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TEOS1, a novel transposable element family from Oryza sativa
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Abstract.  We have uncovered a novel group of transposable elements TEOS1, (Transposable Element of Oryza
sativa) by repeat mining of rice genome sequence data. We first identified a TEOS1 element, 6,896 bp in length, from
a PAC clone of rice chromosome 5. The presence of long terminal repeats (LTRs) and other diagnostic features, such
as a primer-binding site (PBS) and a polypurine tract (PPT), indicated that TEOS1 is a group of LTR retrotransposon.
The internal domain of TEOS1 containing two arrays of tandem repeats and a predicated Tf1gene was characteristi-
cally distinct from those of other LTR retrotransposons previously described. TEOS1 elements identified were flanked
by 5-bp direct repeats; some identified as solo LTRs were flanked by 5-7 bp direct repeats. The PBS sequence was
homologous to the 3´ end region of tRNAArg.  The deduced amino acid sequence of Tf1 is dissimilar to that of any
known mobility related proteins. TEOS1 is probable to be trans-activated by other retrotransposons in the rice
genome. We have estimated that there are about 300 TEOS1 elements per haploid rice genome.  The presence of
repeats in TEOS1 offers the potential to form secondary structure during replication and transcription, and to serve
as a hot spot for transposon insertion, augmenting the dynamics of molecular interactions of the genomic sequences.
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Abbreviations: GSS, Genomic survey sequence; HTG, Unfinished high throughput genomic sequence; LINE, Long
interspersed repetitive element; LTR, Long terminal repeat; MITE, Miniature inverted repeat transposable element;
PBS, Primer binding site; PPT, Polypurine tract; SINE, Short interspersed repetitive element; TE, Transposable
element; TEOS, Transposable element of Oryza sativa; U5, Unique 5´ RNA.

Introduction

Transposable elements (TE) are divided into two main
classes according to their mechanism of transposition.
Retrotransposons, termed as Class I elements, transpose
through an RNA intermediate that is converted into
extrachromosome DNA and integrated into the genome.
The replication mode could increase their copy numbers
rapidly and thereby greatly increase the size of the host
genome (Kumar, 1996; SanMiguel and Bennetzen, 1998).
In some plants, retrotransposons comprise over 50% of
the nuclear DNA content (Pearce et al., 1996; SanMiguel
et al., 1996; Suoniemi et al., 1996; Kossack and Kinlaw,
1999). According to the structural organization and the
encoded ORFs, retrotransposons could be further typed
as copia, gypsy, and the non-LTR retrotransposon. The
copia and gypsy type retrotransposons are characterized
by the flanking long terminal direct repeats (LTRs), and
distinguished by the order of the domains in their
polyprotein region.

Class I elements have been characterized in a wide
range of plant taxa. The first Class I element identified in
plants is Tnt1 in tobacco (Grandbastien et al., 1989). Oth-
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ers plant elements include Tto1-Tto3 in tobacco
(Hirochika, 1993), BARE-1 in barley (Suoniemi et al., 1996),
Bs1 (Jin and Bennetzen, 1989) and Opie-1 in maize
(SanMiguel et al., 1996), soybean SIRE-1 in soybean (Laten
et al., 1998), and Athila (Pelissier et al., 1995) and Tal 1
(Wright et al., 1996) in Arabidopsis.

Due to its small genome size of 430Mb, the smallest
among the cereal grasses (Arumuganathan and Earle,
1991), and concerted efforts in its sequence analysis, sev-
eral retrotransposon families have been well identified in
the rice genome.  These include copia type Ty1 (e.g. Tos
1-20) (Hirochika et al., 1992, 1996), gypsy type Ty 3 (e.g.
RIRE3, RIRE7) (Kumekawa et al., 1999, 2001), and SINE (e.
g. p-SINE1) (Mochizuki et al., 1992; Motohashi et al., 1996).
Cell culture-induced activation of Tos17 in rice has been
applied to insertional mutagenesis analysis (reviewed in
Hirochika, 2001). For example, the zeaxantin epoxidase gene
has been tagged using Tos17 insertion (Agrawal et al.,
2001). The feasibility of using Tos17 in the PCR-screening
strategy was demonstrated by screening for a mutant of
the homebox gene OSH15 (Sato et al., 1999).  Previous
studies using computer-based sequence similarity searches
have revealed the predominance of MITE elements in rice
(Bureau and Wessler, 1994; Bureau et al., 1996; Mao et al.,
2000; Turcotte et al., 2001). Many TEs are also identified
in rice BAC end sequences (Mao et al., 2000) or genomic
sequence (Turcotte et al., 2001).
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Rice genome sequencing project is under way by an
international effort. Vast amount of sequence data would
provide insights to observe previously unknown or rarely
discovered repetitive elements. We report here a novel fam-
ily of transposable elements, which was identified through
in silicon repeat-mining from the currently available rice
genomic sequences. These elements are characterized by
their flanking LTRs and internal arrays of tandem repeats.
These elements show no sequence similarity to any other
transposable elements identified so far and might repre-
sent a novel class of transposable elements.

