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Rice Transposable Elements: A Survey of 73,000
Sequence-Tagged-Connectors
Long Mao,1 Todd C. Wood,1 Yeisoo Yu,1 Muhammad A. Budiman,1,3 Jeff Tomkins,1

Sung-sick Woo,1,4 Maciek Sasinowski,1,5 Gernot Presting,1 David Frisch,1

Steve Goff,2 Ralph A. Dean,1,6 and Rod A. Wing1,7

1Clemson University Genomics Institute, Clemson, South Carolina 29634 USA; 2Novartis Agricultural Discovery Institute, San
Diego, California 92121 USA

As part of an international effort to sequence the rice genome, the Clemson University Genomics Institute is
developing a sequence-tagged-connector (STC) framework. This framework includes the generation of
deep-coverage BAC libraries from O. sativa ssp. japonica c.v. Nipponbare and the sequencing of both ends of the
genomic DNA insert of the BAC clones. Here, we report a survey of the transposable elements (TE) in >73,000
STCs. A total of 6848 STCs were found homologous to regions of known TE sequences (E<10−5) by FASTX
search of STCs against a set of 1358 TE protein sequences obtained from GenBank. Of these TE-containing STCs
(TE–STCs), 88% (6027) are related to retroelements and the remaining are transposase homologs. Nearly all
DNA transposons known previously in plants were present in the STCs, including maize Ac/Ds, En/Spm, Mutator,
and mariner-like elements. In addition, 2746 STCs were found to contain regions homologous to known
miniature inverted-repeat transposable elements (MITEs). The distribution of these MITEs in regions near genes
was confirmed by EST comparisons to MITE-containing STCs, and our results showed that the association of
MITEs with known EST transcripts varies by MITE type. Unlike the biased distribution of retroelements in
maize, we found no evidence for the presence of gene islands when we correlated TE–STCs with a physical map
of the CUGI BAC library. These analyses of TEs in nearly 50 Mb of rice genomic DNA provide an interesting
and informative preview of the rice genome.

Transposable elements (TEs) are ubiquitous in all or-
ganisms (Burge and Howe 1989; Xiong and Eickbush
1990). In plants, TEs are classified into two main
classes (Flavell et al. 1994). Retrotransposons comprise
Class I and transpose via an RNA intermediate. Class I
TEs include retrotransposons with long terminal re-
peats (LTRs) such as Ty1/Copia-like and Ty3/Gypsy-like,
as well as non-LTR retrotransposons. The class II TEs
transpose via a DNA intermediate and in plants
have been found mainly in maize. Class II TEs in-
clude Ac/Ds, En/Spm, and Mutator (Federoff 1989).
MITEs, that is, miniature inverted-repeat transposable
elements, such as maize Tourist and Stowaway, fall into
a newly described third class of TEs (Bureau and
Wessler 1992, 1994a,b, 1996). The mechanism of
transposition of MITEs is still unclear, although they
have received considerable attention recently due to
their high copy numbers and tendency to be associated
with genes in maize (Wessler et al. 1995; Zhang et al.
2000).

Rice (Oryza sativa) is the main staple food for more
than half of the world’s population and is of great eco-
nomic importance. Among the cereal grasses, rice has
the smallest genome size (430 Mb) and, as revealed by
comparative mapping, has substantial conservation of
synteny with other cereal crops such as maize, sor-
ghum, and wheat (Gale and Devos 1998). Conse-
quently, rice is an ideal representative for cereal ge-
nomics studies and is the focus of an international ef-
fort to completely sequence its genome. Although
numerous TEs have been reported in rice, no compre-
hensive investigation has been carried out on a ge-
nome-wide scale, because the majority of rice TEs were
uncovered by chance or by limited assays using con-
served regions such as reverse transcriptase of retro-
transposons (Hirochika et al. 1992; Motohashi et al.
1996; Kumekawa et al. 1999). As part of the Interna-
tional Rice Genome Sequencing Project (IRGSP), a rice
BAC library was constructed from a partial HindIII di-
gest of the genome of the rice variety Nipponbare (Bu-
diman 1999), and the ends of BAC clone inserts have
been sequenced. BAC end sequences will serve as se-
quence-tagged-connectors (STCs) for selecting mini-
mum overlapping clones for genome sequencing (Ven-
ter et al. 1996).

