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Abstract We have characterized Tdrl, a family of Tcl- 
like transposable elements found in the genome of ze- 
brafish (Danio rerio). The copy number and distribution 
of the sequence in the zebrafish genome have been deter- 
mined, and by these criteria Tdrl can be classified as a 
moderately repetitive, interspersed element. Examina- 
tion of the sequences and structures of several copies of 
Tdrl revealed flaat a particular deletion derivative, 
1250 bp long, of the transposon has been amplified to 
become the dominant form of Tdrl. The deletion in these 
elements encompasses sequences encoding the N-termi- 
nal portion of the putative Tdrl transposase. Sequences 
corresponding to the deleted region were also detected, 
and thus allowed prediction of the nucleotide sequence of 
a hypothetical full-length element. Well conserved seg- 
ments of Tcl-like transposons were found in the flanking 
regions of known fish genes, suggesting that these ele- 
ments have a long evolutionary history in piscine 
genomes. Tdrl elements have long, 208 bp inverted re- 
peats, with a short DNA motif repeated four times at the 
termini of the inverted repeats. Although different from 
that of the prototype C. elegans transposon Tcl, this in- 
verted repeat structure is shared by transposable ele- 
ments from salmonid fish species and two Drosophila 
species. We propose that these transposons form a sub- 
group within the Tcl-like family. Comparison of Tcl- 
like transposons supports the hypothesis that the trans- 
posase genes and their flanking sequences have been 
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shaped by independent evolutionary constraints. Al- 
though Tcl-like sequences are present in the genomes of 
several strains of zebrafish and in salmonid fishes, these 
sequences are not conserved in the genus Danio, thus 
raising the possibility that these elements can be exploit- 
ed for gene tagging and genome mapping. 
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Introduction 

The zebrafish (Danio rerio) is a superb model animal for 
studies of the molecular genetics of vertebrate develop- 
ment (Driever et al. 1994; Nfisslein-Volhard 1994; 
Rossant and Hopkins 1992). However, two methods of 
investigating the roles that genes play in development are 
lacking in zebrafish: a method of randomly tagging 
genes and of establishing transgenic fish lines that con- 
tinue to express transgenic DNA over multiple genera- 
tions. Hence, there is no method currently available for 
efficient integration of intact copies of foreign DNA into 
the zebrafish genome. Development of such a technology 
would not only be beneficial for the production of trans- 
genic fish, but would also be useful for DNA-based in- 
sertional mutagenesis and gene tagging, which could be 
applied to generate and identify developmental mutants. 
A potential solution to the above problems would be to 
harness transposable elements as vectors for carrying 
specific DNA sequences into chromosomes for the pur- 
pose of mutagenesis, gene tagging and genetic engineer- 
ing. 

Since their discovery, repetitive elements with the 
characteristics of transposons have been found in the 
genomes of all organisms in which they were sought. 
Transposable elements are usually divided into two ma- 
jor groups according to their mechanism of transposition 
(Finnegan 1989). The first group is composed of DNA- 
based transposable elements that transpose via a DNA 
intermediate. The second group, the retroelements, move 



by reverse transcription of an RNA intermediate.  DNA 
transposons are common  in bacteria, invertebrates and 
plants, whereas in vertebrates re t rotransposons are more 
abundant (Henikoff  1992). In eukaryotes,  DNA-based  
transposable elements typical ly range f rom 1 to 10 kb in 
length, have short  inverted terminal  repeats,  and have 
sequences that may encode a t ransposase required for the 
transposit ion process. Elements of  this sort  include the P 
elements of  Drosophila melanogaster, the Ac and Spin 
elements of  maize and the Tcl t ransposon of Caenorhab- 
ditis elegans. Transposons exist in active and inactive 
forms (Hartl  et al. 1992). Active transposable elements 
encode genes required in trans, as well as f lanking se- 
quences required in cis for mobility. Active elements are 
relatively rare, since they destabilize the genomes of 
their hosts by insertional mutagenesis.  More common  
are inactive elements which often contain mutations in 
the sequence encoding the trans-acting transposase,  
thereby rendering these elements unable to transpose on 
their own. However, these inactive elements may still re- 
tain cis-active sequences needed for recognition by the 
transposase,  and therefore can be mobi l ized by trans- 
posase expressed f rom an active element. Here,  we use 
the term transposable element for sequences that have the 
hal lmarks of  either active or inactive transposons.  

There is a growing number  of  repetitive elements 
known f rom fish species (Datta et al. 1988; Kido et al. 
1991; Naruse et al. 1992; Winkfein et al. 1988; Wright 
1989). In zebrafish,  three types of  repetitive elements 
have been reported: satellite-like sequences (Ekker et al. 
1992); Alu-elements (He et al. 1992); and recently, a 
DNA transposon, Tdrl (Radice et al. 1994). Tdrl be- 
longs to the family of  Tcl-like t ransposable genetic ele- 
ments, named after the prototype found in C. elegans 
(Emmons et al. 1983). Members  of  this t ransposon fami- 
ly share certain features including a length of about 
1600 bp, conserved terminal nucleotides (TACAGT) of 
the inverted repeats and conserved sequence domains in 
the encoded transposase.  Tcl-like sequences, as defined 
by the homology of  their t ransposase genes, have been 
found in fungi (Daboussi  et al. 1992), protozoa (Doak et 
al. 1994), and are widespread in animals including ne- 
matodes (Collins et al. 1989; Emmons  et al. 1983; Prasad 
et al. 1991), insects (Brezinsky et al. 1990; Caizzi et al. 
1993; Franz and Savakis 1991; Harris et al. 1988; Sim- 
mons and Merr iman 1994), hagfish (Heierhorst et al. 
1992), and teleost fishes such as zebrafish,  channel cat- 
fish (Ictalurus punctatus; Wilson et al. 1990), rainbow 
trout (Oncorhynchus mykiss; Radice et al. 1994) and At- 
lantic salmon (Salmo salar; Goodier  and Davidson 1994; 
Radice et al. 1994). 