Materials and Methods

Sequencing of P0001A07
P0001A07 is a PAC clone of the HindIII PAC library con-

structed by members of the Japan Rice Genome Research
Program (RGP) using the genomic DNA of the japonica
rice Nipponbare with the vector pCYPAC2. Its PAC DNA
was sheared (1.6-2 kb and 4.5-5 kb), ligated to a pUC18
vector, and transformed into Escherichia coli. DNA se-
quencing was performed using the automated ABI sys-
tem with dye terminators and primers as described by the
manufacturer. Shotgun clones were sequenced to gener-
ate at least 10-fold coverage. The sequences of shotgun
clones were base-called and assembled using the Phred/
Phrap/Consed system (Ewing et al., 1998; Ewing and Green,
1998; Gordon et al., 1998, 2001). In total, about 4000 reac-
tions were carried out to generate the sequence of the
whole PAC clone.

Analysis of Sequence Data
Annotation was based on a combination of the results

of database searching and gene prediction programs.
Standalone BLAST (Altschul et al., 1997) was used to com-
pare the P0001A07 DNA sequences with the downloaded
copies of the NCBI nr and EST databases and TIGR Rice
Gene Index. Genscan (Burge and Karlin, 1997) was run with
Arabidopsis and maize models to predict the exon struc-
ture of the genes. Artemis (Rutherford et al., 2000) was
used as a sequence viewer for manual adjustment of the
splicing sites of putative genes. The extracted amino acid
sequences of the predicated genes were searched against
nr database using BLASTP for confirmation. For each of
the predicated proteins, the pIs and molecular weights
were calculated using the PEPTIDESORT program of the
GCG package (Devereux et al., 1984). PSORT (Nakai and
Horton, 1999) tools were used to identify protein sorting
signals. Protein domain characterization was performed
using the InterPro database (Apweiler et al., 2001).

To reveal the presence of Tos17 insertion sites along
the rice genome sequence, Cluster FLAG (Fast Local Align-
ment for Gigabases) program was used to search against
the NCBI GSS (Genome Survey Sequence) database (http:/
/www.ncbi.nlm.nih.gov/dbGSS/index.html) which con-
tained random �single pass read� genome survey
sequences, cosmid/BAC/YAC end sequences, exon
trapped genomic sequences, and Alu PCR sequences,

through the online service of the Bioinformatics Depart-
ment of Biomedical Engineering Center (BMEC), Industrial
Technology Research Institute (ITRI), TAIWAN (http://
flag.itri.org.tw/).

Repeat-Mining for Discovery of TEOS1
Initial analysis of repetitive structure was performed

using Miropeats (Parsons, 1995). The observed putative
LTRs and the unit of short tandem repeats were identified
using bl2seq program (Tatusova and Madden, 1999). The
rice nr and HTG databases of GenBank were searched for
homologues to the TEOS1. The genomic sequences that
BLASTN hitted originally were downloaded from the
GenBank for further analysis and reexamined using Dot-
ter (Sonnhammer and Durbin, 1995) to get a whole view
of the sequence structure similarity. The putative target
site duplication and PPT sites were examined manually
through the sequence viewer of Artemis software. The PBS
site was revealed by comparison with that of RIRE2. Af-
ter counting the number of putitative TEOS1 elements, the
total number of TEOS1 was calculated by extrapolation.
The searches were performed in GenBank release 124 and
126. Although the rice database grew very rapidly, the two
extrapolations gave similar results.

Genomic Southern Blot
Maize (Zea mays), wheat (Triticum aestivum ) and bar-

ley (Hordeum vulgare) seedlings were grown in 24-h dark-
ness at room temperature for a week. Rice (Oryza sativa
ssp. japonica cultivar TN67), Arabidopsis (Arabidopsis
thaliana ecotype Columbia), tobacco (Nicotiana tobacum
cultivar W38), and soybean (Glycine max cultivar Shi-Shi)
tissues were collected from greenhouse grown plants. Plant
genomic DNA was prepared using a CTAB (cetyltrimethyl
/ammonium bromide) standard protocol (Doyle and Doyle,
1990). Genomic DNA (10 µg ) from each plant species were
digested overnight with EcoR I at 37°C. Gel electrophore-
sis and Southern blot analysis were carried out with stan-
dard protocols.

