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Abstract We determined copy numbers of p-SINEI,
a short interspersed element (SINE) in rice, and found
that p-SINEIl was distributed in the Oryza sativa
genome with an average spacing of about 1 member per
70 kb. We identified 31 p-SINEI members located at
different loci by cloning and characterized them by
sequencing. Comparison with a consensus sequence
derived from their sequences revealed that all of the
p-SINE1 members contained base substitution muta-
tions at various positions. In addition to the substitu-
tions, some members contained deletions, insertions
and tandem duplications of a few bases or of a large
DNA segment. These mutations seem to have occurred
to inhibit transcription from each p-SINEI member by
RNA polymerase I1I. PCR using a pair of primers that
hybridize with the sequences flanking each p-SINEI
member revealed that many of the p-SINE1 members
were present at corresponding loci in strains belonging
to all rice species carrying the AA genome. Several of
them were, however, present at corresponding loci in
strains belonging to a limited number of species or in
a limited number of the strains belonging to a rice
species. These p-SINE1 members are supposed to be
useful in the identification and classification of various
rice strains with the AA genome. Simple tandem re-
peats of a trinucleotide (CAT) or dinucleotide (AG)
sequence existed in the flanking regions of 2 p-SINE]
members. Such repeats, called microsatellite DNA, var-
ied in number even in the cultivated rice strains exam-
ined, suggesting that microsatellite DNA is useful for
the identification and classification of cultivars.

Key words Retroposon + SINE - Target site

duplication + Oryza sativa + AA genome
Communicated by J. Beckmann
R. Motohashi - K. Mochizuki + H. Ohtsubo - E. Ohtsubo (&)

Institute of Molecular and Cellular Biosciences,
The University of Tokyo, Bunkyo-ku, Tokyo 113, Japan

Introduction

SINEs (short interspersed elements) are retroposons
which make their copies by the retroposition of RNA
made by RNA polymerase III. The human Alu se-
quence was the first SINE to be identified and char-
acterized (Schmid and Jelinek 1982; Lee et al. 1984;
Nelson et al. 1989; Batzer et al. 1990, 1994). Many other
kinds of SINEs have been found in mammals, fish and
insects: rodent B/ and B2 (Krayev et al. 1982), canoidae
Can (Coltman and Wright 1994), artiodactyl PREI
(Kaukinen and Varvio 1992), equine ERE-1 (Sakagami
et al. 1994), salmon Hapl (Murata et al. 1993), squid SK
(Ohshima et al. 1993) and chironomid CPI (He et al.
1995). Several kinds of SINEs have even been found in
plants: p-SINE1 in rice (Umeda et al. 1991; Mochizuki
et al. 1992), TS in tobacco (Yoshioka et al. 1993) and
SIbn in Brassica napus (Deragon et al. 1994). It is thus
evident that SINEs are ubiquitous elements in higher
eukaryotes.

We have previously identified seven numbers of
p-SINE1 located at different loci in the Oryza sativa
genome. These contain a promoter for RNA poly-
merase 111, like the SINEs of the animal system, and an
AT-rich region with a variable length of T-rich py-
rimidine tract at the 3’ end (Umeda et al. 1991; Mo-
chizuki et al. 1992). Direct repeats of target sequences
are present at the regions flanking each p-SINEI mem-
ber. Some p-SINE1 members are present at correspond-
ing loci in strains belonging to two closely related
species, O. sativa and O. rufipogon, but not in strains
belonging to the other rice species with the AA genome.
These p-SINEI members are assumed to have been
inserted into the respective loci by retroposition during
divergence of the rice species (Mochizuki et al. 1992;
Hirano et al. 1994). These p-SINE members have been
shown to be useful for identifying and classifying vari-
ous rice strains carrying the AA genome (Mochizuki
et al. 1993; Ohtsubo et al. 1993).
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In this paper, we report first that there is an extraord-
inary number of copies of p-SINEI in the Oryza sativa
genome. We then report the identification and charac-
terization of many members of p-SINEI, which con-
tained various kinds of mutations including those
caused by a drastic change in a large DNA segment.
These mutations seem to have occurred to inactivate
each p-SINE] member which is not transcribed by RNA
polymerase III. Some of the p-SINEI members would
be useful for classifying various strains of rice, which
self pollinate to give offspring, and for inferring their
relationships.

Materials and methods

Rice strains

The rice strains used are listed in Table 1. Total DNA from these
strains was prepared as described previously (Ohtsubo et al. 1991).

Polymerase chain reaction (PCR), inverse PCR (IPCR)
and cloning of the amplified fragments

PCR and IPCR were carried out as described previously (Tenzen et
al. 1994) using a relevant pair of primers (Table 2). The PCR
products were cloned essentially as described by Tenzen et al. (1994),
except that they were ligated to the linear pCR™II vector DNA
supplied with the TA cloning kit (Invitrogen) and introduced into
INVo F’ cells (Invitrogen).

