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Gamera, a family of LINE-like repetitive sequences
widely distributed in medaka and related fishes
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A family of repetitive sequences, designated Gamera, has
been identified in the genome of the Hainan medaka fish
Oryzias curvinotus, a closely related species to the common
medaka fish O. latipes. Sequencing and Southern blot analy-
ses of this family revealed: (1) amino acid sequence simi-
larity to reverse transcriptase domains of long interspersed
nuclear elements (LINEs); (2) 5’ truncation of dispersed cop-
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Introduction
The medaka fish Oryzias latipes is a small freshwater
teleost native to eastern Asia, including China, Korea and
Japan. It is, together with the zebrafish Danio rerio, a use-
ful model animal for studies of vertebrate genetics and
developmental biology, mainly because of its small body
size, high reproductive rate, and large and transparent
eggs allowing easy manipulation (Iwamatsu, 1997; Ishi-
kawa, 2000; Packer, 2001; Wittbrodt et al, 2001). Evo-
lution, especially on the time scale of species divergence,
is also a research field in which the medaka fish has
advantages. This is because several closely related species
have been identified and their detailed evolutionary
relationship is known, as in the case of the melanogaster
species subgroup of Drosophila. Phylogenetic links have
been studied not only in terms of nucleotide sequence
data (Naruse et al, 1993; Naruse, 1996; Koga et al, 2000),
but also with regard to karyotypes (Magtoon and Uwa,
1985; Uwa, 1991) and reproductive isolation based on
meiotic segregation in interspecific hybrids (Uwa, 1991;
Sakaizumi et al, 1992). Their habitats cover a wide range
of Asia, stretching from Japan to India.

Transposable elements are thought to be factors con-
tributing to genome evolution because of their transpo-
sition activity causing mutations and their repetitive nat-
ure giving rise to chromosomal rearrangements (Moran
et al, 1999; Kidwell and Lisch, 2000). Representatives of
each of the two major classes of transposable elements,
DNA-based elements and RNA-mediated elements, have
been identified in the medaka fish. Tol1 (Koga et al, 1995)
and Tol2 (Koga et al, 1996) are elements of the former
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ies; and (3) the disruption of another genetic element, indi-
cating a past transposition event. These results suggest that
Gamera belongs to the LINE superfamily. Gamera is widely
distributed in the genus Oryzias, and the phylogenetic
relationship might indicate its presence in the common
ancestor of the genus.
Heredity (2002) 89, 446–452. doi:10.1038/sj.hdy.6800162

class. Examples of the latter include OLR1 (Naruse et al,
1992), mermaid (Shimoda et al, 1996), Swimmer 1
(Duvernell and Turner, 1998), Rex1 (Volff et al, 2000), Rex3
(Volff et al, 1999), Rex6 (Volff et al, 2001b) and Poseidon
(Volff et al, 2001a). Some of these have been examined for
their distribution among species and an impact on
genome evolution has been suggested.

Long interspersed nuclear elements (LINEs) comprise
a major type of RNA-mediated element (Hutchison et al,
1989; Smit, 1999). They lack the long terminal repeats
(LTRs) found in retrovirus-like elements, hence they are
also called non-LTR retrotransposons. We have recently
identified a family of LINE-like repetitive sequences
residing in the medaka genome. This family, which we
have named Gamera, does not exhibit a strong nucleotide
sequence similarity to the LINEs so far found in the
medaka fish, but amino acid sequence similarities are
observed with LINEs from various organisms. The
present paper describes these common features. We have
also investigated the element’s distribution in the genus
Oryzias, and the results suggest Gamera is an ancient
resident of the genus.

Materials and methods

Medaka fish and other species
A laboratory stock of the medaka fish O. latipes, originally
collected in the Nagoya area, was used as the sample for
this species in the present study. Three more laboratory
stocks were also employed for the examination of the
intraspecific distribution of Gamera, as explained in the
results and discussion section.

Eight species of the genus Oryzias were obtained from
the World Medaka Aquarium of the Nagoya City Higa-
shiyama Zoological Garden. These species, and their
original collection sites are: O. celebensis, Ujung Pandang,
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Singapore; O. luzonensis, Ilocos Norte, Philippines; O.
mekongensis, Kara Sin, Thailand; O. melastigma, Chidam-
baram, India; O. minutillus, Bangkok, Thailand; O. nig-
rimas, Lake Poso, Indonesia.

