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Abstract Repetitive DNA sequences in the rice genome 
comprise more than half of the nuclear DNA. The isola- 
tion and characterization of these repetitive DNA se- 
quences should lead to a better understanding of rice chro- 
mosome structure and genome organization. We report 
here the characterization and chromosome localization of 
a chromosome 5-specific repetitive DNA sequence. This 
repetitive DNA sequence was estimated to have at least 
900 copies. DNA sequence analysis of three genomic 
clones which contain the repeat unit indicated that the DNA 
sequences have two sub-repeat units of  37 bp and 19 bp, 
connected by 30-to 90-bp short sequences with high sim- 
ilarity. RFLP mapping and physical mapping by fluores- 
cence in situ hybridization (FISH) indicated that almost all 
copies of the repetitive DNA sequence are located in the 
centromeric heterochromatic region of the long arm of 
chromosome 5. The strategy for c[oning such repetitive 
DNA sequences and their uses in rice genome research are 
discussed. 
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Introduction 

Plant genomes contain a large proportion of repetitive 
DNA sequences (Flavell et al. 1974). Studies of these re- 
petitive DNAs may contribute substantially to our under- 
standing of plant chromosome structure and genome or- 
ganization (Lapitan 1992). Two basic types of organiza- 

tion have been observed for repetitive genomic DNA se- 
quences. One type of repetitive sequences consist of short 
repeat units that are tandemly arranged and clustered in 
specific chromosome regions, such as centromeres, telo- 
meres, and heterochromatin (Bedbrook et al. 1980 b; Pea- 
cock et al. 1981; Flavell 1986; Richards and Ausubel 1988; 
Ganal et al. 1991; Wu et al. 1991; Maluszynska and Hel- 
slop-Harrison 1991). The second type of repetitive se- 
quences are interspersed with either unique sequences 
and/or other different repetitive sequences and are scat- 
tered throughout the genome (Bedbrook et al. 1980 a, b; 
Lapitan 1992). 

Recently, a number of studies on repetitive DNA se- 
quences in many higher plants have been reported, such as 
rye (Bedbrook et al. 1980 b; Appels et al. 1981, 1986), 
wheat and barley (Dennis et al. 1980), maize (Peacock et 
al. 1981; Viotti et al. 1985), Arabidopsis thaliana (Marti- 
nez-Zapater et al. 1986), Lycopersicon esculentum (Ganal 
et al. 1988), and Oryza sativa (Wu and Wu 1987, 1992; 
Zhao et al. 1989; Zhao and Kochert 1992). 

The rice nuclear genome contains approximately 50% 
repetitive DNA sequences, as estimated by Cot analysis 
(Deshpande and Ranjekar 1980). However, most of these 
sequences have not yet been identified. We are interested 
in understanding the chromosome structure and genome 
organization of rice (Oryza sativa L.), with emphasis on 
cloning and studying the distribution of repetitive DNA se- 
quences from genomic DNA. We report here the isolation 
and characterization of a chromosome 5-specific repetitive 
DNA sequence from rice through random genomic DNA 
cloning, sequencing, RFLP mapping and physical mapping 
by fluorescence in situ hybridization (FISH). 
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Materials and methods 

Plant materials and DNA isolation 

A japonica variety 'Nipponbare' and an indica variety 'Kasalath' 
were used in this study. Genomic DNA was isolated from leaves us- 
ing the CTAB technique (Rogers and Bendich 1988). 



908 

Cloning of rice nuclear DNA 

For cloning repetitive DNA sequence, HindIII-digested fragments of 
'Nipponbare' nuclear DNA were separated on 1% agarose gel. DNA 
fragments in the range of 1.0 to 4.0 kb were eluted out from the gel 
and ligated to HindIII-cleaved Bluesript II SK + (TOYOBO). E. 
coli NM552 competent cells were transformed with the ligated mix- 
ture, and ampicillin-resistant white colonies were picked out at ran- 
dom. These clones were screened for repetitive DNA sequences. 

Southern blot hybridization 

Genomic DNA of 'Nipponbare' and 'Kasalath' were digested with 
eight kinds of restriction enzymes. Digested DNA samples (2 gg per 
lane) were electrophoresed in 0.8% agarose gels and transferred on- 
to positively charged membranes (Boehringer). The filters were hy- 
bridized with peroxidase-labeled probes in hybridization buffer 
(Amersham). After overnight hybridization at 42~ the filters were 
washed twice with 0.2xSSC/0.1% SDS for 20 min at 42~ The fil- 
ters were immersed in the ECL (enhanced chemiluminescence) de- 
tection solution (Amersham) for 2 rain before they were exposed to 
X-ray film. One of the clones which hybridized with a large number 
of genomic DNA fragments was selected and studied as putatively 
containing a highly repetitive DNA sequence. 