Transposable elements can be powerful  tools for gene 
tagging and genetic mapping,  especially if  strains of  the 
same organism contain small numbers of  these se- 
quences. Moreover,  the t ransposase of  active elements 
should serve as an excellent source for recombinase-me-  
diated insertion of transgenic DNA (Ivics et al. 1993). 
Accordingly, we examined the Tdrl-like elements in var- 
ious strains of  zebrafish in order to find an active copy, 
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and to determine whether  a line of  zebrafish could be 
found that had a small number  of  elements, and therefore 
would be suitable for t ransposon tagging and mutagene-  
sis studies. 

Here we present our characterizat ion of several copies 
of  Tdrl, the first DNA transposon character ized in ze- 
brafish. All Tdrl elements we have analyzed exhibit vari- 
ability in size and sequence, suggesting that Tdrl is not 
a recent invader of  the zebrafish genome. The major i ty  
of  Tdrl elements appear  to be descendants of  a single 
progenitor t ransposon with a deletion that removed the 
N-terminal  region of the putative transposase.  However, 
because sequences complementary  to this missing por- 
tion can also be found in the genome, and a homologous 
element exists in salmon, the sequence of a hypothet ical  
t ransposase gene can be predicted. A byproduct  of  this 
investigation is a prel iminary phylogenetic analysis of  
sequences and structures of  several Tcl-like t ranspo- 
sons, which suggests that the Tdrl element may be a 
hybrid of  two types of  transposons.  

Materials and methods 

Source of fish DNAs 

Wild-type zebrafish, "blue" danios, "giant" danios, "gold" danios 
and "leopard" danios were purchased in a local pet store. The C-32 
homozygous diploid zebrafish line was obtained from the Univer- 
sity of Oregon. Zebrafish from Singapore, Hong Kong and Indone- 
sia were obtained from the Massachusetts General Hospital, Car- 
diovascular Research Center. The zebrafish pigmentation mutant 
is from our laboratory. Carp sperm was obtained from the Fish 
Research Station, Szarvas, Hungary. Chinook salmon DNA was 
prepared from the CHSE cell line, and northern pike DNA was 
extracted from the PG cell line. 

DNA preparation, blotting and hybridization 

High molecular weight DNA was prepared from adult zebrafish, 
essentially as described (Ivics et al. 1993). Tissues were homoge- 
nized in 200 mM TRIS-HC1 pH 8.0, 50 mM EDTA, 150 mM NaC1, 
0.5% (w/v) SDS and 500 p~g/ml Proteinase K overnight at 55°C. 
Samples were then extracted once with phenol-chloroform, once 
with chloroform and precipitated with 2 vol ethanol. DNA samples 
were prepared for dot-blotting by the addition of 1 vol 0.8 M 
NaOH, incubated at room temperature for 10 rain, then 2 vol of 
ice-cold 2 M ammonium acetate was added, and the DNA samples 
were blotted to a Nytran (Schleicher & SchuelI) nylon membrane 
with the help of a dot blot apparatus (BRL). Blots were then baked 
at 80°C for 2 h and irradiated with ultraviolet light for 30 s. South- 
ern transfer was done according to standard procedures (Sam- 
brook et al. 1989). An [c~-32p]-labeled, approximately 700 bp in- 
ternal fragment of Tdrl served as probe in DNA hybridizations 
(Fig. 5A). This fragment was subcloned from the Tdrl transposon 
isolated by Radice et al. (1994). High stringency hybridizations 
were done according to standard methods (Sambrook et al. 1989) 
in 50% (v/v) formamide, while low stringency hybridizations 
were in 30% (v/v) formamide. Stringent washings of the filters 
were done in 0.1×SSC, 0.1% (w/v) SDS at 65°C, whereas low- 
stringency washings were in 0.5 ×SSC, 0.1% (w/v) SDS at 42°C 
for 7 h. Autoradiograms were scanned with an AMBIS densitome- 
try system. 
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PCR analysis 

PCR was performed by a Perkin-Elmer Thermo-Cycler with a A 
6 min initial denaturation step at 94°C, then 30 cycles of 1 min at 
94°C, 1 min at 50°C and 1 min at 72°C. To each reaction, 2 U Vent 
polymerase (New England Biolabs), approximately 500 ng ze- 
brafish genomic DNA and primers to a final concentration of 
1 ixM were added. The sequences of oligonucleotide primers were B 
as follows: Primer a: 5'-TACAGTTGAAGTCGGAAGTTTACAT- 
AC-3'; primer b: 5'-GCTTCCTTGTGTGACAACATGGG-3'; 
primer c: 5'-CTAGACAGTCAAAAGTTTACATA-3'; primer d: 5'- 
CCTTGCTGAGCGGCCTTTCAGGTTATGTCG- 3'. 

Sequence analysis 

Double-strand sequencing of Tdrl clones was done with a Seque- 
nase Version 2.0 kit (USB). DNA sequence analysis was carried 
out with the GCG sequence analysis package (University of Wis- 
consin Genetics Computer Group). Nucleotide sequences have 
been deposited in Genbank. Accession numbers of individual 
clones are given in Fig. 2A. Alignment of sequences was generated 
with the PILEUP program of GCG. Adjustments to the alignment 
were made by LINEUR Computer searches were performed with 
the TFASTA program of GCG using the following amino acid 
query sequences: VFQQDNDPKHTS and LEWPSQSPDLN- 
PIENLW. C 

a b 

4===mKm -=w 
c a 

M I 2 

-.¢1200 bp] PCR 
I 

• . '7D0 bp j p r o d u c t s  

M Tdr!  clones 

Results 

The Tdrl  element discovered by Radice et al. (1994) was 
unusually short for a t ransposon of its type,  only 1206 bp 
long, with a deletion of sequences corresponding to 
about 120 codons in the putative t ransposase coding re- 
gion. Because the approximately 1600 bp Tssl  elements 
they found in salmon were homologous to Tdrl ,  a con- 
sensus set of pr imers  for PCR could be constructed that 
permit ted an analysis of  both the size distribution and 
number  of  Tdrl elements in zebrafish. 