In addition, swordtail fish (Xiphophorus helleri) and
zebrafish (Danio rerio) were purchased from a pet shop
in Nagoya. Commercially available genomic DNAs were
used for comparison with the chicken and human.

Analysis of genomic DNA
Southern and dot blotting and subsequent hybridization
experiments were performed as described by Koga and
Hori (1999), except that the AlkPhos Direct System
(Amersham Pharmacia Biotech Ltd), instead of radioiso-
topes, was used for probe labelling and signal detection.
For the nine species of the genus Oryzias, a 4 �g aliquot
of genomic DNA was used for each gel slot. For species
outside the genus, 20 �g, five times this amount, was
applied. This was to retain the detectability of the
hybridization analysis, which is expected to decrease as
the genome size of the target species increases. The size
of the haploid genome of the medaka fish has been esti-
mated to be 0.68–0.85 × 109 bp (Tanaka, 1995). Its lower
limit is two-fifths of one estimate for zebrafish (1.7 × 109
bp, Postlewait et al, 1994) and slightly more than one fifth
of that for human beings (3.0 × 109 bp, Gardiner, 1995).
Thus, at least for zebrafish and the human, the genome
size should not be a significant factor lowering the detect-
ability when hybridization signals are weak or absent.

Hybridization probes were prepared by polymerase
chain reaction (PCR) amplification followed by purifi-
cation with QIAquick columns (QIAGEN GmbH). The
regions used for the probes are explained in each case.

Other molecular techniques
PCR, cloning and sequencing were conducted as pre-
viously described (Koga and Hori, 1999, 2000).

Results and discussion

Encounter with Gamera
Tol1 is a DNA-based transposable element found in the
medaka fish O. latipes, and also present in the Hainan
medaka fish O. curvinotus (Koga et al, 1995). It is known
to be an active element because we have recently
observed its de novo transposition (unpublished results).
However, an autonomous copy, which is expected to
carry a gene for its transposase, has hitherto not been
identified. For the purpose of finding such a copy, we
examined length variation of Tol1 copies randomly col-
lected from genomic libraries of O. latipes and O. curvin-
otus. This is because internal deletions, giving rise to
shorter elements, are a common phenomenon in DNA-
based elements and, therefore, a longer Tol1 copy, if
found, could be taken as a candidate for an autonomous
copy. Among 42 Tol1 copies examined, the majority of
which were 1.9 kb, one copy was encountered exhibiting
a length of 6.0 kb. The genomic DNA clone containing
this ‘long Tol1 copy’ along with its flanking chromosomal
regions, which originated from O. curvinotus, was desig-
nated curLT and sequenced. Comparing the sequence
data with the first found, 1.9-kb-long, Tol1 copy (EMBL
accession number D42062; designated as Tol1-tyr because
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found in the tyrosinase gene) revealed that, in the curLT
clone, a Tol1 copy is disrupted by an extra DNA fragment
of about 4.5 kb (Figure 1). This extra fragment is a repeti-
tive sequence because, as shown below (Figure 3), mul-
tiple hybridization bands appeared on genomic Southern
blots using part of it as a probe. This repetitive sequence
family is different from Tol1 because it did not hybridize
to any of the 42 Tol1-containing clones, except for the
curLT clone, in dot blot assays (data not shown). The
family consisting of the newly found repetitive sequences
was named Gamera, and the particular Gamera copy
found in the curLT clone was designated Gamera-cur1.

To define the extent of Gamera-cur1, we compared the
sequence of curLT with, in addition to Tol1-tyr, four other
Tol1 copies randomly chosen from the 42 Tol1-containing
clones. Nucleotides matching at least one of the five Tol1
copies were regarded as part of Tol1, and the remaining
sequence of 4439 bp was taken to be Gamera-cur1. This
sequence has been deposited in the EMBL database with
the accession number AB081572. Its terminal regions may
involve nucleotides that are not part of Gamera but of
Tol1, because their boundaries could not be defined pre-
cisely due to sequence variation among the Tol1 copies.
Cloning and sequencing of other Gamera copies may
help to determine the boundaries.