Screening of clones from a genomic library

The EcoRI-digested total DNA from O. sativa L. cv. ‘IR36’ was
ligated with the EcoRI-digested DNA of plasmid pUC118 (Vieira
and Messing 1987) and then transformed into Escherichia coli XLI-
BLUE MRF cells; the ampicillin-resistant transformants were se-
lected on plates containing 100 pg/ml of ampicillin. Colony blotting
and hybridization was essentially carried out as described by Sam-
brook et al. (1989) using the p-SINEI probe, Mc3con (Table 2). The
probe DNA was labeled at its 5 ends with y-[32P]JATP (Amersham,
185 TBqg/nmol) using phage T4 polynucleotide kinase (Takara).

Table 1 A list of rice strains used for genomic testing

Species Strain Reference or source
0. sativa L. Nipponbare Mochizuki et al. 1993
ecosp. japonica cv. Koshihikari K. Okuno
Sasanishiki Mochizuki et al. 1993
T65 Mochizuki et al. 1993
0. sativa L. 1IR36 K. Okuno
ecosp. indica cv. 108 Mochizuki et al. 1993
C340 Mochizuki et al. 1993
C5924 Ohtsubo et al. 1991
0. glaberrima w025 Y. Sano
GMS1 Mochizuki et al. 1993
W440 Mochizuki et al. 1993
0. longistaminata W1451P1 Mochizuki et al. 1993
0. meridionalis W1625 Mochizuki et al. 1993
0. glumaepatula W1192 Y. Sano

DNA sequencing

Sequencing reactions were carried out using the Tagq cycle se-
quencing kit for Shimadzu DNA sequencer ver.2 (Takara), and
DNA sequences were analyzed in a 4.5% Long Ranger gel (AT
Biochem) using an automatic sequencer DSQ-1000 (Shimadzu).
Alternatively, sequencing reactions were carried out using the
Dye-termination sequencing kit (Applied Biosystems), and DNA
sequences were analyzed in a 6% polyacrylamide gel using an
automatic sequencer 373A (Applied Biosystems).

Slot-blot hybridization

Solutions of total rice DNA at concentrations of 200, 100, 50, 25,
12.5, 6.25, 1.56, 0.78, 0.39, 0.19 or 0.09 pg/ml in a total volume of
100 pl were prepared. Slot-blot hybridization was carried out using
the [3?P]-labeled MC3con DNA as a probe, as described previously
(Tenzen et al. 1994), except that hybridization was carried out 55°C,
and the filter was washed in 2 x SSC, 0.1% SDS for 10 min at 55°C
followed by washing twice in 0.1 x SSC containing 0.1% SDS for
10 min at 55°C. The copy number was estimated by using the DNA
of plasmid pKAY3 or pKAYS, a pUC118 derivative carrying an
insert with p-SINEI-13 or p-SINE1-15, respectively (Mochizuki et al.
1992), as control. The size of the haploid rice genome was considered
to be 4.3 x 108 bp (Arumuganathan and Earle 1991).

Accession numbers

The nucleotide sequence data reported appears in the DDBJ, EMBL
and GenBank nucleotide sequence databases under the accession
numbers, D85045 ~ D85067.