The majori ty  of  Tdrl  elements have 
a conserved deletion 

We first determined the size distribution of Tdrl  ele- 
ments by PCR amplification f rom zebrafish genomic 
DNA (Fig. 1). Figure 1A shows a diagram of a Tdrl  
element and the PCR pr imers  used for amplification. As 
shown in lane 1 of  Fig. 1B, a dominant band of about 
1250 bp could be detected using pr imer  a, which is com- 
plementary to the terminal  inverted repeats.  Full-length 
Tcl- l ike  t ransposons are about 1600 bp long, thus the 
elements detected in this PCR assay were about 350 bp 
shorter than expected, and of  the same size as the origi- 
nal element found by Radice et al. (1994). In order to 
map the position of the missing sequence(s) in these am- 
plified copies, two internal pr imers  (Fig. 1A, pr imers  b 
and c) were used to amplify the presumptive t ransposase 
coding region. A dominant band of approximately 700 bp 
was obtained with some diffuse sequences of  higher and 
lower molecular weight (lane 2 in Fig. 1B). Since the 
putative t ransposase of  salmonid Tcl - l i ke  t ransposons 
comprises 340 amino acids, encoded by a 1020 bp se- 

-.~pUCI 9 vector  

1268 bpib -,~Td r I inserts 
cloned f r o m  
PCR p r o d u c t  

Fig. 1A-C PCR amplification and molecular cloning of genomic 
Tdrl sequences from zebrafish. A Schematic representation of a 
zebrafish Tcl-like element, with locations and orientations of 
oligonucleotide primers (a, b, c and d) used for the amplification of 
Tdrl sequences. The filled box represents the conceptual trans- 
posase coding region, while arrows at both ends of the transposon 
indicate terminal inverted repeats. B Ethidium-bromide-stained 
agarose gel showing Tdrl sequences amplified by PCR. Lanes: M, 
Lambda DNA cleaved with BstEII as a size marker; 1, PCR prod- 
ucts obtained with primer a, complementary to consensus termi- 
nal sequences of fish Tcl-like elements; 2, PCR products obtained 
with primers b and c, complementary to sequences flanking the 
putative transposase coding region. C Ethidium bromide-stained 
agarose gel showing individual Tdrl inserts released from plas- 
mids by restriction digestion 

quence (Radice et al. 1994), the size of  the band in 
Fig. 1B, lane 2 suggests that there is a deletion, corre- 
sponding to about 120 codons, within the presumptive 
coding region of Tdrl .  The size of  the single Tdrl  ele- 
ment repor ted by Radice et al. (1994) also had approxi- 
mately 350 bp deleted f rom the presumptive t ransposase 
open reading frame. Thus, although there might be other 
forms of Tcl - l i ke  sequences in the genome,  the use of  
two independent pr imer  pairs in PCR amplif icat ions in- 



Fig. 2A,B Schematic repre- A 
sentation of the structures of 
Tdr] sequences amplified by 
PCR. Shaded boxes at the ends 
of the transposons represent 
terminal inverted repeats, 
while open boxes indicate 
coding sequences. A Charac- 
teristics of Tdr] sequences 
amplified from genomic DNA 
or a cDNA library. Four ge- 
nomic elements, two internal 
genomic Tdrl fragments and a 
cDNA clone were sequenced. 
Filled triangles mark 
frameshift mutations, and as- 
terisks indicate stop codons in 
the transposase open reading 
frame. Genbank accession 
numbers are given below the 
clone names; L12210 is the 
Tdrl element described by 
Radice et al. (1994). B Sche- 
matic comparison of a consen- 
sus sequence of zebrafish 
Tdrl to a consensus Tss] 
transposon from Atlantic 
salmon. The eight Tdrl se- 
quences shown in A were used 
to construct a putative full- 
length Tdrl sequence, which 
is given in Fig. 3. Relative po- 
sitions of the putative DNA- 
binding and catalytic domains 
of the encoded transposases 
are indicated 
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dicates that the 1250 bp PCR products represent the ma- 
jor i ty  of  Tdr l  elements. 

The dominant, 1250 bp PCR products were isolated 
and cloned into a pUC19 vector. When individual Tdr l  
inserts were released f rom the plasmids,  a variabil i ty in 
size of  approximately 5% was observed (Fig. lC).  

As an alternative approach,  we examined whether  
TdrI  t ransposase transcripts are present in early ze- 
brafish embryos.  In this experiment,  an aliquot of  a 0 -  
24 h post-fert i l ization cDNA library was subjected to 
PCR amplif icat ion using pr imers  f lanking the putative 
open reading f rame of the t ransposase polypeptide 
(primers b and c in Fig. 1A). An abundant, intensively 
hybridizing 700 bp PCR product,  similar to that obtained 
f rom genomic amplifications,  was isolated and cloned 
(data not shown). Production of a 700 nucleotide mRNA 
is consistent with transcription of a deleted TdrI  element 
from either its own promoter ,  or heterologous promoters  
of  transcriptional units that contain a Tdr l  sequence. 

