatives for
further genetic manipulation or to design new biotech-
nological applications (Ivics et al., 2004), including
those to aquaculture (Coll, 2001).
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