The generation of >73,000 Nipponbare STCs also
provides an opportunity to preview TE content and
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distribution in rice genome. The current STC library
contains ∼48 Mb of rice genomic DNA after vector re-
moval, with an average sequence read of 707 nucleo-
tides. With an average insert of 128.5 kb, the CUGI rice
BAC library is expected to cover ∼10 rice genome
equivalents. Preliminary efforts to confirm the cover-
age of the library based strictly on sequence compari-
son of the STCs to finished rice BACs have shown that
the estimated coverage is ∼10.4 genome equivalents
(data not shown). Assuming that the HindIII sites are
evenly distributed, our 73,000 STCs should be distrib-
uted one STC every 9 kb across the 430-Mb rice ge-
nome.

TEs are one of the major sources of repetitive se-
quences in cereal plants and have been a concern of
the IRGSP as a potential source of problems in com-
pleting the rice genome sequence. Here, we report the
TE content of the STC database and show that the rice
genome probably contains a small fraction of TEs in
comparison with other cereal genomes, such as maize.
The small amount of TEs confirms rice as a well-chosen
model crop genome. We note the discovery of several
potentially novel TEs, and we investigate the location
of TE–STCs on the current physical map of the CUGI
rice BAC library. We find that the TEs appear to be
randomly distributed with respect to potential genes,
identified by similarity to rice ESTs.

RESULTS

TE Content of STC Library
To analyze the number and types of TE-like elements
present in the STC database, we used FASTX (Pearson et
al. 1997) to compare 73,362 BAC end sequences (STCs)
with a set of 1358 TE protein sequences. At an expec-
tation cut-off value of 10�5 or less, 6848 STCs were
found to contain regions of homology to known trans-
posable elements. The vast majority of STCs (6027) are
homologous to retrotransposons, whereas the remain-
ing 821 are homologous to various transposases of
class II transposons (Table 1). STCs homologous to ret-
rotransposons were further classified as Gypsy-like
(4124), Copia-like (1401), and non-LTR (502) on the
basis of classification of the most similar protein se-

quences. To assess the accuracy of our retrotransposon
classification, we used TFASTX to search the STC data-
base with protein sequences of representative Gypsy
(rice RIRE2), Copia (maize Hopscotch), and non-LTR
(rice CAA73800) retrotransposons as query sequences.
For all three searches, we found a total of 1959 STCs
with significant similarity (E<10�5). Divided by retro-
transposon classification, the proportions of STCs
identified in each class for both the FASTX and TFASTX
searches were nearly identical (Fig. 1).

As a control, we performed an identical survey on
16,360 Arabidopsis STCs sequenced by Genoscope
(http://www.genoscope.cns.fr/externe/arabidopsis/
data/bac_ends) and compared the results from both
species with the publicly available chromosomal se-
quences. In our FASTX survey of the Arabidopsis STCs,
we found 1197 and 143 STCs homologous to retroele-
ments and transposases, respectively. Although the ac-
tual numbers differ, the proportions of TEs in the rice
and Arabidopsis STC databases are nearly the same,
with 8.2% of the Arabidopsis STCs and 9.3% of the rice
STCs showing homology to a TE. Within each species,
retroelements account for 89.3% of Arabidopsis TE–
STCs and 88.0% of rice TE–STCs (Fig. 2). The TE
content of the chromosomal sequences from each
plant shows slightly different proportions. The anno-
tation of Arabidopsis chromosome 2 identified 563 TEs
with 404 (71.7%) retroelements (Lin et al. 1999). Simi-
larly, a survey of a 1-Mb PAC contig from rice chromo-
some 1 sequenced by the Rice Genome Research Pro-
gram (http://www.dna.affrc.go.jp:82/genomicdata/
GenomeFinished.html) revealed 68 unique regions
homologous to TEs in TFASTX searches with the pro-
teins of our 1358-member TE database. Of these 68

Table 1. Transposable Element Content of the Rice
STC Database

Class Element No.