Sequence of  a putative full-length Tdr l  t ransposon 
can be predicted 

Having failed to find a Tdr l  element of  the length expect- 
ed for an element with a complete  t ransposase gene, we 
closely examined the sequences of  several of  the clones 
we obtained. The sequences of  four genomic Tdr l  clones 
(L33469-70 and L33472-73),  a cDNA clone (L33471), 
and the original isolate of  Radice et al. (1994) were used 
to construct a consensus sequence. Figure 2 schematical-  
ly summarizes  the data. On average, the sequenced ele- 
ments are about 94% identical to the 1245 bp consensus 
sequence. All of  the Tdr l  elements analyzed contained 
stop codons, f rameshif t  mutations and a deletion of ap- 
proximately 350 bp, corresponding to codons encoding 
amino acids 5-121 of the t ransposase gene product  of  
the T c l  family (Fig. 2A). Based on mapping  of DNA- 
binding domains to the N-terminal  region of  the C. ele-  
gans  T c l  t ransposase (Vos et al. 1993), and the conserva- 
tion of  t ransposase domains within the T c l - l i k e  t ranspo- 
son family (Doak et al. 1994), the 350 bp deletion should 
remove t ransposase sequences that would probably be 
responsible for DNA-binding (Fig. 2B). The breakpoints 
of  this deletion are conserved, suggesting that the Tdr l  
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2011CATAC~ATAA GATTATTCTG CCTCTGGAAA AGCTCAGATG ATGATGTCAA GGTTTTGGAA GTTTCTGATT GGCTAATCGA CAACATTTGA GTTAATGTGA 

301 GGCACAACTG TAGAATAGTA TTGAAGGAAA AGCTCAAACA CACTGCTTCC TTGTGTGACA AC~TGGGAAA ATCAAAAGAA GCAGCCAAGA CATCAGAAAG 

401 AGAATTGTGG ACCTCCACAA GTCTGGTTCT TCTTTGGTAA CAATTTCTAG ATGCCTGAAG GTTCCACATT CATCTGTACA AACAAATTTG CGCAACTATA 

501AACAACATGG GAATGTCCAG CCATCATACC GCTCAGGAAG GAGAAGGATT CTGTGTCCCA GAGATGAACG TGCTATGGTG CGAACTGTGT GTATCAACCC 

601 CAGAACAAAA GCAAAAGACC TTGTGAAGAT GCTGGCTGAA GCTGGTAAGA GAGTTTCATT GTCCACAGTG AAACGAGTCC TGTACTGACA TGGGCTGAAA 

701 GGCCACTCAG CAAGGAAGAA GCCATTACTC CAAAAGCATC ATAAAAAAGC CAGATTACAA TTTGCAAAAT TACACTGGGA AAAAGACTTA TGTTTTTGGA 

801 GACATGTCCT GTGGTCTGAT GGAGCTAAGA TTGAACTGTT TGGCCATAAT GACCAGTGTT ACATTTGGAG GACAAAGGGG AAAGCTTACA AGCCTAAGAA 

901 CACCATCCCA ACTGTGCAGT ATGGGGGCGG CAGCATCATG TTGTGGGGCT GTTTTGCTGC AGGAGGGACT GGTCCACTTC ACAGCATAGA TGGCATCATG 

1001AAGAAAGAAC ATTATGTAGA AATACTGAAG CAACATCTCA AGACATCAGC CAGGAAATTA AAACTTGGCC ACAAATGGGT CTTCCAAATG GACCATGACC 

ii01 CTAAGCATAC TGCCAAATTA GTTAAAATGT GCTTTAAGGA CAACAGAGTA AATGTTTTGG AGTGGCCATC ACAAAGCCCT GATCTCAATC CTATAGAAAA 

1201 TTTGTGGGCA GAGTTGAAAA AGCTTGTGCG AGCAAGACAG CCCACAAATC TGACTCAGTT ACACCAATTC TGTCAGGAGG A~TGGGCCAA AATTCCTGCA 

1301AACTATTGTG AGAAGCTTGT GGAAGGATAC CCAAAACATT TGACCAAAGT TATACAGTTT AAAAGCAAAG CTACA-AAATA CTAAAGAAAA ~TATGTAAAI 
I ~ n 

Fig. 3 Consensus DNA sequence of  a putative, full-length Tdrl 
element. The terminal inverted repeats are displayed against a 
black background, and a 12 bp directly repeated motif  is displayed 
in italics, on a white background. The first nucleotide of the hypo- 
thetical transposase translational start codon is marked by a dot, 
and the first nucleotide of the putative translational stop codon is 
marked by an asterisk. The putative poly(A) signal is underlined. 
Nucleotide positions are given in the left margin 

copies examined by us are all descendants of a single 
deletion derivative. 

Genomic DNA was scanned for the putative se- 
quences that are absent in the 1250 elements. Since se- 
quences of full-length salmonid Tcl-like transposons 
were available (Radice et al. 1994), PCR primers were 
designed to amplify the first 350 bp of the transposase 
coding region, which included sequences within the con- 
served deletion (primers b and d in Fig. 1A). PCR prod- 
ucts were sequenced (clones Tdrl.3 and Tdrl.4 in 
Fig. 2A) and found to represent sequences homologous to 
the corresponding region of salmonid Tcl-like elements. 
When these sequences were incorporated into the 
1245 bp consensus, a putative full-length Tdrl element 
could be constructed (Figs. 2B and 3), which is approxi- 
mately 72% identical at the nucleotide level, and 77% 
identical in its amino acid sequence to the salmon con- 
sensus sequence (Fig. 4). 

