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Summary. Repetitive D N A  sequences are useful molecu- 
lar markers for studying plant genome evolution and 
species divergence. In this paper, we report the isolation 
and characterization of  four genome-type specific repeti- 
tive D N A  sequences in the genus Oryza. Sequences 
specific to the AA, CC, EE or FF  genome types are 
described. These genome-type specific repetitive se- 
quences will be useful in classifying unknown species of  
wild or domestic rice, and in studying genome evolution 
at the molecular level. Using an AA genome-specific re- 
petitive D N A  sequence (pOs48) as a hybridization probe, 
considerable differences in its copy number were found 
among different varieties of  Asian-cultivated rice (O. sa- 
tiva) and other related species within the AA genome 
type. Thus, the relationship among some of  the members 
of  AA genome type can be deduced based on the degree 
o f  D N A  sequence similarity o f  this repetitive sequence. 
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Introduction 

One distinguishing feature of  the genome of  most higher 
eukaryotes is the presence of  large amounts of  repetitive 
DNA.  In higher animals, many repetitive sequences are 
well-characterized in terms of  their length, abundance, 
chromosomal  distribution, and even nucleotide sequence 
(Singer 1982; Waye and Willard 1985). Recently, a num- 
ber o f  studies on repetitive sequences have been reported 
in higher plants, such as rye (Bedbrook et al. 1980), 
wheat and barley (Dennis et al. 1980), Scilla (Deumling 
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1981), maize (Peacock eta1. 1981; Viotti etal.  1985), 
mustard (Capesius 1983), broad bean (Kato et al. 1984), 
radish (Grellet et al. 1986), Arabidopsis thaliana (Mar- 
tinez-Zapater et al. 1986), flax (Cullis and Cleary 1986), 
and rice (Wu and Wu 1987). One important  conclusion 
drawn from these studies is that  repetitive sequences ap- 
pear to change rapidly during evolution. Although the 
function and origin of  these sequences remain to be elu- 
cidated, highly repetitive D N A  sequences are useful in 
studying genome evolution at the molecular level. 

Rice belongs to the genus Oryza, which includes 20 
wild species and two cultigens (Oryza sativa and Oryza 
glaberrima steud) (Chang 1984). Rice has been classified 
into six genome types: AA, BB, CC, DD,  EE, and FF  
(Hiroka 1984). The rice nuclear genome contains approx- 
imately 50% repetitive D N A  as determined by Co t anal- 
ysis (Deshphane and Ranjekar 1980; Zhou 1986). With a 
view to analyzing the divergence of  rice species and the 
evolutionary relationships among related genomes, we 
report here the isolation and characterization of  four 
genome-type specific repetitive sequences. In addition, 
the AA genome-specific repetitive sequence, pOs48, was 
analyzed in 31 different rice entries by hybridization 
analysis. Considerable differences in copy number were 
observed. 

Materials and methods 

Plant materials and growth conditions 

Thirty-seven rice entries were used in these experiments, and 
their origins and genome types are tabulated in Table 1. All wild 
rice and IR-derived varieties were obtained from T. T. Chang of 
the International Rice Research Institute (IRRI) through R. 
Coffman. O. sativa var. Labelle was obtained from C. N. Bol- 
lich, and O. sativa var. Calrose 76 was obtained from N. Rutger. 
All rice plants were grown in pots in greenhouses (26 ~ _ 3 ~ 
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T a b l e  1. Rice entries, genome type and origin 

Rice entries Type Ge- Origin IRRI 
nome accession 

No. 

O. sativa 
Taipei 309 Sinica AA China 42576 

(Japonica) 
Tainung 67 Sinica AA China 47743 
Fujiminori Sinica AA Japan 10901 
Fujisaka 5 Sinica AA Japan 244 
Nipponbare  Sinica AA Japan 12731 
Calrose 76 Sinica AA U.S.A. 
Belle Patna Indica AA U.S.A. BL-PT 
Dawn, CI9534 Indica AA U.S.A. 109 
M202 Indica AA U.S.A. 
MR365 Indica AA U.S.A. 
CP231 Indica AA U.S.A. 
Lemont Indica AA U.S.A. 
Labelle lndica AA U.S.A. 
D G W G  Indica AA China 
Peta Indica AA Philippines 
TKM6 Indica AA India 237 
Tetep Indica AA Vietnam PI 280682 
CR94-13 Indica AA India 15791 
IR26 Indica AA IRRI RYT 1806 
IR36 Indica AA IRRI 
IR54 Indica AA IRRI RYT 3348 
IR1561-228-3-3 Indica AA IRRI 4884 
IR1737-19-7-8-3 Indica AA IRRI 32645 
IR34583-19-3-3 Indica AA IRRI HB 469 
Bulu Dalam Javanica AA Indonesia HB 1203 

O. glaberrima African AA Africa 103971 
cultigen 

O. meridionalis Wild AA Australia 101147 
O. rufipogon Wild AA Asia, U.S.A. 103823 
O. glumaepatula Wild AA S. America 100894 
O. nivara Wild AA Asia 102165 
O. longistaminata Wild AA Africa 100930 
O. punctata Wild BB, Africa 103897 

BBCC a 
O. officinalis Wild CC Asia 103286 
O. alta Wild CCDD a U.S.A. 100161 
O. latifolia Wild CCDD a U.S.A. 100165 
O. australiensis Wild EE Australia 101467 
O. brachyantha Wild FF Africa 101236 

a Tetraploid (4n = 48). All other entries are diploid (2n = 24) 

5 0 % - 6 5 %  relative humidity; 14 h light, 10 h dark, light inten- 
sity 160 Ixmol M -2 sec-x maximum at the pot level). 