Probe was prepared by Dig-PCR probe synthesis kit
(Roche) using plasmid DNA isolated from subclone 12H12
of P0001A07 (accession no. AC084218) as the template.
The two primers used were Ur-5´ (5´-ACGTCTTCACCG
ACCGGCTTGC) and Ur-3´ (5´-ATAAAGGCCAGCCGT
GCAGGC) which located at the 5´ and 3´ end of each re-
peat unit. The filters were hybridized at 65°C overnight and
washed in 5X SSC, 0.1% N-laurylsacrosine, 0.02% SDS, 1%
blocking reagent. Hybridized signal was detected by DIG
luminescent kit followed by exposure to X-ray film accord-
ing to manufacturer�s manual (Roche).

Results

Characterization of TEOS1
P0001A07 (accession no. AC084218), an 164-kb insert

PAC clone, is located at 25 cM of rice chromosome 5 and
is one of the materials of the genome sequencing project
conducted in our lab.   In the 79-kb to 87-kb region of this
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PAC clone, we discovered a novel repetitive element,
hereby named TEOS1 (transposable element of Oryza
sativa), by repeat-mining. This 6,896-bp element was
flanked by 439-bp long terminal repeats (LTRs), and com-
posed of two arrays of tandem repeat sequences sepa-
rated by 3 spacer sequences (Figure 1). The LTRs of
TEOS1 began with TG and ended with CA, similar to those
of the LTRs in most plant retrotransposons (Grandbastien,
1992). At both ends of the element, we found 5-bp direct
repeats, presumably formed by duplication of target sites
upon insertion. The occurrence of target site duplication
is consistent with observations on other plant LTR
retrotransposons (Grandbastien, 1998). Several features
necessary for retroelement replication were also identified,
for instances, the primer binding site (PBS) which was
downstream to the 5´ LTR and the polypurine tract (PPT)
which was upstream to the 3´ LTR. There are two base
pairs separating the 5´ LTR and PBS that complementary
to the 3´ end sequence of tRNAArg. TEOS1 and RIRE2
(Ohtsubo et al., 1999), a rice gypsy-type retrotransposon,
have 80% sequence identities in the U5 region of the LTRs.
The stem-loop structure in the U5 (Unique 5´ RNA) region
of the LTR and PBS exhibited homology (100% sequence
identities) to those of RIRE2. Between PBS and PPT, there
were a 5´ array containing 10 tandemly arranged copies of
90-bp elements and a 3´ array containing 12 copies of the
same element. Sequence homology was high among these

90-bp repetitive elements. Most of them were perfect
repeats, some contained one or few base substitutions.
BLAST search (Altschul et al., 1997) revealed that these
repetitive elements were homologs (86% ~ 100% sequence
identities) to the tandem repeats near the telomeres of chro-
mosome 2 (accession no. AF250385) and the rice panicle
EST (accession no. AU182318). The predicted secondary
structure using GCG package (Devereux et al., 1984) indi-
cated that the tandem repeat region would form a stable
giant stem-loop structure, which contained several hair-
pin and internal loops (data not shown).

ORF in TEOS1
Three EST homologs were identified with the LTR se-

quence of TEOS1 ( > 95% sequence identities and an E-
value of 1e-45) using BLASTN search. Two of them were
from panicle EST at flowering stage and the other one from
callus EST. Another homolog from panicle EST had sig-
nificant match to the 90-bp tandem repeat region. Thus,
at least one ORF in TEOS1 was expected. The predicated
gene, Tf1, spanned 1.2-kb and contained 2 exons. The first
exon, with 55-bp in length, was small compared with the
second one, 982 bp. The exon 2 was separated from exon
1 by an intron of 159-bp and was located in the 5´ array of
tandem repeats. There were four repetitive motifs (20-108,
109-197, 198-273, 274-345) in the deduced amino acid se-
quence of this region (Figure 2A).  Each motif was encoded