Determination of the number of Tdrl copies 
in the zebrafish genome 

In order to determine whether transposon-tagging using 
Tdrl is feasible in zebrafish, the copy number of Tdrl 
elements in the zebrafish genome was determined by 
blotting serial dilutions of genomic DNA from a single 
wild-type zebrafish, and a 700 bp internal fragment of 
Tdrl as a standard (Fig. 5). The same Tdrl fragment was 
used as a probe (Fig. 5A). The radioactivity in each spot 
on the filter was quantified, and the linear range of data 
was used for copy number determination. Intensities of 
hybridization signals from zebrafish genomic DNA were 
about 2400 times less, per nanogram than those from the 
standard DNA (Fig. 5B). Assuming that the size of the 

Fig. 4 Amino acid alignment of the putative transposases encod- 
ed by Tcl, Tssl and Tdrl transposons. Shown are the transposase 
amino acid sequences encoded by C. elegans Tel (Tc lA)  (Vos et 
al. 1993), Atlantic salmon Tssl (Tss lA)  (Radice et al. 1994) and 
zebrafish Tdrl (TdrlA). The consensus amino acid sequence of  a 
putative, full-length Tdr 1A transposase was derived by conceptual 
translation of the consensus nucleotide sequence shown in Fig. 3. 
Conserved amino acids were highlighted by the PRETTYBOX 
program of GCG, and are shown as white on a black background. 
Shaded boxes indicate conservative amino acid substitutions. As- 
terisks indicate stop codons, and X in the TdrlA sequence marks 
a conserved frameshift 
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Fig. 5A,B Determination of the number of Tdrl elements in the 
zebrafish genome. A Schematic representation of a zebrafish Tcl- 
like element. The filled box represents the presumptive trans- 
posase coding region, while arrows at both ends of the transposon 
indicate terminal inverted repeats. The fragment used as standard 
for blotting and probe for hybridization is indicated. B Serial dilu- 
tions of genomic DNA from a wild-type zebrafish and the internal 
fragment of Tdrl, shown in A and used as a standard, were blotted 
and hybridized to the radioactively labeled Tdrl-specific probe. 
The filter was scanned and the radioactivity in each sample was 
quantified 

zebrafish haploid genome is 1.6× 109 bp (Driever et al. 
1994), we estimate that the 700 bp internal portion of  
Tdrl is represented about 1000 times per haploid 
genome. This copy number is supported by our finding 
that 1.4% of the plaques in a zebrafish genomic library 
with an average insert size of 14 kb hybridized with the 
Tdrl probe. This result is consistent with data reported 
by Radice et al. (1994). Assuming that the majori ty of 
Tdrl  elements are about 1250 bp in length, 1000 copies 
of the sequence would account for approximately 0.07% 
of the zebrafish genome. 

D, rerio 
(M89643) " ~  
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[M93figg) 

L . . . . . . . . . . . . . . . . . . . . . . . . . . .  i 
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zebrafish ependgmin 

salmon ep endylTiin 

C. carpioix59888) ~ carpgonadotropin-l~sobunit J [ ]  
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C" carpi° "~ carp gonadotrnpin - l '  ~ subanit N 

1 
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fish Tcl-l ike olement 

~-  orientation of transposon 

Fig. 6 Tcl-like sequences are associated with fish genes. A sche- 
matic representation of the conservation, positions and orienta- 
tions of Tcl-like sequences relative to the structural genes is 
shown. Filled boxes indicate sequences of Tcl-like origin, the 
open boxes represent coding regions of the salmon and zebrafish 
ependymin genes and the carp gonadotropin loci. Transcription of 
genes is in all cases from left to right. Genbank accession numbers 
are given below the species names 

We employed pulsed-field gel electrophoresis 
(PFGE) followed by Southern hybridization to determine 
the genomic distribution of  TdrI in genomic DNA sam- 
ples from zebrafish cells from various cell lines. When 
the ethidium bromide-stained gel and the autoradiogram 
were compared, the diffuse patterns of  the fragments 
identified by staining and hybridization were similar 
(data not shown), suggesting that Tdrl  elements are in- 
terspersed throughout the zebrafish genome. 

Tcl - l i ke  sequences are associated with fish genes 

The/lbove data suggest that Tdrl  is present in high copy 
number in the zebrafish genome. If it is to be useful as a 
tagging agent, it must be capable of being inserted in the 
neighborhood of  active genes, as are other transposons. 
To determine if  this is the case with Tdrl ,  we conducted 
computer searches for Tcl - l i ke  sequences in the avail- 
able databases. Besides the obvious homologies with var- 
ious members of the Tcl - l i ke  transposon family, do- 
mains of  Tcl - l i ke  transposases were detected in the 5'- 
flanking region of the zebrafish ependymin gene 
(Fig. 6). The homology extends only to limited stretches 
of amino acid sequences, notably the D(35)E motif  be- 
lieved to form the catalytic domain of a superfamily of 
transposase proteins (Doak et al. 1994). Beyond this mo- 
tif, sequences were highly divergent. A well-conserved 
fragment of  a Tss l  element was also detected in the 5'- 
f lanking region of the ependymin gene of the Atlantic 
salmon (Fig. 6), suggesting that this insertion occurred 
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Table I Comparison of Tdrl to other Tcl-like elements. Com- 
parison of the encoded transposases and the inverted repeats of 
Tcl-like transposons from fish, nematodes and insects. Amino 
acid sequence identity was determined by the alignment of the 
polypeptide products encoded by the transposons. References: 
Tdrl (Radice et al. 1994, and this paper); Tssl (Radice et ah 
1994); Total (Radice et al. 1994); IpTcl (Wilson et al. 1990); Tesl 
(Heierhorst et al. 1992); Tcl (Vos et al. 1993); Tcbl and Tcb2 
(Prasad et al. 1991); Tc3 (Collins et al. 1989); S element (Sim- 
mons and Merriman 1994); Minos (Franz et al. 1994); HB1 (Harris 
etal. 1988); Uhu (Brezinsky et ah 1990); Baril (Caizzi et al. 
1993) 

Trans- Species Amino Length Presence 
poson acid of IRS of IR-DR 

sequence structure 
identity 
to Tdrl 
(%) 

