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Abstract. In a previous study, we compared chloroplast 
DNAs (ctDNAs) from four species of Oryza and detect- 
ed two independent deletions of DNA fragments in the 
ctDNAs (Kanno and Hirai 1992 a). These deletions were 
genotype-specific variations. Since short direct-repeat se- 
quences were detected at the borders of both deletions, 
the deletions were apparently the result of intramolecular 
recombination mediated by these direct-repeat se- 
quences. In the present study, we examined whether or 
not this type of variation exists within a single species. 
Ishii et al. demonstrated three types of ctDNA in O. 
sativa (1988), and the source of the variations that they 
identified seemed to be deletions. We determined the pre- 
cise locations of the deletions and the sequences around 
them. As expected, our results showed that these varia- 
tions were the results of deletions that were mediated by 
short direct-repeat sequences. While the deletions that 
had been found previously were located on spacer re- 
gions, those found in this study were located within open 
reading frames (ORFs). Northern hybridization analysis 
showed that one of the ORFs wastranscribed. In the case 
of this deletion, the amino acid sequence encoded by the 
C-terminal region of the ORF was altered and the short 
inverted-repeat sequences downstream of the ORF were 
deleted. In addition, there were other short inverted-re- 
peat sequences downstream of the altered ORE 
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Introduction 

The structure and organization of chloroplast DNA 
(ctDNA) have been studied in many land plants and 
algae (Whitfeld and Bottomley 1983, Palmer 1985). Phy- 
logenetic relationships between closely related species or 
genera have been examined by analyses of restriction 
fragment length polymorphisms (RFLP) in many groups 
of plants (Ogihara and Tsunewaki 1982; Kung et al. 
1982; Palmer et al. 1983). These analyses have revealed 
several types of variation in chloroplast genomes, varia- 
tions that can be accounted for by DNA rearrangements; 
for example, insertion/deletion, inversion, recombination 
and transposition (Yamada 1989). 

Rice species (genus Oryza) have seven types of 
genomes: AA, BB, BBCC, CC, CCDD, EE, and FF. Ishii 
et al. carried out phylogenetic studies of the AA genome 
in Oryza species (1986, 1988) and Dally and Second ana- 
lyzed six genomes, with the exception of the FF genome, 
in Oryza species by endonucleolytic cleavage of ctDNAs 
(1990). In order to compare ctDNAs among Oryza spe- 
cies in detail, we constructed overlapping clone banks of 
the entire chloroplast genomes of O. punctata (W1515), 
O. officinalis (W0002), and O. australiensis (W0008) 
(Kanno and Hirai 1992a). Using these clones, we con- 
structed physical maps of the ctDNAs and compared the 
ctDNAs from these three species and that from O. sativa 
(cv 'Nipponbare'). The complete nucleotide sequence of 
the ctDNA from O. sativa is available (Hiratsuka et al. 
1989). In our analysis, we identified two independent 
deletions in the ctDNA from O. punctata and O. offici- 
nalis. These deletions represent genotype-specific varia- 
tions. Short direct-repeat sequences were detected at the 
borders of both deletions, indicating that these deletions 
were the result of intramolecular recombination mediat- 
ed by the adjacent direct-repeat sequences. In wheat, 
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Ogihara  et al. detected similar deletions in a compar ison 
of  c t D N A s  from Aegilops crassa, Ae. squarrosa, and 
Triticum aestivum (1988). At  the border  of  these dele- 
tions, they also found short  direct-repeat  sequences. The 
direct repeats found in these rice and wheat  species con- 
sisted of  AT-rich sequences. Moreover ,  the characteris- 
tics of  the deletions found in rice and wheat  were geno- 
type-specific and species-specific variat ions,  respectively. 
These results raise the question of  whether or not  this 
type of  deletion occurs frequently; in other words,  can it 
be found within a single species? 

Ishii et al. (1988) repor ted that  on the basis of  R F L P  
analysis there are three types o f  c t D N A  in O. sativa: two 
ecospecies of  O. sativa, Japonica  and Javanica,  contain  
one type o f  c t D N A  and another  ecospecies, Indica, con- 
tains three types of  c tDNA.  Fur the r  analysis has shown 
that  these variat ions are caused by deletions (Ishii et al. 
1991). To examine whether these variat ions in deletions 
are caused by short  direct-repeat  sequences, we identified 
the precise locat ions of  these deletions and determined 
the nucleotide sequences a round  these deletions. F r o m  
our  results, we can now repor t  that  variat ions in deletions 
media ted  by short  direct-repeat  sequences exist even 
within a single species. Moreover ,  par t  of  the deletions 
extends into a t ranscr ibed region (ORF) ,  and there is a 
possibil i ty that  the amino acid sequence of  a protein  is 
al tered by  one of  the deletions. 

Materials and methods 

Plant materials 

Two strains of Oryza sativa were used in this study, ecospecies 
Japonica (cv 'Nipponbare') and ecospecies Indica (C8005). 
Seeds of C8005 were generously provided by Dr. Y. Sano of the 
National Institute of Genetics, Japan. 

Southern hybridization 

Total DNAs were extracted from 1 g of mature green leaves as 
described elsewhere (Honda and Hirai 1990). After digestion of 
DNAs with the appropriate restriction endonucleases, Southern 
hybridization analysis was carried out using a Nonradioactive 
DNA Labeling and Detection Kit (Boehringer Mannheirn, Ger- 
many). The PstI-12 and PstI-lO fragments of ctDNA from O. 
sativa (cv 'Nipponbare') were used as probes (Hirai et al. 1985). 