Figure 1.  Repeat structures and organization of TEOS1. Panel A. Distribution of motifs within TEOS1. Sequence comparison is
illustrated using Miropeats program with a threshold of 100. The arch lines are drawn between matching sites to indicate the tandem
repeats. The two LTRs share an identity of 100% over 439 bp, and the tandemly arranged short repeats share at least 90% identity
over at least 80 bp. Panel B. Nucleotide sequences of flanking the LTRs of TEOS1. LTRs are boxed, and the 5-bp target-site duplica-
tions are indicated by arrows.
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by three copies of the 90-bp tandem repeats with substi-
tutions (R�W, G�E, E�D, H�Y, P�L, I�V, M�T,
L�F, L�M, Y�H, and A�V). The first two motifs dif-
fered in only one residue (E vs. D, positions 48 and 137),
while base pairs encoding 13 amino acids were deleted in
the third and the fourth motif was truncated at the car-
boxyl end missing the sequence that would encode 17
amino acids.  This is illustrated in Figure 2B. The putative
Tf1 protein contained 345 amino acids with a molecular
mass of approximately 38 kDa and an isoelectric point of
11.8. The Cysteine-rich character indicated the potential-
ity of a complex secondary structure of the Tf1 protein.
PSORT search (Nakai and Horton, 1999) predicted the pro-
tein to be localized in the nucleus since there were three
bipartite nuclear localization signals clustered between resi-
dues 90 and 272. We annotated data of other TEOS1 ele-
ments in nr database and showed that homologues of Tf1
protein were highly variable in size, ranging from 297 to
1187 residues in length, or an estimated molecular mass
from 34 kDa to 134 kDa. Of the 23 putative Tf1 proteins
surveyed, all were shown to be basic proteins with high
pI values on the basis of their translated amino acid
compositions, and sixteen were predicated to be localized
at nucleus, as each one of them contained at least 1 bi-
partite nuclear localization signal peptide in the sequence.

The TEOS1 Family in Rice Genome
In order to estimate the frequency of TEOS1-like ele-

ments presented in the rice genome, we used the TEOS1
sequence as a query to perform similarity search against
nr and HTGs (unfinished high throughput genomic
sequences) database. The results indicated that there were
117 TEOS1 homologues, with 32 of them identified from
nr, present in the current rice genome sequence database.
Each member of the TEOS1 family currently available from
nr database was closely examined for their TE character-
istics such as direct repeats, LTRs, PBS and PPT. We
found one PPT present at the appropriate position in each
of the 28 elements investigated. As to PBS, one site with
homology to the 3´ end of tRNAArg was intact and appro-
priately positioned in each element of the 22 out of the 32

Figure 2.  Partial sequence of TEOS1 and Tf1. Panel A. The 3 copies of the 90-bp tandem repeats and their deduced amino acid
residues in the second exon of the Tf1 in TEOS1. The dots were introduced for better alignments. Nucleotide positions in P0001A07
and a.a. residue positions in Tf1 protein are indicated at left. Panel B. The deduced amino acid sequence of the Tf1 in TEOS1.

Figure 3.  Distribution of TEOS1 target loci on chromosome 1.
The vertical line represent rice chromosome 1. Positions of PAC/
BAC clones containing the TEOS1 elements are indicated by the
arrows. Arrows on the left side and right side indicate the TEOS1
elements which are identified in nr and HTG database,
respectively. Multiple clones in a small region are represented
by the numbers attached to the arrows.
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Table 1.  Characteristics of TEOS1 family.

TEOS1 Accession no. Chr.
Length LTR TSDa

PBS complementary Note(kb) (bp) 5´ / 3´

TEOS1.1 AC084218 5 6.9 439 CCGCT / CCGCT 3´ end of tRNAArg

TEOS1.2 AP003504 1 2.9 439 N.A. / CCGAT Not applicable 5´ truncated
TEOS1.3 AP003258 1 3.5 400 GTTCT / N.A. Not detected 3´ truncated
TEOS1.4 AP003294 1 5.5 421 CACGC / N.A. 3´ end of tRNAArg 3´ truncated
TEOS1.5 AP003141 1 5.8 417 AAGCT / AAGCT 3´ end of tRNAArg

TEOS1.6 AP002869 1 6.1 417 CGTAT / CGTAT 3´ end of tRNAArg

TEOS1.7 AP003250 1 6.7 438 ATACC / ATACC 3´ end of tRNAArg

TEOS1.8 AP002970, AP003213 1 6.7 440 GGCGG / GGCGG Not detected
TEOS1.9 AP002860 1 6.8 442 ATAGT / ATAGT 3´ end of tRNAArg

TEOS1.10 AP001278 1 6.8 417 TCGAG / TCGAG 3´ end of tRNAArg

TEOS1.11 AP002871, AP002873 1 6.8 444 TCAAC / TCAAC 3´ end of tRNAArg

TEOS1.12 AP003208 1 6.8 439 CCGAt / CCGAc Not detected
TEOS1.13 AP002843 1 7.2 452 gaaaT / atgtT Not detected
TEOS1.14 AP003328 1 7.2 441 GAAAt / GAAAa Not detected
TEOS1.15 AP003277 1 7.5 439 GGACG / GGACG 3´ end of tRNAArg