Fish Tdrl D. rerio 100 208 Yes 
Tssl S. salar 77 226 Yes 
Toml O. mykiss 69 221 Yes 
lpTcl I. punctatus 43 85 No 

Hagfish Tesl E. stouti 34 66 No 

Nematodes Tcl C. elegans 34 54 No 
Tcbl C. briggsae 34 80 No 
Tcb2 C. briggsae 34 80 No 
Tc3 C. elegans 28 465 No 

Insects S D. melanogaster 32 234 Yes 
Minos D. hydei 32 255 Yes 
HB1 D. meIanogaster 32 27 No 
Uhu D. heteroneura 29 46 No 
Baril D. melanogaster 29 27 No 

in a common ancestor of  these fish species. We also dis- 
covered a conserved domain of T c l - l i k e  t ransposases in 
the 3 ' - f lanking regions of  two carp gonadotropin [~-sub- 
unit genes (Fig. 6), indicating that a T c l - l i k e  sequence 
was present in the gonadotropin locus before te- 
traploidization of the carp genome, and amplif icat ion of 
this gene, about 60 million years ago (Ferris and Whitt  
1977). 

Structural comparison of  T d r l  to other members  
of  the T c l - l i k e  t ransposon family 

Although the consensus full-length Tdr l  DNA sequence 
(Fig. 3) did not yield a single, uninterrupted open reading 
frame, the amino acid sequence of the putative Tdr l  
t ransposase can be predicted (Fig. 4). Compar ison of this 
conceptual  Tdr l  t ransposase to other members  of  the 
T c l - l i k e  family reveals that it shares the highest degree 
of  amino acid identity with elements found in fish, al- 
though Tdr l  is far more similar to the salmonid transpo- 
sons than to I p T c l  f rom catfish (Table 1). Moreover,  
Table 1 indicates that the presumptive fish t ransposases 
are about equally distant f rom those of insects and ne- 
matodes.  The conserved protein domains characteristic 
of  the T c l - l i k e  family (Doak et al. 1994) can be detected 
in the hypothetical  t ransposase encoded by Tdr l .  

Table 2 Sequence conservation of direct repeats located at the 
ends of the long inverted repeats 

Transposon Length of DRs 

C 
Tdrl AAGTTTACATAC 1 2 bp 

llllllllllll 
Tssl .AAGTTTACATACAC. 16 bp 

IIIIIIIIIIIIII 
Tom ! AAGTTTACATACAC 14 b p 

l l l l [ l l : l  
$ . . . . . . . . . . . .  GTTTACACA "21 bp 

C 

IR-DR 

Tdr l  
(17. re r io )  

pu ta t i ve  transposase 

IR-DR 

polg[fl) signal 

IR 

(C. elegans) 
transposase 

poly[A) signal 

IR 

IR-DR long inverted repeat with IR 
- short direct repeats I~  - inverted repeat 

at the ends 

Fig. 7 Structural comparison of zebrafish Tdrl and C. elegans 
TcI transposons. The main structural features of Tdrl and Tcl are 
depicted to illustrate the differences in location of the open read- 
ing frames for the transposase with respect to the terminal invert- 
ed repeats, the length of the inverted repeats, and the presence or 
absence of short direct repeats within the inverted repeats (IR- 
DR). Arrows at the ends of the elements represent orientations of 
repeated sequences, and the open boxes indicate the transposase 
coding regions 

The consensus Tdr l  nucleotide sequence (Fig. 3) con- 
tains imperfect  (77% match) terminal  inverted repeats 
that are 206 and 208 bp in length. Within the long invert- 
ed repeats a short  12 bp mot i f  was identified. This mot i f  
is repeated four times: once at the beginning and once at 
the end of each of the long inverted repeats (Fig. 7). This 
arrangement of  short, directly repeated sequences within 
long inverted repeats ( IR-DR) is not typical  of  T c l - l i k e  
t ransposable elements. However, as shown in Table 1, the 
same structure was detected in T s s l  of  Atlantic salmon, 
in Total of rainbow trout, in Minos ,  a transposable ele- 
ment found in Drosophi la  hydei ,  and in the S element of  
Drosophi la  m e lanogas t e r  (Simmons and Merr iman 
1994). Apparently, it is not the pr imary  DNA sequence 
per se that has been conserved in these transposons,  but 
the structure of  the inverted repeats. However, the se- 
quences of  the direct repeats in the salmonid elements, 
Tdr l  and the S element are related (Table 2). These re- 
sults suggest that while the putative t ransposase gene 
products of  the T c l - t y p e  and the T d r l - t y p e  elements are 
apparently related at the amino acid sequence level, se- 
quences f lanking the coding regions are different in base 
composit ion,  sequence, and structure (Fig. 7). 
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Fig. 8 Distribution of Tcl-like sequences in the genus Danio. 
Equal amounts of genomic DNA samples from adult fish from 
various zebrafish strains, members of the genus Danio, common 
carp, chinook salmon (Oncorhynchus tschawitscha) and northern 
pike (Esox lucius) were digested with restriction endonuclease 
HindIlI, electrophoresed, Southern-blotted, and hybridized to the 
radioactively labeled probe shown in Fig. 5A. Common names of 
the species are given on the top of each lane, while their phyloge- 
netic classification is indicated at the bottom. Fragment sizes are 
shown in the margins 

319 

sequences in these zebrafish strains are highly con- 
served. A few, intensively hybridizing bands were evi- 
dent on the autoradiogram, suggesting either a tandemly 
repeated genomic arrangement of some Tdrl sequences, 
or "punchout" fragments released by HindIII from a sub- 
class of Tdrl elements. A DNA fragment representing 
the strongest, 325 bp band was cloned, sequenced and 
found to be an internal HindIII fragment of Tdrl. 