Isolation of  rice total DNA 

Large-scale preparation of total rice D N A  was carried out ac- 
cording to the following procedure: ten grams of finely chopped 
leaf tissue from plants (usually around 2 months  old) were 
frozen in liquid nitrogen, powdered, and then quickly homoge- 
nized using a cold mortar  and pestle in 30 ml of homogenization 
buffer ( l x S S C ,  2.5% SDS, 0.25% sarkosyl, 100p.g/ml 
proteinase K). The homogenate was incubated at 65~ for 
10 min. An equal volume of buffered phenol (pH 8.0) was 
added, mixed by gentle inversion and centrifuged at 3,000 x g for 
10 min. D N A  in the supernatant  was precipitated by adding 
2 vol. of ethanol and centrifuging for 10 min at 12,000 x g at 

4~ The DNA pellet was resuspended in 1 ml of TE (10 m M  
TRIS-HC1, 1 m M  EDTA, pH 8.0) and digested with 50 ~tg/ml 
RNase A at 37~ for 1 h. After extraction twice with equal 
volume of buffered phenol, once with equal volume of phe- 
nol : chloroform (1 : 1), and then once with chloroform, the DNA 
was precipitated with 2 vol. of ethanol. The DNA was immedi- 
ately spooled with a glass hook, resuspended in TE, and stored 
at 4~ On the average, 1 mg of DNA was obtained from I0 g 
of fresh leaf tissue. DNA concentration was estimated from the 
absorbance at 260 nm and calibrated by agarose gel elec- 
trophoresis, using a defined amount  of lambda DNA as a stan- 
dard. 

Cloning of  repetitive DNA 

The isolation and cloning of a repetitive sequence from O. aus- 
traliensis was carried out as follows. Total rice DNA was com- 
pletely digested with EcoRV, fractionated electrophoretically on 
a 0.8% agarose gel, and stained with ethidium bromide. A 
prominent  band corresponding to DNA fragments of approxi- 
mately 500 bp was eluted from the gel and cloned into the HinclI 
site of pUC13 by blunt-end ligation (Maniatis et al. 1982). The 
ligation mixture was used to transform E. coli JM101 cells, and 
a plasmid pOa4 containing a 511-bp repetitive sequence was 
obtained. The cloning of repetitive sequences from O. brachyan- 
tha and O. officinalis were carried out as follows. Total DNA 
from these two wild species was digested with HinclI and 
EcoRV, respectively. The bands corresponding to D N A  frag- 
ments of approximately 340 bp were eluted from the gel and 
cloned into the Hincll site of pUC13. The other steps were the 
same as described above. 

Slot-blot hybridization 

In order to quantify the copy numbers of repetitive DNA se- 
quences in different rice genomes, we applied defined amounts 
of total rice DNA and recombinant plasmid DNA to a nitrocel- 
lulose filter through a slot-blot template. The DNA samples 
were denatured in 0.3 M NaOH and 6 • SSC at 80 ~ for 15 min, 
transferred to 0 ~ and then neutralized with an equal volume 
of 2 M ammonium acetate. Filters were preincubated in 
6 • SSC. Hybridization solution contained 50% formamide, 
5 • SSC, 5 x Denhardt 's  solution, 0.1% SDS, I00 p.g/ml dena- 
tured salmon sperm DNA, and 32p-labeled cloned repetitive 
DNA (0.4 ~tg, 108 cpm/~tg). The molar ratio of the probe over 
the filter-bound DNA was at least 100. After overnight hy- 
bridization at 42 ~ the filter was washed sequentially at 55 ~ 
60~ 65~ and 70~ in 0.2 • SSC, 0.1% SDS. After washing 
(3 times) at each temperature, the filters were exposed to X-ray 
films for at least two different lengths of time, and the films were 
scanned with a Quick Scan (Flur-vis) densitometer. Several 
known quantities of DNA were also spotted on the same filter 
for constructing a standard curve. Variation between duplicate 
experiments were approximately + 4% (data not shown). Copy 
numbers of repetitive sequences were calculated according to 
Rivin et al. (1986). 

Nick translation and genomic blot hybridization 

Repetitive sequence fragments used as probes were separated 
from recombinant plasmids after digestion with restriction en- 
donuclease and fractionated by gel electrophoresis. 32p-labeled 
repetitive DNA fragments were prepared according to the meth- 
ods of Maniatis et al. (1982). Digested genomic D N A  samples 
were fractionated by electrophoresis in 0.8% agarose gels. DNA 
fragments were transferred to a N Y T R A N  filter which was then 

32 hybridized to P-labeled probes at 42 ~ in the same hybridiza- 
tion solution as that  used in the slot-blot hybridization. 