I Gypsy-like 4124
Copia-like 1401
non-LTR 502

II Transposons 821
Other MITEs 2746

Pararetrovirus-like 3
Total 9597

Figure 1 Classification of retrotransposons identified by FASTX
and TFASTX searches. Fractions shown are percentages of total
retrotransposon-containing STCs. FASTX searches were con-
ducted using the rice STC database as queries to search the 1358-
member TE database. Classification as gypsy, copia, or non-LTR
was made on the basis of the most similar transposable element
protein sequence. TFASTX searches were conducted using Gypsy-
like rice RIRE2 (BAA84458, 1397 homologous STCs), Copia-like
Hopscotch from maize (T02087, 528 homologous STCs), and a
rice non-LTR LINE (CAA73800, 119 homologous STCs) as queries
to search the STC database.
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unique TE-like regions, 66.1% are homologous to ret-
roelements (Fig. 2).

On the basis of these results, it is clear that the
proportions of retroelements present in both the Ara-
bidopsis and rice STC databases are slightly higher than
preliminary estimates of the actual genomic content.
The over-representation of retroelements is not likely
to be the result of errors in the FASTX analysis, as the
TEs of the 1-Mb rice PAC contig was analyzed in a
similar way (TFASTX) and also showed a lower propor-
tion of retroelements than identified in the rice STCs.
Further, if we eliminate STC redundancy by examining
only STCs that are <95% identical to each other, we
find 729 TE–STCs in Arabidopsis (628 of which are ret-
roelements) and 3104 TE–STCs in rice (2754 of which
are retroelements). In both the redundant and nonre-
dundant STC analyses, the ratio of retroelements to
transposases is ∼9 to 1 (Fig. 2). Thus, the over-
representation of retroelements appears to be inherent
to both STC databases and may be due to cloning-site
bias.

Novel TE Subfamilies in Rice STCs
Despite the over-representation of retroelements in the
rice STCs, the current theoretical density of 1 STC ev-
ery 9 kb across the rice genome affords us many pos-
sibilities to observe STCs homologous to TEs unknown
previously or rarely discovered in rice. We found STCs
homologous to maize Activator, En/Spm, and Mutator
transposons as well as Mariner transposons and pararet-
rovirus coat proteins. Phylogenetic analyses of these
sequences revealed two separate subfamilies of Activa-

tor, several subfamilies of Mariner paralogs in
various plants, and a potentially novel endog-
enous pararetrovirus in rice.

Activator
We found 75 STCs with homology to maize Ac
ORF1, but no STCs homologous to Ac ORF2. A
Fitch-Margoliash (1967) protein phylogeny
of Activator ORF1 sequences, including two
rice Activator homologs identified in the STC
database, showed two separate paralogs of
Activator present in rice (Fig. 3A). Rice STC
OSJNBa0076F14f is probably a rice ortholog of
Activator, because the branching pattern of
maize, pearl millet, and rice is the same as
would be expected from a species phylogeny
(Macrae et al. 1990, 1994; Paterson et al.
1996). Clearly, the rice STC OSJNBa0005B04f
is a paralog of Activator and may have diverged
from the line leading to Activator and snap-
dragon Tam3 early in plant evolution.

En-Spm/Tam1
We found 324 STCs homologous to the TNP2
protein from Antirrhinum TAM1 transposon

(CAA40555), making it the most abundant class II
transposon in the STC database. Over-representation
could occur, as TNP2 is 752 amino acids, and multiple
STCs from the same genomic element may align to
different regions of the TNP2 query. Nevertheless, the
large quantity of TNP2 homologs implies that rice ge-
nome contains a substantial amount of En-Spm/Tam1-
like transposons, even though no activity of En/Spm
elements has been detected in rice so far.

Mutator
A total of 122 STCs were found to be homologous to
the maize mudrA gene product, suggesting that the
rice genome may contain Mutator-like elements; how-
ever, the most similar STC (OSJNBa0036C06f) is
only 55.8% identical in a 238-amino acid alignment.
The previously known rice mudrA homolog Os-MuDR
(AB012392, Yoshida et al. 1998) is also not present in
our STC database (the closest match is only 47.5%
identical over a 120-amino acid alignment). Together,
these results imply the presence of a number of mudrA
paralogs in the rice genome.