Results
Copy numbers of p-SINE in rice genomes

Previous Southern hybridization analysis indicated
that p-SINE] is dispersed in the chromosomes of O.
sativa and O. glaberrima (Umeda et al. 1991). We deter-
mined the copy number of p-SINEI in O. sativa L.
cv ‘Nipponbare’ and O. glaberrima GMSI1 by slot-blot
hybridization to be about 6,500 and 3,000 per haploid
genome, respectively (not shown), which indicated that
the p-SINE1 members were distributed at an average
spacing of about 1 member per 70 kb in the O. sativa
genome. These members must, however, be assumed to
be distributed at random in the rice genome, and some
of them therefore, closely linked to each other in one of
two orientations in the rice chromosomes. We thus
tried to amplify the fragments containing the regions
flanked by 2 p-SINEI members by PCR using primers
cpl3 and cp23, either singly or as a pair; these primers
hybridize with sequences located inside the p-SINE1
entities (see Table 2). Gel electrophoresis revealed that
any one of the primers produced PCR-amplified frag-
ments, showing length polymorphism, from the total
DNA of three strains belonging to O. sativa and O.
glaberrima (Fig. 1). Some fragments seemed to be
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oligodeoxyribonucleotides used Oligonucleotide Sequence (5" — 3') Position
in this study.
Oligodeoxyribonucleotides Mc3con CCCAGGGGTCTTCCGGCTAGCTCCACAA
Mc3con, S61 and S62 were used GGTGGTGGGCTAG 9-49
as probes to identify p-SINE1 Se1 AAGAAACGCCCAGGGGTCTTCCAG 1-24
sequence in the clones obtained. S62 GACGCGAATATTAGGGAAGG 98-117
Oligodeoxyribonucleotides cp13 cpl3 ccggaattcTCGGCTAGCCCACCACCTTG 34-53
and cp23 were used as primers for cp23 ccggaattcGGTTCGAAGCCTCACCCCT 58-76
IPCR. Pairs of F21 TCATTGTTTCTCGCCTT
oligodeoxyribonucleotides, F25 F25 GGATGGCTTCAGCAGGATCA
and R25, F29 and R29, etc., were R25 TTCTGACAGGGAATCAAATG
used as primers for the PCR to F29 CTACACTGCTAGTGGTGCTG
amplify the fragments containing R29 TTCACCAACTCTGTCAAATG
p-SINE1-125, p-SINEI-129 etc., F30 CCACATAAGTGCTATGTAGT
respectively. Lowercase letters in R30 GGGCTCCGTCTAGTATACCG
the sequence indicate linker F32 AGTACAGAAGGTAATCACGT
sequences containing the EcoRI R32 AACTGACTCTTATTAGACTGG
site. Numbers are coordinates to R32-CTA TATGGTATTGAGGAGCAGAT
the p-SINE! consensus sequence F34 TTGGACCATTCTTGCACA
defined as 1-122 (see Fig. 2A), R34 AGTAATCACTGCACTTGA
taking the 5’ end of p-SINEI as F38 GTAGCAGAGTTCTGCACTAG
position 1 R38 CACAATATTAAGGTCAGCTT
F102 GATCAAACAGGGTCATT
R102 GATCTGCTGATGTGCCTC
F103 GATCTCTATGTACTCATGT
R103 GATCCAACTGGCTGTTGTCT
Fig. 1A-C An agarose gel (2%) A B C fragments which hybridized with a p-SINE1 probe, S61

showing PCR products. PCR
products were obtained using
primers cp13 and cp23 (A), or
primers cp13 (B) and cp23 (C),
and electrophoresed. Templates
used for PCR were total DNA
prepared for O. sativa ‘IR36’ (lane
1), O. sativa Nipponbare (lane 2),
0. glaberrima GMSI1 (lane 3)

123123 123

generated in common from the rice strains examined,
suggesting that some p-SINEI members were posi-
tioned closely at the same loci in their chromosomes in
one of two orientations.

Identification and characterization of p-SINE
members

p-SINE1 members isolated by IPCR

To identify and characterize p-SINEI members located
at various loci in O. sativa or O. glaberrima, we carried
out IPCR using primers cpl3 and cp23 to amplify
the fragments containing the end regions of p-SINE1
(Table 2). These primers hybridize with the p-SINE]
sequence and prime DNA synthesis towards the out-
side of the sequence. We also used total DNA which
had been digested with Mbol and circularized as a tem-
plate. We obtained 13 clones of the PCR-amplified

or S62 (Table 2). Nucleotide sequencing revealed that
7 clones had the two end sequences of p-SINEI that
flanked chromosomal sequences. We then carried out
PCR to isolate the fragments containing the entire
p-SINE1 sequence by using a relevant pair of primers
that hybridized with the chromosomal sequences (see
Table 2) and by using total DNA as a template. Nu-
cleotide sequencing of the 7 clones of the PCR-ampli-
fied fragments revealed that they actually contained an
entire p-SINE1 sequence, these were named p-SINEI-
r100-r106 (Fig. 2A).

The other 6 clones contained only the sequence of
one end of p-SINE1 which was connected with a chro-
mosomal sequence. We tried to identify these p-SINE1
members with an entire sequence by PCR using
a primer which hybridized with the chromosomal se-
quence flanking a p-SINEI member in each of the
6 clones. This method (which we call one-primer PCR)
is based on the assumption that the fragments contain-
ing the entire p-SINE1 sequence could be amplified by
PCR if the primer used happened to hybridize non-
specifically with the other chromosomal sequence
flanking the p-SINEI member with an entire sequence.
We found that only 1 primer, F21, (Table 2) gave rise to
the PCR-amplified fragment that hybridized with a p-
SINE1 probe Mc3con (Table 2). Nucleotide sequencing
revealed that the fragment in fact contained the entire
p-SINE1 sequence, which we named p-SINEI-r21
(Fig 2A). The other 5 members with an end portion of
the p-SINE1 sequence were then named r107-r109, r111
and r112 as shown in Fig. 2A.
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p-SINE I members isolated by screening from a genomic
library

To identify and characterize more p-SINEI members,
we made a library of plasmid pUC118 containing the
EcoRI fragments of O. sativa L. cv. ‘IR36” and screened
the clones which hybridized with the p-SINEI probe
Mc3con. Nucleotide sequencing of the 17 positive
clones obtained revealed new p-SINE1 members, which
we named p-SINE1-122-138 (Fig. 2A).