203 

A 
i0 

ATCTCTCCAA 
II0 

ATAGCTGTTT 
210 

ATGGCATATT 
310 

TGATCTATGA 
410 

TTCATACATA 
510 

TTGACCATGA 

B 
10 

ATCTAGCAAC 
110 

GAATAAACAC 
210 

AGTTAATCTG 
310 

AAAAAACTCT 

C 
i0 

AACCAAGATT 
ii0 

ACCATGAAGG 
210 

GTATATCAAC 
310 

CCATTCATAC 

20 30 40 50 60 70 80 90 i00 
AGGAGGGCAA ATTCCATCTT GATCACTCAC ATCCCACTCC ATGTTTCATA GCAAACCCGA AAACTACCTT TATAACTACC CAGTTACGGA 

120 130 140 150 160 170 180 190 200 
GGTAGTCCCA AAGTAGGCTA CTACACATGT TGGAATGCAT GGTGATCTCA GGTCTAAGGG CTTTGTACCA ACACTACCTG AGACCAACTA 

220 230 240 250 260 270 280 290 300 
AATTCCTCTA GTGTCTCATG GTGC4~TCTAT CCAACAATGT GTTCTCTAAC ACATAAGTCC ATGAAAATTG ATTTGGTATC TCCATACTCA 

320 330 340 350 360 370 380 390 400 
GACATGATCA TCAATCAATAAACATGCTGA TCTTAGAATC ATATTAGTTC CAATAATATC ATATATGATC AGTGATCATT TAGAAATAGA 

420 430 440 450 460 470 480 490 500 
TATAGTCTCA TAAATAAGTC ACATACTATT GATCAATACA AGATGTCTAT TGATGGAACT GAATAACACT TATTCATAAG AACATAAACA 

20 30 40 50 60 
GGAGACATTC TTCAAGGCCC TGAGTGGCAC TCATGCGTGC TACGTCGTGG 

120 130 140 150 160 
ATTCCTCACC ATGGTTGGCA CATTCCTTTG GATATGCGAT GCGTTTTAGG 

220 230 240 250 260 
GTCAGTTGAG GGCCCTTCTA CACTGAGCAC GTCAGGTTTA GGAAATAATT 

320 330 340 350 360 
CTTCAAGTTC CATGTCTTCA TGCATTTCCA TCATAACGGA GTTCGTCTCG 

70 80 90 I00 
AACATGCAAC CTTTTCGGGG GGAATGTTTA GAAACCTGGT 

170 180 190 200 
GCAATGTCCT TAATGTTTCG ATGGAAATAA CCCCACAAGA 

270 280 290 300 
TATGGTAGCG AGGAAGGAAA AGAACGACAT TAGACGAGCT 

ACTGAT 

20 30 40 50 60 
CAATTATTAA CTTCGAAATA ACTACACAAA TTGTGTATCC ACTTGGTTTA 

120 130 140 150 160 
GTACTCTTGG ATTCATTCCG TCATACTCTT CACCATTCAT ACAAAGTTG~ 

220 230 240 250 260 
TTGGTTTACA CTTTGGTCTC GAACACAACT TCGGTTGCGA AACTCTCGGG 

70 80 90 i00 
CACTTCGTGC TCGAACACAA GTTCGTTTGC GAAAGACCCG 

170 180 190 200 
ATAAGATTCG ACTATTAACT TCTTGATAAC TACAGAAATT 

270 280 290 300 
CTGGAAGGGT GACCTTGGAT TCATTCCATC ACCAACTTCA 

AAAGTC 

Fig. 1 A-C. DNA sequence of three repetitive DNAs from wild rice. A Sequence of a 511-bp pOa4 isloated from O. australiensis. 
B Sequence of a 366-bp pOt2 isolated from O. officinalis. C Sequence of a 316 bp-pObl isolated from O. brachyantha, which is a 
dimer of 159-bp repeats with 80% homology between monomer units 

Results 

Identification and organization of  genome-type specific re- 
petitive DNA sequences in rice 

We were interested in studying repetitive D N A  sequences 
which are unique to the different genome types office. To 
begin this analysis, three repetitive DNAs,  designated 
pOa4, pOt2, and pObl, were cloned from three wild rice 
species. The sequence of  these repetitive DNAs are 
shown in Fig. 1. A fourth repetitive DNA, pOs48 (previ- 
ously referred to as RC48) was isolated from Oryza sa- 
tiva L. var. Labelle (Wu and Wu 1987). 