Mariner
Five STCs were identified as homologous to the soy-
bean mariner-like transposon soymar1 (AAC28384). A
Fitch-Margoliash protein phylogeny of translations of
these STC sequences together with other plant mariner
homologs identified from GenBank reveals that the
rice STCs are probably not orthologous to soymar1 (Fig.
3B). From the phylogeny, it appears that soymar1 and
the other plant mariner-like elements diverged early in

Figure 2 Proportions of retroelements found in redundant STCs, nonredun-
dant STCs, and genomic sequences from Arabidopsis and rice. Transposable
element homologies were identified as described in text. Classification of Ara-
bidopsis chromosome 2 transposable elements was obtained from the chromo-
somal annotation (Lin et al. 1999). Total observed homologs are as follows:
Nonredundant STCs: 350 rice transposases, 2754 rice retroelements; 101 Ara-
bidopsis transposases, 628 Arabidopsis retroelements. Redundant STCs: 821 rice
transposases, 6027 rice retroelements; 143 Arabidopsis transposases, 1197 Ara-
bidopsis retroelements. Genomic DNA: 23 rice transposases, 45 rice retroele-
ments; 159 Arabidopsis transposases, 404 Arabidopsis retroelements.
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plant evolution. A minimum of two mariner paralogs
appear in the rice STCs alone, and, if they are ortholo-
gous to each other, the Arabidopsis and Medicago ge-
nome survey sequences shown in the phylogeny com-
prise a fourth plant paralog of Mariner. During the
preparation of this work, several mariner-like sequences
have been identified and annotated in rice genomic
sequences (AF172282, AP000837, AP000836); al-
though to our knowledge, this is only the second pub-

lished report of a monocot mariner homolog (Tarchini
et al. 2000).

Pararetrovirus coat proteins
Although technically not TEs, fragments of a unique
pararetrovirus sequence found in the tobacco genome
(TPVL) interspersed at an estimated frequency of 103

per diploid genome (Jakowisch et al 1999). Jakowisch
et al. suggest that a special mechanism of pararetrovi-

Figure 3 Phylogenies of TE homologs in the rice STC database. All phylogenies were constructed using the Fitch-Margoliash (1967)
method. (A) Phylogeny of Activator-like protein sequences, derived from a partial-length multiple sequence alignment of 197 amino acids.
Sequences from top to bottom are maize Activator (P08770), pearl millet Activator homolog (1091678), rice STC OSJNBa0076F14f, snap
dragon Tam3 (S13518), Arabidopsis putative transposase (AAD24567), rice STC (OSJNBa0005B04f), and human putative transposon
(NP_004720). Translations of rice STCs were obtained from TFASTX alignments of maize Activator (P08770) with the STC database. (B)
Phylogeny of Mariner-like protein sequences, derived from a partial-length multiple sequence alignment of 107 amino acids. Sequences
from top to bottom are Arabidopsis thaliana genome survey sequence 1851xb.lb4 (AF005799), Medicago truncatula genome survey
sequence 14-E-22–029 from the Crop Biotechnology Center, Texas A & M University (AQ841462), rice STCs OSJNBa0034B17f and
OSJNBa0063J06f, soybean Mariner element soymar1 (AAC28384), and flatworm Girardia tigrina mariner-3 (CAA56859). Translations of
rice STCs and other genome survey sequences were obtained from TFASTX alignments of soymar1 with the rice STC database and
GenBank. (C) Phylogeny of pararetrovirus coat protein sequences, derived from a partial-length multiple sequence alignment of 220
amino acids. Sequences are from rice tungro bacilliform virus (RTBV, AAD30194), banana streak virus (BSV, CAA05264), cacao swollen
shoot virus (CSSV, AAA03171), Commelina yellow mottle virus (CYMV, S11479), sugarcane bacilliform virus (SBV, S27938), and rice STC
OSJNBa0074G14r. Translation of rice STC was obtained from a TFASTX alignment with CYMV protein 3 (S11479).