TEOS1.16 AP002968, AP003204 1 8.1 442 CTATG / CTATG 3´ end of tRNAArg

TEOS1.17 AP002482 1 8.2 441 AAAAT / AAAAT 3´ end of tRNAArg

TEOS1.18 AP002525 1 8.5 439 TCAGG / TCAGG 3´ end of tRNAArg

TEOS1.19 AP003255, AP003411 1 11.4 438 TCTAT / TCTAT 3´ end of tRNAArg 4.3 kb insertion at spacer 2
TEOS1.20 AP002913 1 20.6 443 CAGTC / CAGTC 3´ end of tRNAArg 13 kb insertion at spacer 3
TEOS1.21 AB013450 2 2.6 440 N.A. / GGCCA Not applicable 5´ truncated
TEOS1.22 AC084831 3 6.5 439 ATcGG / ATaGG 3´ end of tRNAArg

TEOS1.23 AC090714 3 18.2 437 GGTTC / GGTTC 3´ end of tRNAArg

TEOS1.24 P0040B10 5 7.2 443 CACAT / CACAT 3´ end of tRNAArg

TEOS1.25 AP001389 6 8.3 438 gTTCC / cTTCC 3´ end of tRNAArg

TEOS1.26 AB023482 6 8.6 441 GATTC / GATTC 3´ end of tRNAArg

TEOS1.27 AC091734 10 3.3 451 GTTCC / N.A. Not detected 3´ truncated
TEOS1.28 AC037197 10 4.5 437 CTTTC / N.A. 3´ end of tRNAArg 3´ truncated
TEOS1.29 AC079936 10 6.5 440 cttca / agttt Not detected
TEOS1.30 AC078891 10 7.1 438 Aaaac / Attca Not detected
TEOS1.31 AC083945 10 7.4 439 GAAAC / GAAAC 3´ end of tRNAArg

TEOS1.32 AC090441 10 12.1 438 GGTGG / GGTGG 3´ end of tRNAArg 4.2 kb insertion at spacer 2
aTarget site duplications. Identities between repeats are indicated with uppercase lettering; mismatches are indicated with lowercase

lettering. TSD was not applicable (N.A.) when TEOS1 was truncated.

cases examined. The sequence of the flanking direct re-
peats of TEOS1 was not conserved and the integration
sites appeared to be random. High level of nucleotide se-
quence similarity among the TEOS1 homologues sug-
gested that TEOS1 elements were still active in
transposition until recent evolutionary time. As shown in
Table 1, these 32 TEOS1 are distributed in chromosomes
1, 2, 3, 5, 6 and 10, and over one half of them are in chro-
mosome 1.

In GenBank release 126, there were 1291 released rice
completed and unfinished BAC/PAC clones, with a total
of 177 Mb sequenced, accounting for approximately 41%
of the rice genome. Extrapolation to the 430-Mb of the
whole rice genome, there are 300 TEOS1 estimated in the
total genome. It should be noted that in addition to
TEOS1, we have identified 35 Solo LTRs.  Four Solo-LTRs,
each was 439 bp in length, from nr database were located
in chromosomes 1 and 10.  Their characteristic flanking,
direct repeats are shown in Table 2. We examined the dis-
tribution of the 117 TEOS1 so far uncovered, which is
shown in Table 3.  The copy number of TEOS1 elements
in each chromosome ranges from 2 in chromosome 12 to

28 in chromsome 1, without any in chromosomes 9 and
11. Since the sequence of chromosome 1 determination is
almost completed, we were able to map the location of the
28 TEOS1 elements in chromosome 1.  This is shown in
Figure 3. We note that the distribution of TEOS1s was un-
even along the chromosome, with a tendency of gravitat-
ing towards, or expanding from, the centromeres and
telomeres.  While the probability of finding of a member
of the TEOS1 family may be proportional to the extent of
genome sequence information in a chromosome, the pres-
ence of sequence specific hot spots for TEOS1 transpo-
sition cannot be ruled out.

The presence of LTR domains and arrays of tandem 90-
bp repeats was the distinct structure feature of the family.
As in the original TEOS1 found in P0001A07, the short
repeats in the arrays of other TEOS1-like elements were
also homologues with AF250385 and AU182318. While
tandem repeats had heretofore not been reported in other
plant transposable elements, we found the arrays of re-
peats in TEOS1 highly variable in their repeat numbers,
ranging from 3 to 30, and in their length. For instance, the
TEOS1 in P0002B05 (accession no. AP003141) had only
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one array consisting 20 copies of short repeats. The varia-
tion of repeat number might be the result of unequal
recombination.