The four cloned repetitive DNAs (pOs48, pOa4, 
pOt2 and pObl) were used as probes for genomic blot 
hybridization on 37 rice entries, including domestic vari- 
eties and wild species of the repesentative genome types. 
DNAs from four types of rice (Oryza sativa var. Labelle, 
O. australiensis, O. officinalis, and O. brachyantha) were 
separately digested with several different restriction en- 
zymes. Using a given cloned repetitive D N A  as a probe, 
the hybridization patterns of these four rice species were 
found to be different. When probed with labeled pOs48, 
two bands were observed on EcoRI-digested Labelle 
D N A  (Fig. 2 A, lane I), however, a ladder pattern was 

obtained from Pst 1-digested D N A  (Wu and Wu 1987). 
With pOa4, only one strong band in the 511 bp position 
was found in D N A  from O. australiensis (Fig. 2 A, lane 
II). A ladder pattern was found with EcoRV-digested 
O. officinaIis D N A  probed with pOt2, and HincII-di- 
gested O. brachyantha D N A  probed with pObl (Fig. 2A, 
lanes III and IV). The ladder pattern, with observed band 
representing monomer, dimer, trimer, etc., is that ex- 
pected for a tandemly repeated sequence. Since the ge- 
nomic D N A  was completely digested with restriction en- 
zymes, the observed ladder of  repeats was probably the 
result of  either mutations or methylation, which altered 
the frequency of restriction sites in the genomic copies of 
the corresponding repetitive D N A  sequences. To sub- 
stantiate this conclusion and to determine to what extent 
these sequences are present as tandem repeats, genomic 
D N A  from Labelle (AA genome) was digested with re- 
striction enzymes HpaII and MspI, which recognize the 
same sequence GGCC. HpaII is sensitive to methylation, 
but MspI is insensitive to methylation. Southern blots 
were probed with pOs48 plasmid. Little or no detectable 
digestion was observed with HpaII, indicating that 
methylation occurred at most of the HpaII/MspI sites, 
while MspI digestion gave a ladder pattern (data not 
shown). The ladder pattern from MspI digestion is due to 
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Fig. 2A and B. Genomic blot analysis (Southern blot) of different rice species with repetitive DNA probes. A Total rice DNA 
(10 lag/lane) was digested with different restriction enzymes and fractionated electrophoretically on a 0.8% agarose gel. All DNA 
samples showed approximately the same intensity after staining the gel with ethidium bromide and visualizing under UV light (data 
not shown). HindIII and EcoRI digested 2DNA were run as size markers. The DNA samples were transferred to a nitrocellulose filter 
for hybridization using different 32p-labeled rice repetitive DNA sequences as probes. Lane I: DNA from O. sativa var. Labelle was 
digested with EcoRI and probed with pOs48. Lane H: DNA from O. australiensis was digested with EcoRV and probed with pOa4. 
Lane III: DNA from O. officinalis was digested with EcoRV and probed with pOo2. Lane IV." DNA from O. brachyantha was digested 
with HincII and probed with pObl. Exposure times of the hybridized filters were 120 min, 30 min, 5 min, and 30 min, which 
correspond to lanes I, II, III and IV, respectively. B Total rice DNA was digested with different restriction enzymes and fractionated 
electrophoretically on a 0.8% agarose gel. HindIII and EcoRI digested 2DNA were run as markers. Lanes 1, 2 and 3 (I/): DNA 
samples (5 lag/lane) from O. australiensis were digested with BglII, BstNI and HindIII, respectively, and probed with pOa4. Lanes 4, 
5, and 6 (II1): DNA samples (9 lag/lane) from O. officinalis were digested with BamHI, BglII and HindIII, respectively, and probed 
with pOo2. Lanes 7, 8 and 9 (IV): DNA samples (10 lag/lane) from O. braehyantha were digested with BamHI, BglII and HindIII, 
respectively, and probed with pObl. Exposure times of the X-ray film to different filters were 6 h, 30 min, and 60 min for samples 
II, III and IV, respectively 

r andom point  muta t ions  as shown by D N A  sequence 
analysis of  nine Os48 related clones. We found that  one 
out  of  every three H p a I I / M s p I  sites has a base substitu- 
t ion which changes the recognit ion sequence G G C C  to 
A G C C  (Wu and Wu 1987). 

Genome D N A  from O. australiensis, O. officinalis, 
and O. brachyantha was digested with several restriction 
enzymes which are cytosine methyla t ion insensitive and 
do not  cut within the repeats. The genomic blots were 
then probed  with pOa4, pOo2, and p O b l ,  respectively. 
Results in Fig. 2 B indicate that  the CC and F F  genomic- 
specific D N A  are largely present as tandem repeats of  up 
to 16 kb in length. In this experiment,  the largest D N A  
found in the ethidium bromide  stained gel is about  16 kb 
(data  not  shown). The EE genome-specific D N A  is also 
present, at  least in part ,  as tandem repeats from 5 kb to 
16 kb in total  D N A  digested with BglII and HindI I I  
(Fig. 2 B, lanes 1 and 3). However,  when the D N A  was 
digested with BstNI (Fig. 2 B, lane 2), two lower molecu- 
lar weight bands (2 kb and 1.3 kb) were observed. The 
largest D N A  found in the BstNI-digested D N A  was 
about  5 kb in the e thidium bromide  stained gel (data not  
shown). 