The nucleotide sequences of the p-SINE! members
identified above and previously were similar to one
another and could not be classified into subfamilies
(Fig. 2A). A consensus sequence of 122 bp in length was
derived from the nucleotide sequences of all the p-
SINE1 members (Fig. 2A), and each p-SINE1 member
showed about 90% homology with this consensus se-
quence. Every p-SINEI member, except for one, was
flanked by a direct repeat of a sequence between 9 and
17 bp in length which is believed to be the target se-
quence duplicated upon retroposition. The consensus
sequence consisted of two regions: The GC-rich region
(65% GC), which contained the sequences homolo-
gous to those of the internal promoter, “A box” and “B
box”, for RNA polymerase III; and the AT-rich region
(70% AT) with a T-rich pyrimidine tract at the 3’ end
(see Fig. 2A). A computer search revealed that the
homologous sequences of p-SINEI members (or the
consensus sequence) did not show extensive homology
with the other SINEs previously identified in various
organisms. However, they did have features character-
istic of SINEs, such as the GC-rich region containing
the RNA polymerase III promoter, and the AT-rich
region and a T-rich tract preceding the GC-rich region.

PCR using primers that hybridized with the se-
quences flanking each p-SINE1 member generated frag-

o
<

Fig. 2A,B A Nucleotide sequences of p-SINE! members and their
flanking regions. A consensus sequence derived from the aligned
sequences of the p-SINEI! members is shown in boldface uppercase
letters. “A box” and “B box” are the promoter sequences for RNA
polymerase III. Lowercase letters indicate sequences flanking the
p-SINE1 members. Direct repeats in the flanking sequences are
indicated by boldface letters. In each p-SINEI member, nucleotides
identical to those in the consensus sequence are shown by dashes,
and deletions are indicated by slashes. The sequences duplicated in
tandem are depicted by an arrowhead(s) as shown. Two sequences of
a p-SINE member, 129, present in O. sativa IR36 (OslI) and O. sativa
Nipponbare (OsJ) are shown. p-SINE[-r38 actually has an insertion
of transposon Tnr3 at the sequence ATA (boxed), which appeared as
a target site duplication (Motohashi et al. 1996). Asterisks are the
positions of primer cpl3 and cp23 used to obtain the p-SINEI
members by IPCR. The consensus sequence consists of two regions;
the GC-rich region with homology with the tRNA coding sequence
(a solid box) and an AT-rich region (a cross-hatched box) with
a T-rich pyrimidine tract at the 3’end (an open box). Note that
p-SINE] members have a variable length of the pyrimidine tract.
B Nucloetide sequences of the region containing simple tandem
repeats of the AG sequence located downstream of p-SINE1-r102 in
various rice cultivars (see Table 1)
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ments forming one band in a gel upon electrophoresis
(see representative results shown in Figs. 3 and 4). This
indicated that each p-SINEI member was inserted as
a single-copy sequence in the rice genome. However,
PCR using a pair of primers flanking p-SINE1-1r25 was
an exception in that it generated fragments forming two
bands from the rice strains belonging to O. sativa (Fig.
5A). Southern hybridization analysis revealed that the
large fragment, but not the small one, contained the
p-SINE1 sequence (Fig. 5A). The nucleotide sequencing
of the two fragments confirmed this finding (data not
shown), suggesting that p-SINE1-r25 was inserted in
one of two homologous sequences (or genes) present in
the O. sativa genome. We used the sequences flanking
each p-SINEI member as query sequences of the
databases in a computer search and found that no
homologous genes and repetitive sequences to the
flanking sequences existed.

Mutations observed in p-SINEI! members

Comparison of the sequences of the p-SINEI members
with the consensus sequence revealed that many base
substitution mutations existed within each member.
Most of the substitutions were transitions from G/C to
A/T (Fig. 2A). In addition to the substitutions, some
members contained other mutations such as deletions,
insertions and tandem duplications of a few bases
or of a large DNA segment (Fig. 2A). Of those with
mutations of a large DNA segment, r7 and r31 seemed
to have a deletion in the 5-end region of p-SINEI
(Fig. 2A). In the case of p-SINEl-r7 a direct repeat
sequence 9 bp length was seen in the flanking regions;
this was the shortest one found and suggested that in
p-SINE1-r7 a DNA segment had been deleted that
included not only the 5-end region of the p-SINEI
sequence but also a portion of the direct repeat se-
quence of about 14 bp in length which was assumed to
have been duplicated upon retroposition. In the case of
p-SINE1-r31, no direct repeat sequences were seen in
the flanking regions, suggesting that this member had
a deletion of not only the 5’end region of the p-SINE1
sequence, but also of a region which included the entire
direct repeat sequence that was duplicated upon retro-
position. Alternatively, a large sequence may have been
inserted into the 5'-end region of p-SINE[-r31 resulting
in separation of the p-SINE sequence being separated
into two parts.

p-SINE1-r103 was found to contain a tandem dupli-
cation of a large DNA segment, whereas p-SINEI-r38
contained an insertion of a DNA segment 1,536 bp in
length in the sequence 5-ATA-3" within the p-SINE1
sequence (Fig. 2A). The insertion sequence, named
Tnr3, was shown to carry imperfect inverted repeats of
about 13 bp in length at its termini that begin with
5'-CACTA-3’' (Motohashi et al. 1996). Furthermore, the
subterminal regions of Twnr3 contained 35 copies of
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short DNA sequences 15 bp in length as direct or inverted
repeats, indicating that 7nr3 is a transposable element
belonging to the En/Spm family (Motohashi et al. 1996).