Only one third of the TEOS1 elements showed signifi-
cant similarity in the spacer 1 region, while significant se-
quence similarities were noted in spacers 2 and 3 of most
elements, respectively. Thus, spacer 1 sequence of TEOS1
was less conserved than that of spacer 2 or 3. Among the
32 TEOS1s examined, three were shown to have large in-
sertions in either spacer 2 or 3. Insertions of a 4.2 kb ge-
nomic sequence at spacer 2 occurred in both P0454H12
and OSJNBb0052C09 (accession no. AP003255 and
AC090441). Besides, we found that the spacer 3 region of
TEOS1 in P0480E02 (accession no. AP002913) consisted
of  a  13 kb inser t ion which contained another
retrotransposon.

In the BAC/PAC clones containing TEOS1-like
elements, gene densities were estimated to range from one
per 10.4 kb to one per 4.5 kb, mostly higher than one per 6
kb, an average gene density of gene-rich region for the
rice genome (Mayer et al., 2001). Thus, the current avail-
able data indicated that TEOS1 was prevalent in the gene-
rich region, present close to coding regions that have been
annotated. For example, we were able to locate an TEOS1
element close to a potassium transporter gene (accession
no. AF129485) (Rubio et al., 2000). We were able to iden-
tify the insertion of an TEOS1 on the Pib gene (Wang et
al., 1999, accession no. AB013450) in, Tohoku IL9, a blast
resistant strain of rice. This fragment, 9.8 kb in length, con-
tained a Pib gene 5´ truncated by TEOS1.

TEOS1-Like Family in other Plant Genomes
Since the repetitive elements of different genomes might

share only the structure similarity but not sequence
identity, we scanned the genome sequence data of other
plants with the Miropeats program. No similar structure
was found in the current publicly available plant genomic
sequences for Arabidopsis, maize and sorghum. In order
to investigate the genomic organization of TEOS1 within
various species, the genomic Southern blot analysis was
performed as a supplement to database similarity searches.
The following species were included in this study: rice
(Oryza sativa ssp. japonica), maize (Zea mays), wheat
(Triticum aestivum),  barley (Hordeum vulgare) ,
Arabidopsis (Arabidopsis thaliana ecotype Columbia),
tobacco (Nicotiana tobacum), and soybean (Glycine
max). Hybridization was performed using the probe spe-
cific to the 90-bp repeats within TEOS1. The TEOS1 family,

as expected, produced ladder pattern of Southern signal
in rice (data not shown). Only light and smearing
background, discriminated by high stringency during
probe hybridization, were observed in the lanes of wheat,
maize and barley DNA, which were indications of similar
but different transposable elements. No cross hybridiza-
tion signal was detected in the dicot plant genomes that
we had investigated. The genomic Southern blot analysis
further confirmed that the repetitive sequences of TEOS1
were unique in rice, as we did not find any homolog in
other species from current data base search.

Discussion

Several approaches have been used to identify
retrotransposons in rice.  Experimentally, PCR primer se-
quences are deduced either from the highly conserved re-
gion of known retrotransposons, such as the internal
reverse transcriptase domain (Hirochika et al., 1996;
Kumekawa et al., 1999), or from the published PBS sites
of plant retrotransposons such as complement of the 3´
end of initiator tRNAMet  (for example, Hirochika et al.,
1992). Computationally, FASTA (Pearson and Lipman,
1988) and/or BLAST based database searches (Mao et al.,
2000; Turcotte et al., 2001) are used to mine elements with
sequence similarity to the published TEs. The computer-
based analysis has uncovered mainly short TEs in the rice
genome, which are recognized as MITEs (Bureau et al.,
1996).

Table 2.  Solo LTRs identified from nr database of GenBan.

Solo LTR Accession no. Chromosome Length (kb) Identitya TSDb

TL1.1 AP003236, AP003281 1 439 93% CCTTG / CCTTG
TL1.2 AP003504 1 439 95% GTAGGCC / GTAGGCC
TL1.3 AC011806 10 439 93% CCTTG / CCTTG
TL1.4 AC037197 10 439 94% GGTAG / GGTAG
a Sequence identity between Solo LTR and TEOS1.1 LTR.
b Target site duplications.

Table 3. Chromosome distribution of TEOS1 family.