The abundance o f  repetitive sequences in the rice genome 

The copy number  of  these four repetitive sequences, 
pOs48, pOa4, pOo2, and p O b l ,  in the rice genome was 
determined by quanti tat ive slot-blot hybridization.  A di- 
lution series of  each cloned repetitive D N A  was used as 
a copy number  s tandard (Fig. 3, columns A and C). 
Three different amounts  of  genomic D N A  were loaded 
on the same filter (Fig. 3, column B). The extent of  hy- 
bridizat ion was quant i ta ted by tracing the autoradio-  
gram with a densitometer as described under "Mater ia ls  
and methods".  Fo r  the copy number  calculation, the size 
of  the rice haploid genome was taken as 1.2 x 109 bp 
(Oono 1984) for all four genome types, even though only 
the A A  genome type was analyzed. The copy number  of  
repetitive sequences corresponding to pOs48, pOa4, 
pOo2, and p O b l  was estimated to be 2,000, 80,000, 
170,000, and 184,000, respectively (Fig. 3 and Table 2). I f  
the size of  the rice haploid genome is taken as 
0.6 • 109 bp (Bennett and Smith 1976), the copy number  
of  these repetitive sequences would be twice as high. No  
cross-hybridizat ion was found among these four repeti- 
tive sequences even when hybridizat ion was carried out  
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Rice entry Genome Name of 
clone 

Size of repeat G + C (%) Expected a Copy No. Genome 
unit T m (%) 

O. sativa var. Labelle AA pOs48 
O. australiensis EE pOa4 
O. offi'einalis CC pOo2 
O. brachyantha FF pObl 

355 bp 49.1 76~ 2,000 0.064 
511 bp 35.6 71~ 80,000 3.3 
366 bp 44.5 74~ 170,000 5.7 
159 bp 39.2 72~ 184,000 2.6 

a Expected T~ value at 0.03 M Na § in the washing buffer 

at 42 ~ in 5 x SSC (without formamide), which is a rela- 
tively low stringency hybridization condition. According 
to the copy number,  the length of the cloned repetitive 
sequence, and the rice haploid genome size, we estimated 
that the repetitive sequence in pOa4, pOo2, or pOb l  
comprises 3.3%, 5.7% and 2.6%, respectively, of each 
particular rice genome (Table 2). 

Fig. 3. Copy number determination of rice repetitive DNA se- 
quences of the AA, CC, EE, and FF genome types. Different 
amounts of DNA were loaded on nitrocellulose filters using a 
slot-blot apparatus. Copy number standards (the same as the 
probes used for a specific genome) were used in columns A and 
C, and the numbers to the left of column A and to the right of 
column C refer to the copy numbers. Different amounts of total 
rice DNA were spotted in column B: top lane 10 ng; middle lane 
100 ng; bottom lane 1,000 ng (except sample II, in which, top lane 
0.5 ng, middle lane 5 ng, bottom lane 50 ng were spotted in col- 
umn B). Quantitation of the hybridization signal was determined 
by tracing the X-ray film with a densitometer. Column B, 
sample I: DNA from O. sativa vat. IR36 was probed with 32p_ 
labeled pOs48 and exposed for 120 min. The hybridization sig- 
nal of the bottom lane in column B is equal to that of the standard 
with 2,000 copies. Thus, the copy number of the repetitive se- 
quence, pOs48, in the IR36 genome is 2,000. Column B, sam- 
ple II: DNA from O. australiensis was probed with 3/p-labeled 
pOa4 and exposed for 15 min. The hybridization signal in the 
middle lane in column B is twice as high as that of the standard 
with 4,000 copies, and the bottom lane was equal to the standard 
with 80,000 copies. Thus, the measured copy number of pOa4 is 
80,000 in the O. australiensis genome. Column B, sample III: 
DNA from O. offieinalis was probed with 32p-labeled pOo2 and 
exposed for 5 min. Calculations showed that there are 170,000 
copies of the pOo2 sequence in the O. officinalis genome. Col- 
umn B, sample IV: DNA from O. brachyantha was probed with 
3/p-labeled pObl and exposed for 15 min. Calculation showed 
that there are 184,000 copies of the 159-bp pObt repetitive 
sequence in the O. brachyantha genome 

Genome-type specificity o f  the repetitive D NA sequences 
among different rice entries 

Because the repetitive sequences were isolated from dif- 
ferent rice genomes, it seemed likely that some of them 
might be genome-type specific. Using D N A  from 37 rice 
entries, which cover all the known genome types (AA, 
BB, BBCC, CC, CCDD,  EE, FF)  and two cultivated 
species of the genus Oryza, enabled us to examine this 
possibility. The four repetitive sequences were used as 
probes to screen all the rice D N A  samples from the 37 
entries by slot-blot hybridization. Figure 4 shows the 
results on some of the rice entries. When pOs48 was used 
as the probe (Fig. 4, column I), only those D N A  samples 
from the AA genome showed hybridization. This indi- 
cates that the repetitive sequence of pOs48 is AA 
genome-specific, although the copy number  in various 
AA genome rice varieties is different. The hybridization 
signal to O. glaberrima is very weak but  is visible on the 
original X-ray film. 