Rice Transposable Elements in STC Database

Genome Research 985
www.genome.org

 Cold Spring Harbor Laboratory Press on June 4, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


rus dispersion and integration is sustaining such an
unusually high copy number in the tobacco genome.
To assess whether similar pararetrovirus-like sequences
exist in the rice genome, we compared 36 pararetrovi-
rus protein sequences with the rice STC database using
TFASTX. The results showed that only three STCs are
homologous to a pararetrovirus coat protein sequence
found in Commelina yellow mottle virus, rice tungro
bacilliform virus, and banana streak virus. Further, a
multiple sequence alignment (data not shown) re-
vealed that these three were most likely from the same
element that integrated at minimum three times in the
genome. The very low frequency of these homologs
suggests that pararetrovirus-like sequences, such as
TPVL, are not present in the rice genome; however, a
Fitch-Margoliash protein phylogeny of these coat pro-
teins (Fig. 3C) shows that the rice STC sequence is most
similar to the coat protein sequence from rice tungro
bacilliform virus but is not identical. This divergence
may have resulted from a very ancient integration of
the protein sequence of the tungro bacilliform virus, or
the existence of an unknown rice pararetrovirus that is
distantly related to the tungro bacilliform virus.

Miniature Inverted-repeat Transposable Elements
The first reported MITEs were the maize Tourist and
Stowaway families (Bureau and Wessler 1992, 1994a,b),
which were subsequently reported in rice (Bureau et al
1996; Song et al. 1998). To identify MITEs in the rice
STC database, a FASTA search (Pearson and Lipman
1988) was performed against the STC database by use
of 23 known MITEs as query sequences (Bureau et al.
1996; Song et al. 1998). Because DNA—DNA sequence
comparisons detect distant homology relationships
poorly (States et al 1991; Pearson 1997), the sequence
of the lowest-scoring significant STC with a full-length
alignment to a known MITE was also used as a query in
a second FASTA search of the rice STC database. Even
so, the total number of MITEs was almost certainly
underestimated and should be considered as a mini-
mum only.

A total of 2746 STCs were found to contain various
MITES as shown in Table 2. Several rice MITEs were
represented abundantly, with nine MITEs showing ho-
mology to >100 STCs. The most abundant MITE in the
rice STC database is Truncator, with 491 unique ho-
mologous STCs, followed by Tourist with 391 ho-
mologs, and Wanderer with 353 homologs. The two
least frequent MITEs in the STC database are Krispie (no
STC homolog) and Pop (11 STCs). Interestingly, apart
from maize Tourist and Stowaway, no non-rice MITEs
were present in our STC database. Searches with bell
pepper Alien (X87869), Medicago Bigfoot (AJ237732),
maize Heartbreaker (transcribed from Zhang et al.
2000), and sorghum S-1, S-2, and S-3 (annotated in
AF010283) showed no homologous STCs. Further-

more, MITEs that were first discovered in African Oryza
species (Crackle, Krispie, Pop, and Snap from O. longis-
taminata and p-SINE1 from O. glaberrima) appear to oc-
cur with less frequency than other rice MITEs. Whereas
known Oryza sativa MITEs occur with an average num-
ber of 222.6, non-sativa MITE occur with an average
number of only 15. The lack of most of the non-rice
MITEs and the biased representation of non-sativa
MITEs in the STC database strongly supports a species-
specific distribution for MITEs.

Bureau and Wessler (1994a) have noted that the
MITE Tourist appears to be associated with genes in
maize, rice, and sorghum; however, their sample size
was very low. Recent work on the maize Heartbreaker
element confirms that these MITEs also appear to be
associated with genes (Zhang et al. 2000). To ascertain
whether this positional bias of MITEs extends to all
MITEs in the rice genome, we used BLASTN (Altschul et
al. 1997) to compare the rice STC library with the TIGR
Rice Gene Index (OGI; Quackenbush et al. 2000). Our
results show that 48.3% of MITE-containing STCs
(MITE–STCs) are also homologous to a sequence in
OGI (BLASTN E<10�7); whereas only 11.5% of MITE-
lacking STCs show homology to an OGI sequence. This
bias is more remarkable when one considers the aver-
age length of the STCs; when an STC shows homology
to both an OGI and a MITE sequence, the MITE must
be within only a few hundred nucleotides of the tran-
scription region.