Presence or absence of p-SINEI members
in various rice strains

We carried out PCR using a relevant pair of primers
that hybridized with the sequences flanking each
p-SINE1 member to see if that particular p-SINEI was
present (or absent) at the corresponding locus in a set of
strains belonging to various rice species with the AA
genome (0. sativa ecosp. indica ‘IR36’, O. sativa ecosp.
japonica Nipponbare, O. glumaepatula W1192, O. mer-
idionalis W1625, O. glaberrima W025 and O. longis-
taminata W1451P1; see Table 1). When we used
primers hybridizable with the sequences flanking p-
SINE1-r30 or -r34, some rice strains generated PCR
fragments which were hybridized with p-SINEI probe
Mc3con (Table 2). However, the other strains generated
fragments which were smaller in size than those with
p-SINE!l and which were not hybridized with the
p-SINE1 probe (Fig. 3; Table 3). These results indicated
that p-SINE1-1r30 or -r34 was present at corresponding
loci in some rice strains but not in others.

Similarly, another p-SINE1 member, 129, was found
to be present at the corresponding locus in strains
belonging to all rice species except O. longistaminata

Fig. 3A,B Agarose gels (2%) showing the PCR-amplified fragments
with or without p-SINEI-1r30 (A) or p-SINEI-r34 (B). The upper
portion of each panel shows an ethidium bromide-stained gel, and
the lower portion shows an autoradiogram after Southern hybridiza-
tion with the [32P]-labeled probe Mc3con (Table 2). Arrows indicate
positions of two fragments (317 and 187 bp in length) with and
without p-SINE1-130, respectively, and of two fragments (333 and
198 bp in length) with and without p-SINE1-r34, respectively. Total
DNA used as templates for PCR were prepared from O. sativa ‘IR36
(lane 1), O. sativa 108 (lane 2), O. sativa C340 (lane 3), O. sativa
Nipponbare (lane 4), O. glaberrima WO25 (lane 5) O. glumaepatula
W1192 (lane 6), O. meridionalis W1625 (lane 7) O. longistaminata
W1451 P1 (lane 8)

A p-SINE1-r30
1 2

3 4 5 6 7 8
bp

408

277
200

A

(Fig. 4A; Table 3). The PCR-amplified fragments from
Nipponbare and other strains belonging to O. sativa
ecosp. japonica were, however, slightly larger in size
that those from strains belonging to O. sativa L. ecosp.
indica, including ‘IR36’, and those strains of other rice
species (Fig. 4A; Table 3). Cloning and sequencing
of the PCR-amplified fragments from Nipponbare
revealed that there was a tandem duplication of a large

Table 3 The presence or absence of p-SINE! in various rice strains.
The presence ( + ) or absence (—) of a p-SINE! member at the
corresponding locus in the strains of rice carrying the AA genome
was determined by PCR for the generation of fragments with or
without the p-SINEI member, respectively, using a relevant pair of
primers that hybridize with the regions flanking the members

Strain p-SINEI*

r30 134 129 r103 r38 125

0. sativa L. ecosp. japonica cv.

Nipponbare + + +* x4t 4/
Koshihikari + + +* x4t 4/
Sasanishiki + + e ey -
0. sativa L. ecosp. indica cv.
IR36 + — + +* +F +/—
108 + — + +* o+ 4/
C340 + 4+ 4+ T -
C5492 + + + +* 4+t /-
0. glaberrima
w025 - 4+ 4+ 4T
GMS1 — + + +* 4t 4
0. longistaminata
W1451 P1 — — _ 4% +
0. meridionalis
w1625 4 ax oy
0. glumaepatula
W1192 — + + +F 4t 4/

* +* indicates generation of the PCR fragment with p-SINE! having
a tandem duplication, + "indicates generation of the PCR fragment
with p-SINEI containing transposon Tnr3, blank indicates no gen-
eration of the PCR fragments

B p-SINE1-r34
1 2 3 4 5 86 7 8
bp
408
277
200
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B p.SINE7-r3s