Detection of copy number and distribution 
of the repetitive DNA sequence 

The copy number of the repetitive DNA sequence in the rice genome 
was estimated by using plaque hybridization with a 'Nipponbare' ge- 
nomic library. 'Nipponbare' DNA was partially digested with 
Sau3AI, and fragments of 5-30 kb were ligated with BamHI-cleaved 
EMBL3. The library contained on average inserts of 10 kb. The copy 
number of the repetitive sequence was calculated from the rate of 
positive plaques to total ones used for hybridization on the basis that 
one positive plaque should contain at least one copy of the repetitive 

s DNA sequence and the genome size of rice is 4.3x 10 bp. Several 
independent positive phage clones were isolated for further analysis 
of repeat elements. 

The distribution of the repetitive DNA sequences in the rice ge- 
nome was investigated by screening two YAC libraries with the re- 
petitive DNA sequence as probe. The YAC libraries were construct- 
ed by Umehara et al. (1995) and consists of 7,000 clones with an av- 
erage insert of 350 kb, covering the rice genome six times. The dis- 
tribution of repetitive DNA sequences was determined based on the 
number of positive YACs obtained in the colony hybridization. 

Sequence analysis and repeat unit determination 

In order to determine sequences of the repeat units, fragments from 
the cloned repetitive DNA (G1043) and from two phage clones 
0~43-2 and )~43-6) hybridizing with the repetitive sequence were sub- 
cloned to pBluescript (SK +, TOYOBO). Several repeat element-con- 
taining subclones were used as templates for sequencing using the 
dye-primer method (Smith et al. 1986). The repeat units were deter- 
mined by comparing the sequences among the clones using the DNA- 
SIS software (HITACHI). 

Chromosome preparation and fluorescence in situ hybridization 
(FISH) 

Rice somatic metaphase chromosomes of 'Nipponbare' were pre- 
pared according to the method of Kurata and Omura (1978), 

The DNA probe was labeled with biotin-dATP and biotin-dCTP 
using the random primer labeling system (BRL) according to the 
standard protocol provided by the manufacturer. Slides with prepared 
metaphase chromosomes were first treated with 200 gl of 5 gg/ml 
pepsin at 37~ for 20 rain while covered with plastic coverslips, and 
then incubated with 200 gl of 100 gg/ml RNase at 37~ for 60 rain. 
Chromosomes were denatured with 70% formamide/2xSSC (0.3 M 
Nacl, 0.03 M sodium citrate) at 70~ for 5 rain. The samples were 
dehydrated in a series of ethanol solutions and air-dried. 

For fluorescence in situ hybridization (FISH), labeled and dena- 
tured DNA probe, 40 ng in 25 gl 50% formamide/2• was ap- 
plied onto each slide. The slides were covered with glass coverslips 
and kept in a moist chamber for 48 h at 37~ The slides were washed 
with 50% formamide/2xSSC at 42~ for 10 rain, and then with 
2xSSC at 37~ for 10 min. The slides were put in 1 xPBD solution 
(Oncor) for signal detection. 

Signal detection was performed by two cycles of amplification 
according to the standard protocol provided by the manufacturer (On- 
cor). DNA was bound with avidin conjugated with fluorescein iso- 
thiocyanate (FITC, Oncor) or 5,5'-disulfo-l,l'-di('c-carbopenty- 
nyl)3,3,3',3'-tetramethylinocarbocyanine (Cy3, Dianova, Ham- 
burg), then with a biotinylated anti-avidin antibody (Oncor) and 
again with avidin-FITC. 

A Biorad confocal laser-beam microscope (MRC600) equipped 
with appropriate filter sets for red, green, and blue fluorescence was 
used for chromosome observation. Image recording and processing 
was performed using the TCL software package (BIORAD) running 
on a workstation interfaced to the camera. The fluorescence in situ 
hybridization (FISH) signal for the repetitive DNA sequences was 
observed in 20 metaphase plates. 