Broken down by MITE, we find a surprising varia-
tion of gene positioning among the different MITE
families (Fig. 4). Only 10.5% of 181 Explorer-containing
STCs are also homologous to an OGI sequence, but
nearly every Stowaway-containing STC (95.8% of 166)
is also homologous to an OGI sequence. It is impos-
sible to say whether our results indicate that certain
MITEs do not insert near genes in the rice genome or
that some MITEs insert further than a few hundred
nucleotides from the transcription region. In either
case, our results clearly demonstrated that the associa-
tion of MITEs with genes is not uniform among differ-
ent MITEs.

Rice TEs Are Not Clustered
TEs in plants with small genomes such as Arabidopsis
(∼130 Mb) were shown clustered only at the pericen-
tromeric regions (Lin et al. 1999; Mayer et al. 1999).
Similarly, Ty3/Gypsy-related DNA fragment from sor-
ghum has been shown present in centromeres of sor-
ghum, wheat, maize, and rye (Miller et al. 1998), and
several centromeric repeats from the rice cultivar In-
dica are also retroelement-related (Dong et al. 1998).
On the other hand, in grasses with large genomes such
as maize (∼2500 Mb), retrotransposons can be clustered
along the chromosomes, inserting between the genes
(SanMiguel et al. 1996, 1998). Recent work has shown
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that the large size of maize genome is largely due to
retroelements that have inserted in the last 6 million
years (SanMiguel et al. 1998). To analyze possible po-
sitional bias of TEs in the rice genome, we mapped our
TE–STCs onto the physical map contigs assembled at
CUGI. Presently, the CUGI physical map consists of
73,728 clones in 1018 contigs (G. Presting and R.
Wing, unpubl.). To estimate gene location, we have
mapped EST-containing STCs to this map as well.

We identified EST matches using BLASTN to
search the rice gene index (OGI) as described above.
STC matches from both the OGI and TE database
searches were associated with their physical contigs,
and the TE and EST contents of each contig were ex-
amined. If TEs were positioned in the rice genome
away from genes, we would expect to see a negative
correlation between TE and EST content of the physical
map contigs, but our results show no correlation what-
soever (Fig. 5). This implies that the TEs and genes of
the rice genome appear to be randomly distributed.

DISCUSSION

The TE Compositions in the Rice Genome
We analyzed the TE content in 73,362 STC sequences
by a protein homology search of each STC against a set
of 1358 TE proteins downloaded from GenBank. A to-
tal of 6848 STCs were found to contain regions ho-
mologous to the known TEs, representing 9.3% of the
STCs in the rice STC database. In contrast to a survey of
the TEs on a 1-Mb PAC contig from chromosome 1, our
TE–STCs were primarily retroelements (88.0%). The
TEs on the 1-Mb PAC contig were only 66.1% retro-
transposon. The over-representation of retrotrans-
posons in the rice STCs is not due to the redundancy of
the rice database, and curiously enough, is also observ-
able in 16,360 Arabidopsis STCs. Nevertheless, counting
MITE, retrotransposon, and transposon alignments
with the redundant STCs, we find that the TE–STCs
discussed in this paper cover 2.2 Mb of genomic DNA,
only 4.5% of the total sequenced nucleotides. Al-

Table 2. MITEs Identified in the STC Database by FASTA Searchesa

MITE Query sequences (nucleotides) STCs

Amy/LTP O. sativa Ramy2A (M74177), 1613-1991
b 67

Castaway O. sativa salt tolerance protein salT (Z25811), 332–695
OSJNBa0039G21f, 185-560 157

Crackle O. longistaminata Xa21 member F (U72729), 6202–6585
OSJNBa0084B03f, 354-736 28

Ditto O. sativa 16.9 kDa heat shock protein (M80938), 635–878
OSJNBa0017O06f, 311-557 228

Explorer O. sativa thioredoxin h (D26547), 514–689
OSJNBa0045D17r, 221-382 181

Gaijin O. sativa aspartic protease (D32165), 302–448
OSJNBa0001F16r, 523-667 315

Krispie O. longistaminata Xa21 member D (U72726), 10020–10975
b 0

Pop O. longistaminata Xq21 member C (U72723), 11899–12023
OSJNBa0040H11f, 514-649 11

p-SINE1 O. glaberrima p-SINE1-r1 (D10677), 1–881
b 17

Snabo-1 O. sativa Sh2/A1-homologous regions (AF101045), 15692–16146
OSJNBa0021G09r, 69–519 31