Gamera has amino acid sequence similarity to LINE
reverse transcriptases
As shown in Figure 1, Gamera-cur1 contains three ‘open
reading frames’ (defined as described in the legend to
Figure 1) of more than 150 amino acids. The longest ‘open
reading frame’ is for 388 amino acids and a BLAST search
with its sequence as the query resulted in a list of LINEs
from various organisms. Amino acid sequence align-
ments among elements with relatively high scores are
shown in Figure 2. The aligned regions were their reverse
transcriptase domains. The highest score was obtained
with the SjR2 element of the human blood fluke Schisto-
soma japonicum. However, this was the case when the 388
amino acid sequence was used as the query sequence,
and the score order changed when other parts were used.
In addition, the 388 amino acid region itself may be part
of the entire reverse transcriptase domain of a more com-
plete copy of Gamera which may be present somewhere
else in the genome. For these reasons, it is not clear, from
the present data, which LINE family Gamera is most
closely related to.

Gamera copies are truncated at various 5’ sites
It is common among LINE families for them to consist of
full-length copies and shorter copies of various lengths,
with the latter lacking the 5’ regions (Eickbush, 1994).
This phenomenon is thought to be caused by incomplete
reverse transcription, a step included in the proliferation
cycle of LINEs. We therefore examined if this phenom-
enon of 5’ truncation also occurs in Gamera. Four parts
of Gamera-cur1, designated a to d in the direction of 5’
to 3’ (see Figure 1), were amplified by PCR, and Southern
blots against medaka fish genomic DNA were performed
with these probes separately (Figure 3). The result was
fewer hybridization bands observed with probe a than
with b, b than c, and c than d, indicating that Gamera
involves copies that are truncated at various 5’ sites, as
is the case for most LINEs reported to date.
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Figure 1 Dot matrix analysis of the curLT and Tol1-tyr nucleotide sequences. curLT (abscissa) is a genomic DNA fragment of Oryzias
curvinotus containing a 6.0-kb-long Tol1 copy. Tol1-tyr (ordinate) is a 1.9-kb-long Tol1 copy first found in O. latipes. The criterion for matching
was a 70% match over a window of 20 nucleotides. The dot matrix shows that, in curLT, Tol1 is disrupted by an extra DNA fragment of
4.5 kb. Positions of possible stop codons are shown in the boxes under the dot matrix. The arrows in the boxes are ‘open reading frames’
of more than 150 amino acids included in the extra fragment. An ‘open reading frame’ was defined here as a stretch of amino acids not
necessarily starting with the ATG codon, and is thus more loosely defined than this term’s usual meaning. The bars with letters a to d
are regions used for probes in Southern hybridization experiments. Their locations on the EMBL AB081572 sequence are: a, 453-1252; b,
1353-2152; c, 2253-3052; d, 3153-4052.

The tail region of Gamera exhibits a high copy number
To estimate the copy number of Gamera in the medaka
fish genome, we conducted a dot blot assay (Figure 4).
Using the already known copy number of the medaka
fish Tol2 transposable element as the standard, we esti-
mated the Gamera copy number per diploid genome to
be as few as 40 for probe a and more than 2500 for probe
d. Such a drastic variation in the copy number along the
element is often observed for LINEs (cf. Hutchison et
al, 1989).

Gamera-cur1 appears to be an incomplete copy
Full-length copies of human L1 contain two open reading
frames (starting with the ATG codon as generally
defined), designated ORF1 and ORF2. ORF1 encodes a
DNA-binding protein and ORF2 includes endonuclease
and reverse transcriptase domains. In case of the 6.0-kb-
long L1 with EMBL accession number U93569, ORF1
encodes 338 amino acids and ORF2 is for 1275 amino
acids. Equivalent structures of similar sizes are seen with
full-length copies of other LINEs such as Swimmer 1 of
the medaka fish (Duvernell and Turner, 1998) and Maui
of fugu (Poulter et al, 1999). The longest ‘open reading
frame’ in Gamera-cur1 is for 388 amino acids, and this
region corresponds to only a central portion of the L1
ORF2. In addition, it is located near to the 5’ terminus of
Gamera-cur1 (see Figure 1). A probable explanation for
these findings is that Gamera-cur1 was first generated as
a truncated copy and mutational changes have since
accumulated.