When pOa4 was used as a probe, strong hybridiza- 
tion (Fig. 4, column II) was observed mainly with O. aus- 
traliensis D N A  (EE genome). Much weaker hybridiza- 
tion was barely visible with O. alta and O. Iatifolia 
(CCDD genome), but  no hybridization was found with 
D N A  samples of other genome types. These results show 
that the repeated sequence of pOa4 is enriched in the EE 
genome of the genus Oryza, and can be considered EE 
genome-specific. Weak hybridization to the CCDD ge- 
home suggests that the CCDD and EE genomes are more 
closely related to each other than to other rice genome 
types. Figure 4, column III shows that pOo2 only hy- 
bridizes to D N A  from O. officinalis (CC genome), indi- 
cating that this repetitive sequence is CC genome- 
specific. It is interesting to note that the highly repetitive 
sequence (pOo2) present in O. officinalis (CC genome) is 
absent in O. alta and O. latifolia (CCDD genome) 
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Rice G e n o m e  

IR26 AA 

IR36 AA 

IR54 AA 

IR1561 AA 

IR1767 AA 

O. alta CCDD 

O. latifolia CCDD 

O. punetata BB, BBCC 

O. glaberrima AA 

O. mefidionalis AA 

O. longistaminata AA 

O. glumaepatula AA 

O. brachyantha FF 

O. australiensis EE 

O. rufipogon AA 

O. officinalis CC 

O. nivara AA 

Tainung 67 AA 

Fig. 4. Screening of different rice genome types using cloned 
repetitive DNA sequences as probes. Total rice DNA (40 ng) 
from different genome types was loaded onto a filter, using a 
slot-blot template, and probed with pOs48 (column I), pOa4 
(column H) pOo2 (column III) and pObl (column IV). The filter 
was hybridized at 42 ~ in 5 x SSC and 50% formamide (corre- 
sponding to T,, plus 1 ~ (see 'Materials and methods'), washed 
at 45~ in 0.2 x SSC, and exposed for 8 h, 2 h, 70 min and 
90 min for columns I-IV, respectively. In a parallel experiment, 
the same results were obtained (data not shown) when hybrid- 
ization was carried out at 45 ~ in 5 • SSC without formamide 
and the filter was washed at 45 ~ in 0.2 • SSC 

(Fig. 4, column III). The absence of  this sequence in 
certain species with a CC complement  suggests that  this 
CC genome-specific sequence may be lost in the C C D D  
genome of  O. alta and O. latifolia. Alternatively,  there 
may  be two subtypes of  the CC genome which contain 
different repetitive DNAs.  The repetitive sequence of  
p O b l  is F F  genome-specific since it only shows hy- 
br idizat ion to F F  genome D N A  from O. brachyantha 
(Fig. 4, column IV). 

Variation in the copy number of Os48-related repetitive 
DNA sequences among rice entries of the AA genome type 

Quant i ta t ive  var ia t ion between the amounts  of  D N A  in 
closely related cereal species frequently involves repeti- 
tive sequences (Flavell  et al. 1977). Much  of  the variat ion 
in the total  D N A  content  between S. cereale and S. sil- 
vestre can be accounted for by differences in the amounts  
of  the same highly repetitive sequences (Bedbrook et al. 
1980). In  maize, the major i ty  of  repetitive sequences vary 

markedly  in copy number among ten maize species exam- 
ined (Rivin et al. 1986). However, informat ion on the 
intraspecific variat ion of  a given repetitive sequence in 
rice is scarce. To determine whether there is copy number  
variat ion of  a given repetitive D N A  sequence among 
several related rice species, we carried out  the following 
experiments. D N A  from 25 varieties of  Asian-cult ivated 
rice species (O. sativa of A A  genome type) and six other 
rice species of  the A A  genome type was probed with the 
A A  genome-specific clone, pOs48, on slot-blots. The 
filters were subsequently washed at four different tem- 
peratures. The intensity of  hybridizat ion after washing at 
each temperature,  as measured by scanning the auto- 
radiographs,  was used to estimate the copy number  of  
pOs48-related sequences in a given variety of  rice. 

The copy number  of  pOs48-related sequences was 
est imated based on the density tracing of  the X-ray film. 
As shown in Table 3, a considerable degree of  copy num- 
ber variat ion exists among different varieties of  O. sativa. 
When washing the filter at 55 ~ the copy number  for the 
pOs48-related repetitive sequence in 25 varieties of  O. sa- 
tiva ranges from 130 to 3,350 copies per haploid genome. 
When the cultivation history and predigrees of  these va- 
rieties are examined, it is interesting to note that  most  
t radi t ional  cultivars tend to have higher copy numbers 
than the modern improved cultivars. Fo r  example, 
D G W G ,  a Chinese dwarf  cultivar which has been widely 
used as a parent  in modern rice improvement  (Hargrove 
et al. 1980), has a higher copy number  of  the pOs48-re- 
lated repetitive sequence than improved cultivars such as 
IR26 and IR54. Similarly, Peta also contains a high copy 
number  of  this repetitive sequence. However,  a higher 
degree of  copy number  variat ion was found among the 
more distantly related members of  the A A  genome. Fo r  
example, an African cultivated species, O. glaberrima, 
shows very low copy numbers of  the pOs48-related repet- 
itive sequence (only 50 copies), while O. meridionalis 
shows very high copy numbers (7,000 copies). 