Results 

Isolation of repetitive DNA sequences in rice 

In order to isolate repetitive DNA sequences of rice, we 
screened randomly cloned genomic fragments. Clones 
containing repetitive DNA sequences were identif ied on 
the basis of their Southern hybridizat ion patterns with nu-  
clear DNA of 'Nipponbare '  and 'Kasala th ' .  Clones show- 
ing smear and/or mul t iband hybridizat ion patterns were 
picked out as putat ively conta in ing repetit ive DNA se- 
quences. After a second screening with high stringency, 5 3 
such clones were obtained from about 2,000 random ge- 
nomic clones. A clone designated G1043 hybridized with 
genomic DNA and showed a high degree of mul t i /smear  
hybridizat ion bands as shown in Fig. 1A. This was one of 
the highest copy-number  clones in the rice genome and was 
chosen for further characterization. 

Restriction fragment length polymorphism (RFLP) mapping 

A high-density rice RFLP linkage map has been constructed in our 
laboratory (Kurata et al. 1994) using a F2 population from a cross of 
'Nipponbare' and 'Kasalath'. RFLP mapping was used to locate the 
repetitive DNA sequence on the genetic linkage map. Southern hy- 
bridization analysis using 186 F 2 plants was conducted in the same 
way as for parent DNA described above. Segregation analysis to de- 
termine the map location of this DNA sequence was done according 
to Kurata et al. (1994). 

Detect ion of copy number  and distr ibution 
of the repetit ive sequence 

Hybridizat ion of the G1043 probe to a 'Nipponbare '  ge- 
nomic  library (average size of the cloned fragments was 
10 kb) showed that about 2.3% of the more than 40,000 
plaques screened displayed hybridizat ion signals. This in- 
dicated that sequences homologous to the repeat e lement  



Fig. 1A, B Southern hybrid- 
ization analysis of 'Nippon- 
bare' and 'Kasalath' genomic 
DNA with G1043 probe. Ge- 
nomic DNA (2 tag per lane) of 
'Nipponbare' (N) and 
'Kasalath' (K) were digested 
with BamHI, BglII, EcoRV, 
HindIII, ApaI, DraI, EcoRI, or 
KpnI. The filters were hybri- 
dized to the G1043 (1.7-kb) 
probe labeled by peroxidase. 
The hybridization signal was 
detected by ECL system as de- 
scribed in the Materials and 
methods. Exposure times were 
3 h (A) as is the usual case, and 
30 rain (B) 
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Fig. 2 Comparison of se- 
quences derived from three ge- G 104 3 
nomic DNA fragments. Align- S tab 11 
ment was done manually. Dash- SuB 12 
es indicates gaps introduced to 
optimize the alignment. Similar 
sequences between two or three G 10 43 
fragments are boxed. The same 
sequences appearing as a single Sub 11 
unit are underlined. Asterisks Sub 12 
indicate the base pair showing 
single base pair mismatches 
with the two repeat units G1043 
among the three clones Subl I 

Subl2 

GI043 
Subll 
Subl2 

1Q "20 $0 4Q * 50 

FTTCCTTT /~G~A~ATCAA TTTCCTTAAC CGAATATAGC AAGAATCCGTX] 
�9 --]$ATC~ TTTCCTTm~C CGAATATAGC ~GaaTCCG~ 

60 70 80 9O i00 

GA CTTGACAACT CTCATCGGCT AATCTCAGGA CTTCGAAGCq 

ii0 120 __ __13~ ____ 140 * 1,50 

~TGaCr CTa~GCCGaT G~CT~CVFC p qGFT~Caa arTrcacrG~ 
- .  . ap_SacEc c K_qG Tp_2_~ c a a  ArrTTACTG~] 

16o ~vo 18o 19o 2oo ~ a~T ACCa~CATCT TT~C~CAC~t ~caa~G ~ttc~tccc 
~Tz~ G~m~t~t~ Ct~CaGT~ ~CAC~tCtCA t~T~ttCC 

in G1043 are present in at least 900 copies in the rice 
genome, if we consider the haploid genome size of 
'Nipponbare '  to be 4.3 x 10 s bp. 

However, there was considerable variation in the inten- 
sity of hybridization signals generated in different plaques, 
suggesting that individual lambda clones might contain 
different copy numbers of  the repetitive sequences. There- 
fore, it is likely that the repetitive sequence contained in 
G1043 is present in more than 900 copies in the rice ge- 
nome. 

Screening YAC libraries with the G 1043 probe detected 
only 7 clearly hybridized YAC clones (corresponding to 
about 1 clone per one genome coverage), indicating that 
the repetitive sequence contained in G 1043 is concentrated 
in one or a few specific regions rather than distributed all 
over the genome. 