A p-SINE1-r29 1 23465
1 2 3 45 6 7 8 9 10 bp
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Fig. 4A, B Agarose gels (2%) showing the PCR amplified fragments
with or without p-SINE1-129 (A) or p-SINE1-r38 (B). The upper
portion in each panel shows an ethidium bromide-stained gel, and
the lower portion shows an autoradiogram after Southern hybridiza-
tion with the [3?P]-labeled probe Mc3con (Table 2). In A, total
DNA used as templates were prepared from O. sativa ‘IR36’ (lane 1),
0. sativa 108 (lane 2), O. sativa C340 (lane 3), O. sativa Nipponbare
(lane 4), O. sativa Koshihikari (lane 5), O. sativa Sasanishiki (lane 6),
0. glaberrima W025 (lane 7), O. glumaepatula W1192 (lane 8),
0. meridionalis W1625 (lane 9), O. longistaminata W1451P1 (lane
10). Arrows indicate positions of three fragments, 464, 404 and
261 bp in length. In B total DNA used as templates were prepared
from O. sativa ‘IR36’ (lane 1) O. sativa Nipponbare (lane 2), O.
glaberrima WO025 (lane 3), O. glumaepatula W1192 (lane 4), O. meridi-
onalis W1625 (lane 5). Arrows indicate position of two fragments,
1815 and 276 bp in length

DNA segment that started from the middle of p-SINE1
to a site in the 3’ region (Fig. 2A). Interestingly, a p-
SINE1 member, r103, with a tandem duplication of
a different DNA segment within p-SINE] (see Fig. 2A)
was present in all of the rice strains examined, unlike
p-SINE1-129 (Table 3).

p-SINE1-r38 was present at the corresponding locus
in the rice strains examined (Fig. 4B; Table 3). How-
ever, p-SINE1-r38 in strains belonging to O. sativa, O.
glaberrima and O. glumaepatula contained transposon
Tnr3 within the p-SINE1 sequence, while p-SINE-r38 in
0. meridionalis did not (Fig. 4B; Table 3).

As already described p-SINEI-r25 is supposed to be
present in one of the two homologous sequences (or
genes) in O. sativa ‘IR36’. All of the strains belonging to
O. sativa and O. glumaepatula generated two PCR-
amplified fragments; however, only the large fragment
was hybridized with the p-SINE1 probe, indicating that
p-SINE1-1r25 was present in one of the two homologous
sequences in these rice strains, as in O. sativa ‘IR36’
(Fig. 5A; Table 3). The strains belonging to two African
rice species, O. glaberrima and O. longistaminata, how-
ever, generated only the large fragment with p-SINEI-
r25 (Fig. 5A; Table 3). This suggested that the two

homologous sequences contained p-SINEI-125 or that
the homologous sequence which would give rise to the
small fragment with no p-SINE1-r25 was deleted in the
strains belonging to the African rice species. The strain
belonging to O. meridionalis generated only the small
fragment without p-SINE1-r25 (Fig. 5A; Table 3), sug-
gesting that both of the homologous sequences did not
contain p-SINE1-r25 or that the homologous sequence
which would give rise to the large fragment with p-
SINE1-r25 was deleted in the strain examined.

The other p-SINE1 members were present in all of the
rice strains examined, since the generated PCR-ampli-
fied fragments were of the same size and hybridized
with the p-SINE1 probe (data not shown). This in-
dicated that these members were present at the corres-
ponding loci in the rice strains.

Length polymorphism caused by a variation
in the number of simple tandem repeats

p-SINE1-r32 was present at corresponding loci in all of
the rice strains examined. The PCR-amplified frag-
ments containing p-SINEI-r32 from some strains, how-
ever, showed length polymorphism (data not shown).
Nucleotide sequencing of the PCR-amplified fragments
revealed that they contained simple tandem repeats,
called microsatellite DNA, of a trinucleotide sequence
(CAT) at the region, 200 bp from the 3’ end of p-SINEI-
r32, and that this length polymorphism was caused by
a variation in the number of the repeats. To demon-
strate this variation more clearly and to determine the
number of the repeats, we carried out PCR using
primers (F32 and R32-CAT; Table 2) which hybridized
with the sequences flanking the microsatellite DNA
and analysed the PCR-amplified fragments by elec-
trophoresis in a polyacrylamide gel. As shown in
Fig. 5B, polymorphic fragments were generated, which
enabled us to determine the number of the CAT repeats
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A p-SINE1-r25
12 3 4 567 8 910