When samples of different Danio species were ana- 
lyzed, the Tdrl probe did not appreciably hybridize to 
DNA prepared from pearl danio (Danio aIbolineatus) 
and giant danio (Danio aequipinnatus) (Fig. 8), species 
considered to be the closest relatives of zebrafish (Meyer 
et al. 1993). We observed no significant hybridization to 
DNA from carp (Fig. 8), which, like zebrafish, also be- 
longs to the family Cyprinidae. Hybridization with a ze- 
brafish probe for the eIF4E gene (S. Fahrenkrug, unpub- 
lished) showed that comparable amounts of nondegraded 
DNA were present in each lane (data not shown). When 
hybridization with the Tdrl probe was repeated at low 
stringency, there was evidence of some binding to giant 
danio DNA, and even less to pearl danio or carp DNAs 
(data not shown), suggesting that there may be related 
repetitive elements in these species. In contrast, intensive 
hybridization was obtained with DNA prepared from 
chinook salmon (Oncorhynchus tschawitscha) and 
northern pike (Esox lucius) (Fig. 8), phylogenetically 
distant species from the order Salmoniformes. Based on 
the hybridization signal intensities, the degree of se- 
quence identity between the putative coding region of 
Tdrl and related elements from chinook salmon and 
northern pike is considerably greater than the similarity 
between Tcl-like sequences of zebrafish and those of 
pearl danio, giant danio and carp. As illustrated in Fig. 9, 
our results indicate that the distribution and conservation 
of Tcl-like sequences is not congruent with the estab- 
lished hierarchy of these fish species (Bernardi et al. 
1993; Meyer et al. 1993). 

Distribution of Tcl-like sequences in the genus Danio 

As noted earlier, if Tdrl is to be an effective agent for 
insertional mutagenesis and gene tagging, the element 
should not be present in the genome in a high copy num- 
ber. Because Tdrl is present in high copy number in 
wild-type Danio rerio, various zebrafish strains and oth- 
er related fish species were examined for the prevalence 
of Tcl-like elements. Genomic DNA samples were iso- 
lated, digested with HindIII, Southern blotted, and hy- 
bridized to the Tdrl probe used earlier (Fig. 5A). When 
samples from various Danio rerio strains were com- 
pared, the patterns of hybridization showed an overall 
similarity (Fig. 8), suggesting widespread occurrence of 
Tdrl throughout these genomes. DNA samples of ze- 
brafish from Hong Kong, Indonesia and Singapore were 
also analyzed. Although enhanced resolution of DNA 
fragments generated by HindIII exposed minor RFLPs 
between individuals (data not shown), the patterns sug- 
gest that the numbers and locations of most of the Tdrl 

Discussion 

The family of apparently defective Tdrl transposable el- 
ements found in zebrafish, is represented by about 
1000 copies, accounting for about 0.07% of the haploid 
genome; this is within the range of from 0.02 to 0.5% 
found for members of the Tcl family in other organisms. 
Most Tdrl elements seem to be interspersed throughout 
the genome of zebrafish, and are about 1250 bp in length, 
with a deletion of sequences that encode the N-terminal 
portion of the putative transposase. In addition to this 
large deletion, all genomic copies and cDNA products 
we analyzed contained frameshift mutations and stop 
codons in the putative transposase coding region. The 
1250 bp deletion derivatives do not seem to have been 
produced by independent deletion events, because se- 
quences at the deletion breakpoint appear to be con- 
served. Instead, our data support the interpretation that a 
deleted form of Tdrl was mobilized, amplified and in- 
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Subphylum Superclass Grade Class Subdivision Infradivision Superorder Order Family Genus Species 

Agnatha 

Vedebrata] 

L Gnathostomata [ Pisces 

Myxini . . . . . .  

i. luciu 

- Osteichthyes . . . . .  

Myxiniformes- Myxinidae-- Eptatretus-- 

Teleostei- Euteleostei 

Esocidae I : .  lUOlU I 

Protacantho:.. Salmoniformes 4 , - , n c o . ~ . - . ^ ~ , . ^ ~  
pterygu L Salmonldae[ 'J '"Y . . . . .  

• L Salmo 

OstariophysiISiluriformes - -  Ictaluridae-- Ictalurus-- ]1. punctatus I 

• Cyprinus - -  
LCypriniformes - Cyprinidae 

). reri~ 

Fig. 9 Phylogenetic distribution of Tcl-like sequences in fish. An 
abbreviated phylogenetic tree of fishes is shown to illustrate the 
relationships of species in which Tcl-like sequences have been 
identified. Only those taxonomical categories are shown that are 
relevant to the species examined in this study. Black background 
indicates species in which Tcl-like sequences have been detected 
with sequence similarity to Tdrl of greater than 65%, or which 
yield strong signals when hybridized to Tdrl under stringent con- 
ditions. White boxes mark those species in which Tcl-like se- 
quences have been detected with sequence similarity to Tdrl of 
less than 65%. In the unmarked species, Tcl-like sequences cannot 
be unequivocally detected by Southern hybridization. References: 
Eptatretus stouti (Heierhorst et al. 1992); E. lucius (this paper); 
Oncorhynchus tschawitscha (this paper); Oncorhynchus mykiss 
(Radice et al. 1994); SaImo salar (Radice et al. 1994); Ictalurus 
punctatus (Wilson et al. 1990); D. rerio (Radice et al. 1994, and 
this paper); D. aequipinnatus (this paper); D. albolineatus (this 
paper); Cyprinus carpio (this paper) 

serted into many loci in the zebrafish genome. For un- 
known reasons, this derivative of Tdrl has a selective 
advantage in transposition over other copies. Similar 
length homogeneities have been found for the maize 
transposons Dsl  and Tourist (Bureau and Wessler 1992; 
MacRae and Clegg 1992), suggesting that size may in- 
f luence the mobili ty of these elements. The dominance 
of a mutated form of a transposable element raises a 
question concerning its potential function. Truncated 
versions of transposases might have regulatory functions 
(Handler et al. 1993; Rio 1991). What role in the regula- 
tion of transposition this dominant form of Tdrl plays, if 
any, is unknown. 