Detection and sequencing of the repeat element 

To determine the length and sequence of the repeat unit 
contained in clone G1043, 'Nipponbare '  genomic clones 
which showed positive plaque hybridization signals upon 
probing with G1043 were picked out and analyzed. Hy- 
bridization of these clones with G 1043 after digestion with 
each of the 16 enzymes/enzyme-combinations gave single- 
or multiple-hybridization fragments in each clone of the 
different digests. Two phage clones, each detected to con- 
tain only one single fragment of the repeat element, were 
used for subcloning and sequencing. The 2 fragments (one 
a 0.70-kb Sau3AI fragment derived from the )~43-2 clone, 
the other a 0.83-kb AluI fragment derived from the )~43-6) 
were subcloned as sub 11 and sub 12, respectively. Sequenc- 
ing of the 2 subclones, in addition to the clone of G1043 
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was done twice, producing identical results. Sequences 
used for the comparison were 600 bp for subl 1 ,640 bp for 
subl2 and 1,350 bp for G1043. As shown in Fig. 2, com- 
parison of the three sequences revealed that 37 bp and 19 
bp are the common sequences among the 3 clones with only 
a few base substitutions (asterisked ones) among them. In 
addition to these core repeat sequences of 37 and 19 bp 
units, there are a fair number of homologous bases around 
these core sequences. Thus, it is concluded that the G1043 
probe contains at least two 37 and 19 bp sequences as re- 
peat elements. It was also found that the sequences 
bounded by the two sub-repeat units were different both in 
length and sequences among the 3 clones. 

Location of the repetitive sequence on the genetic map 

The location of the repetitive DNA sequence on the rice 
linkage map was determined by mapping its RFLP frag- 
ment. The Southern pattern after a 3-h exposure showed 
too much smear to do mapping (Fig. 1A). In the case 
of a 30-min exposure, an intensive unique band revealed 
in the DraI digest could be used for mapping, as shown in 
Fig. lB. By using this intensive RFLP band between 
'Nipponbare' and 'Kasalath' (Fig. 1B), we expected a large 
portion of the repetitive DNA to be mappable. Southern 
hybridization was conducted with the DraI-digested ge- 
nomic DNAs of 186 F 2 plantS derived from the cross of 
'Nipponbare' and 'Kasalath'. Based on the F a segregation 
pattern, this clone could be mapped onto the middle part 
of linkage group 5 (Fig. 3) of the RFLP map (Kurata et al. 
1994). Thus, it was concluded that most of the repeat ele- 
ments, a part of which is also present in the G1043 clone, 
are located in the middle of chromosome 5. However, other 
copies of the repetitive sequences represented by the rela- 
tively weak hybridization bands in Fig. 1 remain unmapped 
because of the complex RFLP patterns. 

Physical mapping by FISH 

Fluorescence in situ hybridization (FISH) analysis was car- 
ried out using somatic metaphase rice chromosomes to de- 
termine the chromosome location and distribution of the 
repetitive DNA sequence. The fluorescence in situ hybrid- 
ization (FISH) signal for the repetitive DNA copies was 
detected in about 20 metaphase plates, about 10% of the 
ones observed. With G1043 as the probe, the hybridization 
signals could be detected on a specific chromosomal re- 
gion (Fig. 4A, B). Though we could not carry out clear kar- 
yotype analysis for the entire complement, the chromo- 
somes which gave hybridization signals were approxi- 
mately medium in length and the signal was observed on 
a distal part of the centromeric heterochromatin of the long 
arm. No signal was detected on any other chromosomal re- 

Fig. 3 Chromosomal location of  G1043 D N A  on chromosome 5, 
detected through RFLP mapping and shown by an arrowhead 



Fig. 4A,  B Fluorescence in si- 
tu hybridization of rice meta- 
phase chromosomes using 
G1043 as the probe. Arrow- 
heads show the hybridization 
signals. In both metaphases 
plates, hybridization signals ap- 
pear in the centromeric regions 
of a pair of middle-sized chro- 
mosome 
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gion. Therefore, considering genetic and physical mapping 
data together, we concluded that most copies of the repet- 
itive sequence are located on chromosome 5 and are con- 
centrated in the centromeric region of the long arm rather 
than distributed all over the genome. 