sl @ <

Fig. 5A An agarose gel (2%) showing the PCR-amplified fragments
with or without p-SINE1-r25. The upper portion of each panel shows
an ethidium bromide-stained gel, and the lower portion shows an
autoradiogram after Southern hybridization with the [32P]-labeled
probe Mc3con (Table 2). Total DNA used as templates were pre-
pared from O. sativa ‘IR36’ (lane 1), O. sativa 108 (lane 2), O. sativa
C340 (lane 3), O. sativa Nipponbare (lane 4), O. glaberrima W025
(lane 5), O. sativa Sasanishiki (lane 6), O. sativa Koshihikari (lane 7),
0. meridionalis W1625 (lane 8), O. glumaepatula W1192 (lane 9),
0. longistaminata W1451 P1 (lane 10). Arrows indicate positions of
two fragments, 332 and 206 bp in length, with and without p-SINE-
125, respectively. B An ethidium bromide-stained polyacrylamide gel
(10%) showing the PCR-amplified fragments with simple tandem
repeats of the CAT sequence. Total DNA used as templates for PCR
were prepared from O. sativa ‘IR36’ (lane 1), O. sativa 108 (lane 2),
0. sativa C340 (lane 3), O. sativa C5492 (lane 4), O. sativa Nipponbare
(lane 5), O. sativa Koshihikari (lane 6), O. sativa Sasanishiki (lane 7),
0. glaberrima GMSI (lane 8), O. glaberrima WO025 (lane 9), O. longi-
staminata W1451 P1 (lane 10). The number of copies of the CAT
sequence in each rice strain examined is shown at the bottom of the
figure

in the rice strains. A strain belonging to O. longi-
staminata generated two fragments with 7 and 10 co-
pies of the CAT sequence (Fig. 5B). The strain used
here has been growing perennially and does not pro-
duce any fertile seeds, unlike the other rice strains (Y.
Sano personal communication; see also Mochizuki
et al. 1993). This indicated that the two fragments were
generated from a pair of homologous chromosomes
probably originating from different strains.

Length polymorphism was also seen in the PCR-
amplified fragments containing p-SINE1-r102. Cloning
and sequencing of the fragments revealed that length
polymorphism was caused by variation in other simple
tandem repeats or microsatellite DNA of the dinucleo-
tide sequence AG in the region downstream of the 3’
end of p-SINE1-r102 (Fig. 2B).

Discussion
p-SINE1 as a retroposon in plant
We determined the copy number of p-SINE! in O. sativa

to be about 6,500 per haploid genome, leading to the
assumption that p-SINEI! members are distributed in

B CAT Repeats
1 2 34 5 6 7 8 9 10

No. of Repeats
11 7 11 11 13 11 13 5 5 7&10

the rice genome at an average spacing of about 1 mem-
ber per 70 kb. Alu (about 300 bp in length) is a human
SINE (Schmid and Jelinek 1982) which is supposed to
be derived from the 7SL RNA gene. On the basis of its
copy number, which is 500,000 per haploid genome,
Alu is assumed to be distributed at an average spacing
of about 1 Alu per 5 kb (Batzer et al. 1990). Although
p-SINE1 appeared less frequently in the host genome
than Alu, various lengths of fragments containing the
regions flanked by 2 p-SINEI members, which were
closely linked in one of two orientations in the rice
chromosomes, could be amplified by PCR using
a primer(s) that hybridizes with a sequence(s) inside
p-SINE1. Length polymorphism may be a useful means
by which to classify various rice strains and to infer
their relationships.

We have identified and characterized 31 p-SINE1
members at different loci in the rice genome. Direct
repeat sequences about 14 bp in length appeared at
regions flanking almost all of the p-SINEI members.
These are supposed to be the target sequences duplic-
ated upon retroposition. The GC contents of these
sequences were about 41%, suggesting that p-SINE1
tended to be inserted into the AT-rich regions like
introns, since the GC contents of exons and introns in
the rice wx gene, for example, are about 61% and 36%,
respectively (Umeda et al. 1991). Alu family elements
are known to be often inserted into microsatellite DNA
as targets (Rogaev 1989). In our study, however, only
one member, p-SINEI-r38, was found to be inserted
into the AG repeat sequences (see Fig. 2A).

The p-SINEI members, with a few exceptions identi-
fied here and previously, were present at corresponding
loci in all of the rice strains with the AA genome that
were examined. This suggests that most p-SINE! mem-
bers have been inserted into the respective loci in an
ancestral rice strain before divergence of the rice species
with the AA genome, whereas the exceptional members
have been inserted into the respective loci in several rice
strains during divergence of the rice species with the AA
genome. We assume that all of these members have
originated from a p-SINEI sequence and accumulated
mutations dependent on the length of time after inser-
tion; the original p-SINE! might have a sequence(s),



which is the same as or very close to the 122-bp consen-
sus sequence with features characteristic for SINEs,
such as the GC-rich region containing the RNA poly-
merase III promoter, and the AT-rich region and
T-rich tract preceeding the GC-rich region (see Fig. 2A).
Comparison of the p-SINE1 sequences with the consen-
sus sequence revealed that those p-SINEI members
which were specifically present in a limited number of
the rice strains with the AA genome had substitution
mutations at a frequency of about 6% on average (see
p-SINE1-r2, -16, -r25, -r29, -r30 and -r34 in Fig. 2A),
whereas the other p-SINE! members had sustitution
mutations at a frequency of about 11% on average.
This may support the assumption described above.