An adenine-rich tail region and target site duplication
are also features of LINEs. Possible nucleotide segments
are seen in the curLT clone but convincing evidence is
lacking at present.

Gamera is widespread in the Oryzias genus
Southern blot analysis for the presence/absence of
Gamera-hybridizing sequences was performed against
genomic DNAs of nine species of the genus Oryzias and
a number of other species outside the genus (Figure 5).
All the nine species in the genus exhibited hybridization
bands, the intensity differing among species. There
appears to be a negative correlation between the signal
intensity and the genetic distance from O. curvinotus,
from which the probe DNA originated. This result sug-
gests that Gamera was present in the common ancestor
of these species and has accumulated mutational changes
in each lineage. Proliferation of different variants in dif-
ferent lineages is another possible explanation, but this
is less likely than mutation accumulation because it does
not necessarily require a negative correlation between the
hybridization signal intensity and the genetic distance.

Hybridization signals were not observed for swordtail
fish, zebrafish, chicken and human. Gamera thus seems
to be absent in these species or else too divergent to be
detected with Southern hybridization.

We also examined the distribution of Gamera within
the species O. latipes, which demonstrates considerable
geographical variation and is composed of four major
regional populations (Sakaizumi, 1986; Sakaizumi et al,
1987). Southern blot analysis of four stock fishes rep-
resenting the four regional populations revealed Gamera
to be present in all the fishes examined, at similar copy
numbers (data not shown).

Gamera phylogeny is in line with that of the hosts
To confirm, by nucleotide sequence analysis, the infer-
ence that Gamera is an ancient resident of the genus, part
of Gamera was amplified by PCR and then sequenced.
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Figure 2 Amino acid sequence alignments for Gamera and LINEs. (a) Alignments were made using the CLUSTAL W program (Thompson
et al, 1994). The Gamera sequence in the top line is heavily shaded, along with identical amino acid residues in the other four sequences.
Lightly shaded residues are chemically similar amino acids. Grouping was: nonpolar, AFILMPVW; polar, CGNQSTY; basic, DE; acidic,
HKR. Designations of sequences and their EMBL accession numbers are: Gamera, Gamera-cur1 of Oryzias curvinotus, AB081572; SjR2, the
SjR2 element of the human blood fluke Schistosoma japonicum, AY027869; Swimmer, the Swimmer 1 element of the medaka fish, AF055641;
L1Hs, the L1 element of human, U93569; PsCR1, the PsCR1 element of the turtle Platemys spixii, AB005891. (b) The aligned regions in panel
(a) were reverse transcriptase domains. The range of the region in the case of human L1 is indicated by a bar under the overall structure
of L1. It corresponds to amino acid positions 448-737 in ORF2 consisting of 1275 amino acids. The scheme was redrawn from Sassaman
et al, (1997). Designations are: UTR. untranslated regions; ORF, open reading frame; EN, endonuclease domain; RT, reverse transcriptase
domain.

The PCR primers (nucleotides 688-715 and 1538-1511 of
AB081572) were designed to represent two 28-bp regions
of Gamera-cur1 where amino acid sequences are rela-
tively highly conserved among Gamera and human L1,
and, in addition, to end at the first or second nucleotides
of codons. Amplification was successful with five of the
nine species shown in Figure 5, which are relatively
closely related to O. curvinotus. Phylogenetic analysis of
these five sequences (Figure 6) provided results in line
with those for the host species.

Gamera is a family different from known medaka LINEs
Five LINE or LINE-like families, to our knowledge, have
been reported in the medaka fish. They are Swimmer 1
(EMBL AF055641, Duvernell and Turner, 1998), Rex1
(AJ288486, Volff et al, 2000), Rex3 (AJ400430, Volff et al,
1999), Rex6 (AJ293518, Volff et al, 2001b) and Poseidon
(AJ293655, Volff et al, 2001a). Dot matrix analyses of
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nucleotide sequences were conducted between Gamera
and these elements, and also Gamera and human L1
(U93569, Sassaman et al, 1997). There was no indication of
any difference in similarity among the five combinations
(Gamera vs Swimmer 1, Gamera vs Rex1, etc.; data not
shown).