Discussion 

In this report we describe the isolation, characterization, 
and chromosome localization of a moderately repetitive 
DNA sequence from rice. Plaque hybridization results sug- 
gest that the repetitive DNA sequence is present in at least 
900 copies in the rice genome. DNA analysis results 
showed that the repetitive DNA sequence contains 2 sub- 
repeat units of 37 bp and 19 bp interspersed by other short 
similar sequences. No homology was found between the 
sequences cloned in the present study and the repetitive 
DNA sequences reported in plants or in Genebank (vers. 
81), suggesting that this sequence is a new family of repet- 
itive sequences in rice and other plants. Genetic mapping 
and fluorescence in situ hybridization (FISH) revealed that 
the repetitive DNA sequences are localized on the centro- 
meric heterochromatin of the long arm of chromosome 5. 
The absence of any signal detection on any other chromo- 
somal region means that most of the repetitive copies of 
the sequence are located on chromosome 5. The results 
from the screening of the YAC libraries with the repetitive 
sequence also supports this conclusion. If the repetitive 
sequence was distributed all over the rice genome or on 
several chromosomes, many YAC clones in the YAC 
libraries should be positive for the repetitive DNA se-  

quence. That only I positive YAC was obtained from every 
genome equivalent indicated that most of the repetitive 
copies are included in 1 YAC of some hundred kilo base 
pairs. 

Based on the sequences of the 3 genomic clones, we de- 
termined at least two repeat units of 37 bp and 19 bp as the 
repetitive DNA sequence cloned in the study (Fig. 2). In 
addition, the two repeat units were interspersed by other 
sequences also differing in length. The differential length 
of the interval sequences can be useful for detecting poly- 
morphism for RFLP mapping, as has been demonstrated 
by Zhao and Kochert (1993). 

Chromosome-specific repetitive DNA sequences have 
been reported in humans for the alpha satellite DNA sub- 
families (Choo et al. 1991), and these probes have been 
used successfully in a variety of studies, such as the detec- 
tion of polymorphisms (Willard et al. 1986), identification 
of human chromosomes in somatic hybrids, and detection 
of aneuploids in interphase cells (Cremer et al. 1986, 1988; 
Devilee et al. 1988). Similarly, tandemly repetitive se- 
quences, referred to as satellite DNA, have been used for 
identifying chromosomes in a karyotype (Jones and Fla- 
vell 1982; Lapitan et al. 1988; Rayburn and Gill 1987) and 
for conducting karyotype analysis (Lapitan et al. 1989) in 
plant species, combined by the technique of in situ hybrid- 
ization. To our knowledge, our report is the first time a 
chromosome-specific repetitive sequence has been de- 
scribed in rice, except for rDNA (Fukui et al. 1994). The 
repetitive DNA sequence should be useful for molecular 
and genetic studies, for example, the identification of chro- 
mosome 5. As is well-known, the somatic chromosomes 
of rice are very small and similar in size and, consequently, 
difficult to identify by karyotype analysis. It is easier to 
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ident i fy  ch romosome  5 using the repet i t ive  D N A  sequence 
c loned in this s tudy as a probe,  combined  with the tech-  
nique of  in situ hybr id iza t ion .  

This work  started with 2,000 randomly  c loned genomic  
clones with the a im of  obta in ing high copy-number ,  repet-  
i t ive D N A  sequences in rice. Af te r  a second screening with 
high str ingency,  53 clones were  obtained,  based  on their  
Southern hybr id iza t ion  patterns,  and their  copy number  
was es t imated  by  plaque hybr id iza t ion .  Mos t  of  the c lones 
were found to have only several  hundred  copies ,  and no 
clone had more  than 2,000 copies  in the genome  (unpub-  
l ished data).  Therefore ,  the results  of  our r andom survey 
of  the repet i t ive  D N A  sequences  in r ice showed that al-  
most  all of  them are only modera te ly  abundant ,  but  that 
there are many  kinds  of  such sequences.  

Our strategy for ana lyz ing  repet i t ive  D N A  sequences 
involves ,  (1) c loning genomic  D N A  at r andom and p ick-  
ing up the repet i t ive  D N A  clones based  on their  Southern 
hybr id iza t ion  patterns,  (2) c loning other  repeat  e lement-  
conta in ing genomic  f ragments  f rom the l ambda  l ibrary,  (3) 
sequencing the clones and de te rmining  the repeat  units, 
and (4) de te rmining  their  ch romosome  loca t ion  by  f luores-  
cence in situ hybr id iza t ion .  It should be poss ib le  to i sola te  
ch romosome-spec i f i c  repet i t ive  D N A  for each chromo-  
some o f  rice. 
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