Snabo-2 O. sativa Sh2/A1-homologous regions (AF101045), 22996–23349
OSJNBa0032H07r, 350–581 89

Snabo-4 O. sativa Sh2/A1-homologous regions (AF101045), 26699–26918
OSJNBa0012F13r, 113–323 202

Snap O. longistaminata Xa21 member A1 (U72725), 7432–7614
OSJNBa0014O10f, 400-586 19

Stowaway O. sativa putative transcription factor X1 (AF101045), 7044–7187
OSJNBa0074P07r, 486-628 166

Tourist O. longistaminata Xa21 member F (U72728), 1077–1239
OSJNBa0027M15f, nt 196-353 391

Truncator O. longistaminata Xa21 member E (U72724), 5211–8128
b 491

Wanderer O. sativa prepro-glutelin (D00584), 1146–1366
OSJNBa0041D03f, 631-841 353

aLowest-scoring STC homologue with a full-length alignment was used as a query in a second FASTA search
of the STC database, and total unique homologues (E < 10�4) from both searches were recorded.
bNo full-length alignments with Amy/LTP, Krispie, p-SINE1, or Truncator were observed.
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though the actual number of TEs will remain unclear
until the whole rice genome is sequenced, our present
analysis shows that TE content of the rice genome is
probably <10%.

Our FASTX survey of the rice STCs also revealed
that almost all known TEs are present in the
rice genome. Sequences of 821 STCs were ho-
mologous to class II TEs, including maize Ac-
tivator, En/Spm, and Mutator. Transposons that
are rarely known in plants, such as mariner,
were also present in the STC database. Phylo-
genetic analyses of the mariner elements iden-
tified in this study reveal the existence of mul-
tiple subfamilies of mariner in plants. We also
identified what appears to be a novel variety
of rice tungro bacilliform virus, which appears
to be endogenous to the rice genome.

Our results also show the abundance of
MITEs in the rice STC database. We found
2746 STCs that contain regions homologous
to known MITEs. Some MITEs, such as maize
Stowaway, are found in numerous species of
plants, including both monocots and dicots
(Bureau and Wessler 1994b), but our results
clearly show a species-specific distribution of
many MITE sequences. MITEs first identified
in African rice species are present in only low
copy numbers in the Nipponbare STC data-
base. Furthermore, we also showed that the
gene-preferring insertion bias of some MITEs
may not be universal to all MITEs. Although
both Explorer and Stowaway MITEs were found
in >100 STCs, only 10.5% of Explorer-
containing STCs compared with 98.5% of

Stowaway-containing STCs were found to also contain
regions homologous to a sequence in the rice gene in-
dex, indicating the presence of a gene. This difference
may be due to true insertion bias of Explorer and Stow-
away, positional bias (Explorer inserts near genes but far
enough from the transcript to be undetectable in the
STC database), or a representation bias in the rice gene
index (Explorer inserts near genes that are transcribed
infrequently and thus unlikely to be detected in an EST
survey). In any case, our results clearly show the use-
fulness of MITEs for gene discovery as nearly half
(48.3%) of the MITEs identified in the STC database
were within a few hundred nucleotides from transcrip-
tion regions. MITEs may be especially important for
crop plants with large genomes, such as maize, barley,
and wheat, for which no large-scale genome-
sequencing project will be attempted in the near fu-
ture.

The Distribution of TE–STCs Across Rice Genome
and Implications for Genome Sequencing
The completion of two Arabidopsis chromosomes (2
and 4) for the first time provides insight into the physi-
cal distribution of TEs along higher plant chromo-
somes (Lin et al. 1999; Mayer et al. 1999). Arabidopsis
TEs are mainly clustered around the centromeres. Clus-
ters of retrotransposons have been reported in the in-

Figure 5 A scatterplot of the EST and TE contents on 1018 rice contigs. TE
homologs in the STC database were identified by FASTX searches (E<10�5), as
described in text. EST homologs in the STC database were identified by
BLASTN searches of the Rice gene index (E<10�6) using STCs as queries.