Of the above five medaka fish elements, a complete
copy has been identified only for Swimmer 1. This element
has all the components that characterize LINEs: a 5’
untranslated region (UTR), an ORF1, an ORF2, a 3’ UTR
and an adenine-rich tail. In other words, its structure is
similar to those of most known LINEs. However, Swim-
mer 1 has specific features. First, its copy number per gen-
ome is as low as 10–20, in contrast to the 104 or more
for many LINEs. Second, 5’ truncation is rare, although
truncated copies are much more frequent than complete
copies with many LINEs. In these respects, Gamera does
not resemble Swimmer 1, exhibiting features of ‘typical’
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Figure 3 Genomic Southern blot analysis with different parts of
Gamera-cur1. Medaka fish genomic DNA, 16 �g from a single fish,
was digested with SacI, divided into 4 aliquots, each containing 4
�g, and electrophoresed on a single 0.8% agarose gel. The nylon
membrane blotted with the DNA was cut into four parts and
hybridized with probes a to d (see Figure 1) separately. The con-
ditions for hybridization and signal detection were the same for all
four sets. The probes used are shown over the autodiagrams. The
sizes and mobilities of the size marker DNA fragments are indi-
cated along the left margin.

Figure 4 Dot blot assay to estimate the copy number of Gamera.
Five strips of nylon membranes were blotted with medaka fish gen-
omic DNA of different concentrations, indicated in the left margin.
The strips were, separately but under the same conditions,
hybridized with the probes indicated at the top. Tol2 is a multi-
copy DNA-based transposable element and its copy number per
diploid genome of the fish used had been estimated to be exactly
34 by the method described in Koga et al (2000). Dots exhibiting
nearly the same intensities were selected as indicated by the lines,
and the copy numbers for probes a to d were estimated by using
the copy number of Tol2 as the standard. The estimated copy num-
bers per diploid genome are shown at the bottom. All the five
probes were 800–900 bp in length. The region used for the Tol2
probe is nucleotides 575-1392 of EMBL D84375. For Gamera probes
a to d, see legend to Figure 1.

Figure 5 Distribution of Gamera among species. (a) Phylogenetic
tree of the nine species of the genus Oryzias used in the present
study. The scheme was redrawn from references (Naruse et al, 1993;
Naruse, 1996) and personal communication (JS Albert and K
Naruse). Noth that the phylogenetic position of O. mekongensis has
not been well established. (b) Southern blot analysis to examine the
distribution of Gamera among species. The names of species in the
genus Oryzias are abbreviated to their first three letters. Genomic
DNAs (see text for amounts) were digested with BamHI and
elctrophoresed on a 0.8% agarose gel. The nylon membrane blotted
with the DNAs was hybridized with probe b (see Figure 1). The
sizes and mobilities of the size marker DNA fragments are indi-
cated along the left margin. The two autodiagrams were produced
from the same hybridization membrane, with different durations
of exposure to film. The upper is after 2-h exposure, and the lower
after 18-h exposure. Hybridization signals appear in the lower auto-
diagram for O. celebensis and O. nigrimas. Further longer exposure
did not produce band-like signals for the four species outside the
genus Oryzias (not shown).
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Figure 6 Phylogenetic tree constructed with Gamera sequences
from five Oryzias species. PCR amplification was successful for five
of the nine species (see text), and the PCR products were cloned
into a plasmid vector. For each species, a single clone was randomly
chosen and sequenced, and the data have been deposited in the
EMBL database. The five species designated by their first three let-
ters, the lengths of the sequences and the EMBL accession numbers
are: cur, 795 bp, AB081573; jav, 795 bp, AB081574; lat, 795 bp,
AB081575; luz, 789 bp, AB081576; mek, 782 bp, AB081577. The tree
was constructed using the neighbour-joining method. Gaps in the
luz and mek data were excluded from the calculation. The boot-
strap percentages obtained with 1000 replicates are shown at the
nodes.

LINEs, as also suggested to be the case for Rex6 and Posei-
don. The medaka fish genome appears to contain mul-
tiple, and possibly many, lineages of high-copy-number
LINEs, similarly to mammalian genomes.
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