Besides the predominant 1250 bp form, sequences 
corresponding to the deleted region can be detected in 
the zebrafish genome. These sequences appear to be 
fragments of putative full-length elements that are (or 
were) capable of producing active transposase. However, 
no spontaneous mutation caused by a Tdrl  insertion has 
been reported; therefore, the presence of active Tdrl ele- 

Danio D. aequipinnatus 

. D. albolineatus 

ments in the genome of  zebrafish still remains to be 
demonstrated experimentally. Although a mutant allele 
of  the zebrafish ntl gene appears to be associated with an 
insertional element (Schulte-Merker et al. 1994), the in- 
serted sequence and Tdrl  do not share any apparent se- 
quence similarity. 

One of the goals of  our work was to find a Tdr] ele- 
ment that encoded an active transposase. Despite inten- 
sive searches using a variety of PCR primers, we were 
unable to find a complete transposase coding region, ei- 
ther because none exists or because of the extremely high 
background of defective 1250 bp elements. However, 
based on the several sequences we have obtained (Fig. 2), 
reconstruction of an active Tdrl  transposon capable of 
producing transposase should be feasible. Such an ele- 
ment would have the potential to be developed into a 
gene-tagging agent or a marker for genetic mapping in 
fish. Work is currently underway to engineer an active 
transposase protein. The engineered element can be used 
in species related to Danio rerio, e.g. pearl danio or giant 
danio, or, alternatively, an additional marker sequence 
can be added for the purposes of transposon tagging and 
recoverable insertional mutagenesis in zebrafish. 

In the course of this work, several observations re- 
garding the phylogeny of  transposable elements were 
made. Comparison of  Tdr! to other Tcl-l ike transposons 
allows us to draw three major conclusions about the evo- 
lution of these sequences. Firstly, Tdrl elements have 
long inverted terminal repeats and a short, directly re- 
peated sequence within the inverted repeats. We propose 
that by the criterion of the structure of inverted repeats, 
the elements isolated from salmonid fishes, Minos f r o m  
Drosophila hydei, the S element from Drosophila 
melanogaster, and Tdrl form a subgroup within Tcl-l ike 
transposable elements (IR-DR subgroup). The conserva- 
tion of  a particular inverted repeat structure suggests that 
it plays a role in the transposition process, and that mem- 



bers  o f  the IR~DR subgroup  may  t r a n s p o s e  by  s im i l a r  
m e c h a n i s m s .  S u b t e r m i n a l  r epea t s  o f  the m a i z e  Ac and 
Spin e lements  have been  shown to serve as b ind i ng  s i tes  
for  t r a n s p o s a s e  (Gier l  et  al. 1988; K u n z e  and S ta r l i nge r  
1989), however ,  such a func t ion  r e m a i n s  to be  tes ted  for  
Tdrl.  Secondly ,  the p h y l o g e n y  o f  the  h y p o t h e t i c a l  
p r o t e in  p roduc t s  e n c o d e d  by  Tcl- l ike  t r a n s p o s o n s  is not  
cons i s ten t  wi th  the p h y l o g e n y  o f  the  f l a n k i n g  reg ions  o f  
the  t r a n s p o s a s e  genes .  B a s e d  on s t ruc tura l  conse rva t ion  
o f  the inve r t ed  repea t s  in the I R - D R  subgroup ,  we ex- 
p e c t e d  that  the, pu ta t ive  t r a n s p o s a s e s  e n c o d e d  by  these  
e l ements  wou ld  a lso  be s imi la r .  To our  surpr i se ,  we found 
that  the insec t  and the n e m a t o d e  p ro t e in s  are  about  
equa l ly  dis tant  f rom Tdrl .  This  f i nd ing  suppor t s  the hy-  
po thes i s  that  the t r a n s p o s a s e  cod ing  reg ions  and the i r  
f l a n k i n g  sequences  may  be  s h a p e d  by  i n d e p e n d e n t  evolu-  
t i ona ry  forces .  Thi rd ly ,  p h y l o g e n y  o f  these  t r an s posa b l e  
e l ements  does  not  fo l low the e s t ab l i shed  p h y l o g e n y  of  
the spec ies  that  ca r ry  them.  F o r  example ,  the  cons ide r -  
ab ly  h ighe r  s i m i l a r i t y  o f  Tdrl  to Tssl  of  s a l m o n  than to 
IpTcl  of  ca t f i sh ,  w h i c h  is p h y l o g e n e t i c a l l y  c lose r  to ze-  
b ra f i sh ,  cannot  be j u s t i f i e d  by  the cur ren t  c l a s s i f i c a t i on  
o f  te leos t  f ishes .  Moreove r ,  Tcl- l ike  sequences  o f  ze-  
b ra f i sh  s eem to be m o r e  d ivergen t  f rom those  o f  the pea r l  
danio  and g iant  danio  - ve ry  c lose  re la t ives  o f  z eb ra f i sh  
- than those  o f  p h y l o g e n e t i c a l l y  dis tant  s a l m o n i d  f ishes .  
A s imi l a r  p h e n o m e n o n  has  been  r e p o r t e d  for the mariner 
t r a n s p o s o n  in insec ts ;  d i s t r ibu t ion  o f  this e l emen t  is dis-  
con t inuous  in the  melanogaster spec ies  subg roup  o f  
Drosophila, but  it  is p r e sen t  in the genus  Zaprionus 
( M a r u y a m a  and H a r t l  1991). 
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