Figure 4 MITEs are differentially associated with ESTs. Percent-
age of MITE-containing rice STCs that also show homology to a
sequence in the Rice Gene Index (BLASTN E-value<10�6), dis-
played by MITE type. Only MITEs with >100 STC homologs are
shown.
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tergenic regions on the maize chromosomes where ret-
rotransposons constitute up to 50% of the genome
(SanMiguel et al. 1996). Although 340 kb of genomic
DNA surrounding the Adh1 gene from rice has been
analyzed, the insertion of large clusters of retroele-
ments was not observed in the rice intergenic regions
(Tarchini et al. 2000). Our analysis of the physical lo-
cation of 6848 TE–STCs did not reveal obvious TE clus-
tering regions in 1018 physical map contigs, confirm-
ing the results of Tarchini et al. (2000).

The STC strategy to identify a minimum tile of
large-insert clones for genome sequencing has been ap-
plied to the human and Arabidopsis genome projects
(Venter et al. 1996) and has proven to be highly effec-
tive (Kelley et al. 1999; Siegel et al. 1999). The low
content of TEs in the STC database and their apparent
random distribution on the physical map both con-
firm the quality of the rice genome as a model crop
genome. The lack of large blocks of known retrotrans-
posons, which require painstaking effort to resolve
during sequence assembly, is good news for the rice
genome sequencing community. With the interna-
tional rice genome project now on track, a complete
assay of the sequence composition and organization of
rice genome will soon become reality and will provide
a more lucid picture of the role of transposable ele-
ments in the genome evolution of rice and related ce-
reals.

METHODS

BAC End Sequencing
A total of 4 µl of BAC culture in LB freezing medium was
inoculated into 4 ml of LB medium containing chloram-
phenicol and incubated for 20 hr at 37°C. BAC DNA was iso-
lated using the Autogen 740 (Integrated Separation System)
according to the manufacturer’s instructions. DNA pellets
were resuspended in 25 µl of 1 mM Tris.HCl (pH 7.5). A total
of 20 µl were used as the template for sequencing reactions in
a total volume of 30 µl (5 µl of ABI Big Dye (Perkin Elmer); 50
pmole primer; 1.75 µl sequencing buffer containing 800 mM

Tris.HCl (pH 9.0) and 20 mM MgCl2; 2.25 µl dH2O). Cycle
sequencing reactions were performed as one cycle for 4 min at
95°C, followed by 70 cycles of 15 sec at 95°C, 10 sec at 51°C,
and 4 min at 60°C. Cycle-sequencing products were precipi-
tated with ethanol containing 1/3 volume of 7.5 M NH4OAc
and run on ABI377 automatic sequencers. The sequence
traces were then transferred to a Sun workstation and base
called by Phred, and vector sequences were masked by CROSS-
_MATCH software packages (Ewing and Green 1998).

Sequence and Statistical Analysis
FASTX (Pearson et al 1997) was used to compare all Nippon-
bare STCs with a database of 1358 transposable-element pro-
tein sequences obtained from GenBank, by use of batch En-
trez. Additional transposable elements were detected by
FASTA searches (Pearson and Lipman 1988) of the STC data-
base using known MITEs as queries and by TFASTX (Pearson
et al. 1997) searches using pararetrovirus protein sequences as

queries. For phylogenetic analysis, CLUSTALW (Thompson et
al 1994) was used to generate multiple sequence alignments,
and the PROTDIST and FITCH programs of the PHYLIP pack-
age (Felsenstein 1993) were used to estimate sequence dis-
tances and phylogenies, respectively. For all alignments used
in phylogenies, translations of the STCs were derived from
FASTX alignments and end gaps were trimmed. Statistics were
calculated using Splus version 5. All FASTA, FASTX, and
TFASTX searches were run on a Dell PowerEdge2300 server
running LINUX 6.1; all other software were run on a Sun
Ultra30 running Solaris 2.6. The complete CUGI STC database
is available at ftp.genome.clemson.edu.
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