Chromosome Number of TEOS1

1 28
2 12
3 8
4 7
5 4
6 18
7 16
8 7
9 0

10 15
11 0
12 2

Total 117
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Figure 4.  Organization of various rice retrotransposons. The full length of the elements and the length of LTR are indicated at left.
The LTRs are indicated by open boxes, the exons of Tf1 gene are indicated by solid boxes. PBSA and PBSM represent the primer-
binding sites which are complementary to the 3´end of methionyl tRNA and arginyl tRNA, respectively. PPT indicates the polypurine
tract. Genes encoding the gag protein and polyprotein are represented by gag and pol, respectively.

In this study, we adopted a different approach, with
which we identified TEOS1, a unique transposable element
in rice. The approach took advantage of the presence of
diagnostic sequences with specific features, i.e., the LTRs,
target site direct repeats, PBS and tandem repeat
structures, instead of relying on its sequence similarity with
the published retrotransposons. In the Southern blot
analysis, repeat sequence from TEOS1 did not recognize
well with other monocot genomic DNA and formed smear
pattern rather than discrete bands in hybridization analysis.
Further studies are required to determine whether other
monocot genomes harbor the TEs similar to TEOS1�s re-
peat structures. It is interesting to note the absence of
Sourthern signal in the dicot plants we investigated, as it
reveals that the TEOS1 family actively transposed after the
divergence of the monocot and dicot plants.

The Arrays of Tandem Repeats were the Acquisi-
tion of TEOS1 Family

The PBS sequence in the TEOS1 family, as well as that
in RIRE2, is complementary to the 3´end of tRNAArg. The
other known rice retrotransposons such as RIRE3, RIRE7
and Tos17 have the tRNAMet binding site as their PBS. The
c o m p a r i s o n  b e t w e e n  T E O S 1  a n d  o t h e r  r i c e
retrotransposons is summarized in Figure 4. It has been
observed that the LTRs in gypsy retrotransposon diverged
greatly, even if the internal polyproteins regions were ho-
mologous (Kumekawa et al., 1999). Surprisingly, we noted
that TEOS1 and RIRE2 have high homology in the char-
acteristic terminal regions of their LTRs. The presence of
highly conserved LTR retrotransposon features (e.g. LTRs,
PBS, PPT and target site duplication) in TEOS1 suggests
a similar transposition mechanism with that of the regular
LTR retrotransposons, e.g. RIRE2. Although the interior
region of TEOS1 has coding capacity, the deduced amino
acid sequence is dissimilar to that of any known mobility
related proteins. The situation of the TEOS1 is very simi-
lar to the maize Bs1 retroelements (Jin and Bennetzen,
1989), the Arabidopsis Athila (Pelissier et al., 1995) and

Katydid-At1 retroelements (Witte et al., 2001) those lacked
reverse transposase sequences and had the ability to
transduce a cellular gene. The interior sequence of TEOS1
was homologous with a rice panicle EST and encoded the
non-retrotransposon ORFs containing a spliceable intron.
This may indicate that the ORFs as well as the tandem re-
peat sequences present on TEOS1 represent an unknown
rice cellular gene or sequence that had been acquired by
the ancestral TEOS1. The maize Bs1 retroelements are mo-
bile although Bs1 codes for protein unrelated to its
mobility. It was suggested that the mobility of Bs1 ele-
ments have been provided in trans  by another
retroelements (Jin and Bennetzen, 1994). TEOS1 appears
to be similar in this regard. If the protein required for
TEOS1�s mobility were not encoded by itself, the special-
ized sequence itself and/or its structure must have been
recognized by the mobility related proteins. For TEOS1�s
dispersion, we suggested that TEOS1 was trans-activated
by other retroelements, such as RIRE2, in the rice genome.

Full-Length TEOS1s and Solo LTRs
It was reported that the downstream region of PBS are

poorly conserved among the members of a rice gypsy
retrotransposon family (Kumekawa et al., 1999). The PBS
was the initiation site for cDNA synthesis during
duplication, its downstream region was the last region be-
ing reverse-transcribed and thus subjected to the accu-
mulation of mutations. The spacer 1 of the rice TEOS1s
also shows such tendency; only one third of the TEOS1s
shows significant similarity in the spacer 1 region. It was
indicated by the similarity among the sequences that there
was relative difference in time of transposition. It was sug-
gested that the sequence comparison of the 5´ and 3´ LTRs
could be used to assess the relative age of TEs insertions
(Jordan and McDonald, 1999), since the 5´ and 3´ LTRs
were generated from a single template during the reverse
transcription process (Arkhipova et al., 1986).  We showed
that six out of 26 full-length TEOS1 from nr database had
5´ and 3´ LTR with 100% identical nucleotide sequences.
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This is indicative that some TEOS1s had activated lately
relative to the age of the TEOS1 family.