We can make the following general conclusions based 
on the da ta  presented in Table 3: (1) All varieties so far 
examined under the subspecies siniea (also known as 
japonica or keng) contain relatively low copy numbers 
(between 130 and 650 under the 55~ washing condi- 
tions) of  pOs48-related repetitive D N A  sequences. The 
variations in copy number  between washing at 55 ~ and 
70 ~ are only fivefold, with the exception of  Calrose 76. 
In the latter, there were no repetitive sequences ho- 
mologous  to pOs48 found under the 65 ~ washing con- 
ditions. The data  also indicate that  Fujiminori ,  Fuj isaka  
5, and Taipei 309 are closer to one another  than to other 
sinica varieties. (2) The varieties of  indica (also known as 
hsien) subspecies contain relatively high and more 
variable copy numbers (280-3,350, spanning a 12-fold 
range) of  pOs48-related repetitive sequences. Some 
varieties, such as M202, MR365, D G W G ,  Peta, and 



207 

Table 3. Copy number determination for pOs48-related repeti- 
tive sequences in rice entries containing the AA genome 

Name Type Copy no. ~ at washing 
temperature 

55~ 60~ 65~ 70~ 

O. sativa 
Taipei 309 Sinica 230 230 220 150 
Tainung 67 Sinica 650 630 170 130 
Fujiminori Sinica 280 280 160 130 
Fujisaka 5 Sinica 310 270 220 170 
Nipponbare Sinica 190 190 190 130 
Calrose 76 Sinica 130 80 0 0 
Belle Patna Indica 650 630 190 t l0  
Dawn CI lndica 3,350 2,700 80 80 
M202 Indica 370 330 240 140 
MR365 lndica 1,130 1,050 830 670 
CP231 Indica 880 850 30 0 
Lemont lndica 350 330 120 70 
Labelle lndica 280 280 70 50 
DGWG lndica 3,050 3,050 2,440 2,020 
Peta Indica 3,250 3,250 2,500 1,970 
TKM6 Indica 1,920 1,870 50 30 
CR94-13 lndica 1,550 1,390 50 30 
Tetep lndica 1,000 920 30 0 
IR26 Indica 750 730 510 260 
IR36 lndica 2,000 1,700 1 ,220 1,100 
IR54 Indica 840 750 660 470 
IR1561 Indica 730 730 550 420 
IR1737 lndica 640 640 400 260 
IR34583 lndica 1,210 1,170 90 90 
Bulu Dalam Javanica 810 300 0 0 

O. glaberrima African 50 0 0 0 
cultigen 

O. meridionalis Wild 7,000 5,890 3,900 3,700 
O. rufipogon Wild 1,290 1,290 440 380 
O. glumaepatula Wild 650 610 520 470 
O. nivara Wild 450 340 290 220 
O. longistarninata Wild 190 180 110 90 

Copy number is defined as the number of copies of pOS48- 
related sequences with a certain extent of sequence identity with 
the probe as detected by hybridization at a specified condition. 
For example, at 70 ~ (T,, --6 ~ any pOS48-related sequence 
with at least 90% sequence identity will hybridize to the probe. 
Thus, at 70 ~ the copy number represents those pOs48-related 
sequences with at least 90% sequence identity to the probe. 
The copy number was calculated using 1.2 x 109 bp as the size of 
the rice haploid genome (Oono 1984) 

IR36, show relatively little difference in copy numbers 
under  the 55 ~ and 70 ~ washing condit ions.  However,  
CP231, TKM6,  and Tetep show much larger differences 
between the 55~ and 70~ washes. 

Relationship between copy number, percent o f  sequence 
mismatch and hybridization temperature o f  Os48-related 
repetitive sequences 

According to the formula  T,, = 81.5 + 16.6 (log M ) + 0 . 4 1  
(% G + C )  (Hayes et al. 1970; Bender et al. 1978), the 
melting temperature  (Tin) of  a D N A  duplex is a function 

o f  its G + C content  and the salt concentra t ion (M) dur-  
ing filter hybr idizat ion or  washing. This formula  was 
derived for solution hybridizat ion,  and is only an ap- 
p rox imat ion  for filter hybr id iza t ion  (Beltz et al. 1983). 
However,  for filter hybridizat ion,  the calculated Tm value 
can be verified by experiments for a par t icular  family of  
related sequences, pOs48 D N A  has a 49% G + C con- 
tent; when used at a salt concentra t ion of  0.03 M N a  § in 
the washing buffer (0.2 • SSC), the Tm for pOs48 is calcu- 
lated to be 76~ The T m for pOs48 was determined 
experimental ly as follows: pOs48 D N A  was spot ted on a 
filter, p robed  with 32p-labeled pOs48, and washed at  
55~ 60~ 65~ 70~ 73~ 76~ and 79~ We 
found the same number  of  counts (between 390 and 
400 cpm) were bound  to the filter between 55~ and 
70~ Thus, up to 70~ the pOs48 homoduplex  was 
stable. However,  washing the filter at 76 ~ resulted in 
the loss of  50% of  the counts (data  not  shown). Thus, the 
T,, is 76 ~ for pOPs48 under  the specified condit ions.  
Using these values as the baseline for comparison,  any 
decrease in copy number  in different varieties of  rice at 
washing temperatures  of  70 ~ or  lower can be assumed 
to be due to mismatches between pOs48 and Os48-re- 
lated sequences in the rice genomes examined. 