Various mutations occurring in the p-SINEI members

All of the p-SINE1 members contained base substitu-
tion mutations, most of which were transitions from
G/C to A/T (see Fig. 2A). We have previously dis-
cussed that a mechanism may exist that preferentially
introduces a transition from C to T in interspersed
sequences like p-SINE] in rice (Mochizuki et al. 1992).
We have observed that these members also acquired
deletions, tandem duplications and insertions of a few
bases. All of these mutations seem to have occurred to
inhibit the transcription of each p-SINEI member by
RNA polymerase I1I. In fact, almost all of the p-SINE]
members acquired mutations in the “A-box” sequence
of a promoter for RNA polymerase III (see Fig. 2A).

Of the p-SINE1 members, r35 and r36 had a deletion
of a DNA segment, and 129 and r103 contained a tan-
dem duplication of a DNA segment. These mutations
occurred at the 5'region of the “B-box” sequence of
a promoter for RNA polymerase III (see Fig. 2A). An-
other member, p-SINEI-r38, contained transposon
Tnr3 inserted into the sequence located at the 5’ region
of the “B box” (see Fig. 2A). These findings suggest that
the 5" region of the “B box” in p-SINE contains muta-
tional hot spots. This result is interesting when we
consider the results of Alu-Alu recombination which
often occurs at the 3’ region of the “A box” and at the 5’
region of the “B box” of the promoter in the left arm of
the Alu sequence (Lehrman et al. 1987).

As mentioned above, p-SINE[-r38 contained an in-
sertion of Tnr3. We have previously reported that p-
SINE1-r4 in many rice strains contain another trans-
poson, Tnr2 (Mochizuki et al. 1993). This means that
p-SINE1 becomes a good target for transposition be-
cause there is no deleterious effect of any insertions into
p-SINE1 on the growth of plant cells. Expanding on this
connection, we mentioned in the Results section that
a p-SINEI member, r31, may have had a large sequence
inserted into the 5'-end region of the p-SINE1 sequence,
explaining why this member has an abnormal structure
at its 5" end (see Fig. 2A). The sequence joined with
p-SINE1-r31 is 5'---CA-3' (see Fig. 2A), which is a se-
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quence at the ends of long terminal repeat sequences
(LTR) of retrotransposons identified in plants (Grand-
bastien 1992). This suggests that p-SINEI-r31 has ac-
quried an insertion of a retrotransposon. In fact, the
sequence of the region which ends with CA is partially
homologous to that of the retrotransposon, named
RIRE?2, recently identified in our laboratory (unpub-
lished results).

p-SINEI members useful for classification of rice
strains with the AA genome

Among the p-SINE] members identified, p-SIN E1-r30
was present at the corresponding locus in strains be-
longing to O. sativa but was not present at the corres-
ponding locus in strains belonging to other rice species
with the AA genome (see Table 3). p-SINE-r30 may,
therefore, be useful in distinguishing strains belonging
to O. sativa from other closely related species. In this
respect, it is interesting that we have found p-SINE]-
r30 to be present at the corresponding locus in all of the
35 O. sativa strains examined and in about 30% of the
0. rufipogon strains which are thought to be most
closely related to those of O. sativa (our unpublished
results).

p-SINE1-r34 was not present at the corresponding
locus in a limited number of strains belonging to O.
sativa ecosp. indica. Also, p-SINE1 members, 125, 129
and r30, were not present in strains belonging to par-
ticular rice species. Mochizuki et al. (1993) stated that
the 2 p-SINEl members (r2 and r6), which are not
present at corresponding loci in some rice strains, could
be useful for classifying various rice strains with the AA
genome. We believe, therefore, that if the p-SINE1 mem-
bers mentioned above are sought out at corresponding
loci in the rice strains, these strains can be classified and
their relationships inferred in more detail.

We have described here that p-SINE1-129, with a tan-
dem duplication of a large DNA segment, was present
in strains of O. sativa ecosp. japonica, whereas p-SINE I -
r29, without the tandem duplication, was present in
other rice species. p-SINE1-r29 may thus be useful for
distinguishing strains of O. sativa ecosp. japonica
from the O. sativa ecosp. indica. However, it is likely
that the tandem duplication may be resolved by homo-
logous recombination to the original non-tandem
sequence. As described in the Results section, however,
p-SINE1-r103 with a tandem duplication of a different
p-SINE1 segment was present in all rice strains with
the AA genome, indicating that the tandem duplication
is very stable and not subject to homologous recombi-
nation.

We have also described here that microsatellite DNA
consisting of simple tandem repeats of a trinucloetide
sequence were present in the 3’ regions of 2 p-SINE]
members, r32 and r102, respectively, and that the
number of the repeats varied in the cultivars of rice



368

examined. The microsatellites may thus be used for
identification and classification of the rice cultivars.
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