The solo LTRs were suggested to be generated by the
homologous recombination between two LTRs of a
retrotransposon with a subsequent internal excision
(Chaleff and Fink, 1980; Tschumper and Carbon, 1986). For
the grass family, the conversion to solo LTRs occurred
more rapidly than integration in barley (Shirasu et al., 2000).
Very few solo LTRs have been found in the maize genome.
It is possible that the scarcity is caused by lower recom-
bination efficiency between the comparatively short LTRs
of maize retroelements, e.g. maize Ji 1.2 kb; barley BARE-
1 1.8kb; barley sukkula 4.9 kb  (SanMiguel et al., 1996;
Shirasu et al., 2000). However, the 439-bp LTRs of TEOS1
in rice are shorter than those of the TEs from either maize
or barley. Yet, several solo LTRs of TEOS1 have been ob-
served in the rice genome. Jordan and McDonald (1999)
suggested that during the generation of solo LTRs, the
excision of the internal sequence is an indication of a ge-
nomic turnover of the retrotransposon, and this process
offered a means to repress the increase in genome size re-
sul t ing  f rom success ive  in tegra t ions  of  la rge
retrotransposons (Shirasu et al., 2000). In both P0025A05
and OSJNBa0065H03 (accession no. AP003504 and
AC037197), the insertion of a solo LTR on the opposite
strand of the TEOS1 was observed. Our results indicate
that this mechanism of repressing the evolution of expand-
ing genome size acted not only in grass plants with a large
genome such as barley, but also in those with small ge-
nome such as the rice.

TEOS1s Might Act as a Hot Spot for Tos17
Insertion

It has been shown that TEs prefer to insert into them-
selves or other existing TEs forming nested structures,
such as in maize and rice genomes (SanMiguel et al., 1996;
Suoniemi et al., 1997; Kumekawa et al., 1999).  Such a
nested TE insertion structure was not observed in the
TEOS1s examined. However, our survey of Genomic Sur-
vey Sequence database (GSS) using Cluster FLAG re-
vealed that many 3´ flanking sequence of Tos17 insertions
had significant homology to genomic sequence locating
at the 2-7 kb upstream from the 3´ LTR of TEOS1 at
P0001A07, as showing in Figure 5A where red bars indi-
cate the insertion sites of each independent Tos17 mutant
and blue bars indicate end sequences of rice BAC librar-
ies (Mao et al., 2000). This region is corresponding to the
RNA polymerase II gene. Southern analysis using RNA
polymerase II genetic sequences as the probe indicated
that this should be encoded by a single-copy gene (data
not shown). As a result, the numerous GSS hits indicated
that multiple Tos17 insertions occurred in the vicinity of
TEOS1 in this specific case. Also shown in Figure 5B is
the GSS hits in a nearby PAC sequence, P0431G05
(accession no. AC087551), of chromosome 5. There was
no TEOS1 in this PAC, and the GSS hits, mostly the BAC
end sequences, were located randomly throughout the
PAC sequence. It was reported that Tos17 preferentially

integrated into gene-rich, low-copy-number regions of the
rice genome (Yamazaki et al., 2001). The observed inser-
tion hotspot might be resulted from the low-copy nature
and the active expression of RNA polymerase at callus tis-
sue when Tos17 started jumping (Hirochika et al., 1996) of
this region. Besides, since the TEOS1 sequence has the
potential to form stable secondary structure during DNA
replication or transcription, as TEOS1s inserted themselves
into the frequently transcripted region, they could serve
as a hotspot for the insertion of other retrotransposons.
Further studies on this mechanism would lead to a better
understanding for the dynamic interactions of TE-TE and
TE-gene in the rice genome.
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Note added in proof.  While our manuscript was under review,
an LTR element comparable to TEOS1 in this article was re-
ported by Jiang, N., Z. Bao, S. Temnykh, Z. Cheng, J. Jiang, R.
A. Wing, S.R. McCouch, and S.R. Wessler. (2002) Dasheng: A
recently amplified nonautonomous long terminal repeat element
that is a major component of pericentromeric regions in rice.
Genetics 161: 1293-1305.

Figure 5.  Scatter of matches for a FLAG search against the
GSS database. Panel A. P0001A07 as a query, with TEOS1 at
79 kb-87 kb. Panel B. P0431G05 (accession no. AC087551) as
a query, no TEOS1 was present in this clone. The sequence scale
is shown at the top of the figure. Green solid box indicates the
TEOS1. Red bars and blue bars represent the GSS matches cor-
responding to the 3´ flanking sequences of Tos17 insertion and
the BAC-end sequences of CUGI Rice BAC library,
respectively. The figures show the matches with E-value of less
than e-232.
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