The relat ionship between the decrease of  T,, and the 
percent  o f  mismatch of  nucleotides in D N A - D N A  het- 
eroduplexes has been est imated for different D N A  se- 
quences. Values between 0.3 ~ and 1.3 ~ decrease in T,, 
for 1% of  mismatch have been repor ted  (Laird et al. 
1969; Britten et al. 1974; Yang et al. 1980; Beltz et al. 
1983). F o r  pOs48-related sequences, we found a decrease 
o f  approximate ly  0.5 ~ for 1% of  mismatch by compar-  
ing D N A  sequences and hybr idizat ion results. By D N A  
sequence analysis, nine cloned pOs48-related genomic 
clones showed 9 0 % - 9 1 %  (average 90.5%) of  nucleotide 
identi ty to pOs48 (Wu and Wu 1987). After  IR36 ge- 
nomic D N A  was hybridized to pOs48 and the filters were 
washed at 65 ~ and 70 ~ the copy number  ofpOs48-re-  
lated sequence was est imated to be 1,220 and 1,100, re- 
spectively (Table 2). Thus, a 10% decrease o f  the copy 
number  and a 9.5% sequence mismatch can be correlated 
with a 5 ~ difference in the washing temperature  after 
hybridizat ion.  The above  est imat ion is valid if  one as- 
sumes that  the thermal  stabili ty differences result f rom 
single base changes occurring at r andom in different 
copies of  the pOs48-related sequences. This assumpt ion 
is basically valid because we found that  the differences 
between the nine clones of  pOs48-related sequences are 
mainly a t t r ibutable  to r andomly  dis t r ibuted point  muta-  
tions (Wu and Wu 1987). 

IR36 gave 2,000 copies o f  pOs48-related sequences 
when the filter was washed at 55 ~ as compared  to 1,100 
copies at  70 ~ (Table 3). Based on the value of  0.5 ~ for 
1% of  mismatch,  we estimate that  900 copies of  the 
repetitive sequences of  this family contained up to ap- 



208 

proximate ly  30% of  mismatch when compared  to pOs48 
and thus lowered the T,, by 15 ~ Again,  this interpreta-  
t ion is valid only if most  of  these 900 copies of  repetitive 
sequences differ from pOs48 by randomly  distr ibuted 
poin t  mutat ions,  and the percent of  G + C remains un- 
changed.  I t  is likely that  some o f  the 900 copies resulted 
from deletions or transposit ion.  

Discussion 

We have presented evidence for the isolation of  repetitive 
D N A  sequences in rice specific to the AA,  CC, EE, and 
F F  genomes. These genome-specific repetitive sequences 
can be used as molecular  markers  in simple hybridizat ion 
experiments to distinguish a par t icular  rice genome type 
from others. This method is simpler and more accurate in 
classifying unknown rice entries than other currently em- 
ployed procedures  such as compar ison  of  morphological  
traits, de terminat ion  of  fertility after crosses, or  cytolog- 
ical analyses. Moreover ,  one can follow the transfer of  a 
genome-specific repetitive D N A  sequence when moni tor-  
ing the success of  crosses between different rice genome 
types during plant  breeding experiments.  

Recently, efforts have been made to study plant  spe- 
cies and  genome evolution using repetitive D N A  se- 
quences (Dover  and Flavell  1982; Evans et aI. 1983). Our  
results provide informat ion which augments our under- 
s tanding of  species divergence and genome evolution in 
rice. The result that  all rice species containing the A A  
genome show sequence identity to the repetitive sequence 
pOs48 (Fig. 4, column I) confirms the close relationship 
between these rice species (Chang 1976; Hi roka  1984; 
Pental  and Barnes 1985). The fact that  the other genomes 
show no hybridizat ion to an A A  genome-specific repeti- 
tive sequence indicates that  there is a clear dist inction at 
the D N A  sequence level between the A A  genome and the 
other genomes. 

Wild  rice species have received more and more atten- 
t ion because of  their potent ial  utility in rice improve- 
ment. Traits such as cold tolerance and insect and disease 
resistance are present in different wild species (Chang 
1976; Hi roka  1984; Hargrove  et al. 1980; Shao et al. 
1986). Al though several wild species of  the A A  genome 
are close to the cultivated rice, there are still l imitations 
preventing them from crossing with cultivated varieties. 
Transformat ion of  rice using cloned sequences is a 
promis ing alternative for introducing useful genes. I f  the 
integrat ion of  the input  gene into the host  genome in- 
volves reciprocal  recombinat ion,  the inclusion of  repeti- 
tive sequence(s) that  are similar to those in the recipient 
genomes could facilitate integration.  This hypothesis is 
being tested. 
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