Synthesis of DNA and the polymerase chain reaction (PCR) 

DNA synthesis and the PCR were carried out using a DNA 
synthesizer (Applied Biosystems, USA) and a DNA-Ampli- 
fication System (Perkin-Elmer Cetus Corp, USA), respectively. 
The sequences of the primers were as follows: primer I, 5'- 
GCCTGCAGTAAGTGGACCTGACTCC-3'; primer 2, 5'- 
GCGGATCCGAGGTCGTGGTAAATCC-3'; primer 3, 5'- 
GCCTGCAGTTCCAAAAAAACGTAC-3'; and primer 4, 5'- 
GCGGATCCGTTTGGTAGTATCGTTGCG-3'. 

Sequencing of DNA 

Fragments of DNA that contained deletions were subcloned 
into the appropriate sites of pUCll9.  Sequencing was carried 
out on an automated DNA sequencer (Applied Biosystems). 

Fig. 1. A Southern hybridization and the location of the dele- 
tion on the PstI-12 fragment. Total DNAs from O. sativa ecosp. 
Japonica (cv 'Nipponbare') and O. sativa ecosp. Indica (C8005) 
were digested with BamHI/PstI (lanes 1, 2) and EcoRI/PstI 
(lanes 3, 4). The samples were subjected to electrophoresis on a 
0.7% agarose gel, and Southern hybridization was carried out 
using the PstI-12 fragment of rice ctDNA as probe. Lanes 1 and 
3 and lanes 2 and 4 show results for 'Nipponbare' and C8005, 
respectively. The primers used for PCR are indicated by arrow- 
heads (P1 and P2), and the genes and open reading frames are 
indicated by bold lines. Restriction sites are designated as fol- 
lows: P, PstI; E, EcoRI; X, XbaI; H, HaeIII. B The location of 
the deletion on the PstI-lO fragment. The primers used in PCR 
are indicated as above (P3 and P4). Restriction sites are desig- 
nated as above. In addition, B represents BamHI. This figure is 
reproduced with the permission of Ishii et al. (1991) 

Northern hybridization 

RNA extraction and Northern hybridization were carried out as 
described by Kanno and Hirai (1992b). As shown in Fig. 4, the 
fragment of ctDNA from O. sativa (cv 'Nipponbare') was used 
as a probe. 

Results 

The locations of the deletions found in the ctDNA 
from O. sativa ecospecies Indica 

R F L P  analysis of  c t D N A  from species of  Oryza with the 
A A  genome was carried out  by Ishii et al. (1988). They, 
described that  relative to the c t D N A  of  Japonica  there 
are two deletions in the c t D N A  from C8005 of  Indica. To 
determine the precise locat ion of these deletions, total  
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Nipponbare ' - - ~  ~TOG~CCTe4CTCC~T~A~t~e~CCTCT*TCCOC~T~C~A~TT ******************************************************* 
C8005 AAGTGGACCTGACTCCTTGAATGAGGCCTCTA-TCCGCTATTCTGATATATAAA~T 

CGATGTAr 

CGATGTA(]ATGAAATTGTATAAGTGGATTT~TTTGTATTTCCTTAGACTTAGACCACGCA 
AGGCAAGAA.TTTCTCGCTATTTACTATTTCATATTCTTGTTACTAGATGTTCTATAGGAA 

~GGCAAGA~-TTTCTCGCTATTTACTATTTCATATTCTTGTTACTAGATGTTCTATAGGAA 

YAA.GAAGAAATCGCAACCCCTTTCCGCTACACATAAAAATGGATTTCGA.AAGTCAATTTT 

TAAGAAQAAATCGCAACCCCTTTCCGCTACACAT~TGGATTTCGA.kAGTCAATTTE 

TCTTTTCAATATC~AATCCTATTTTTGTTCTTATACCCATQCAATA 
rCTTTTCAATATCTTTACTTTTTTTCA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

~AGAGCGAGTGGGAAAAGGGAGG~TACTTTTTTTCg.[rTTTTTCCTT~TAGGCTTff 
***** ****************** 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  TTTTTCCCTTAAAAAATAGGCTTT 

CTTGGAAATA+AATCATGGAATAAT-CTGAATTCCAATGTTTATTTCTATAGTATAAGA 
CTTGGAAATA(IIGAATCATGGAATAA.TCCTGAATTCCAATGTTTATTTCTATAGTATAA.GA L ~ J  

EcoRI 

ORF63 
Nipponbare GAAGAAAAAGACTTATTTTTCCATAGTACAATCTTATTCTTTAGCAAAATCAAGA] ********************************************************* 

C80r~__JGAAGAAAAAGACTTATTTTTCCATAGTACAATCTTATTCTTTAGCAAAATCAAGA I 

ITCATTTTCTGGCGTCAGCGAGCATCCA-kAACCAAAGGGTTTTTCTCGGCAA.C . . . .  A-kACI 

}*******~******* | 

ATATGAATAATTAGGAATAATTAGGATTAATTAATGAGTTTACTTTTATGTGTCGAATTC 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

CTCGGTACAATATTCTTAGAACAAACCTQTCTGATATAT~~"~/~TGGTATA 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  TGGTATA 
CTGTGACCTAAATATTCTTTTCCTATCAA.TGAACTTTTCGTAATAGAATCCGTATAATAA 

CTGTGACCTAAATATTCTTTTCCTATCAA.TGAACTTTTCGTAA.TAGAATCCGTAT.AATAA 

ATAAAA.AAAGGGGATTCTATTATGAAAAQTAQAGTATTCCTGCAATAAGACTTACAACTT 

ATAAAA.A/kAGGGGATTCTATTATGAAAAGTAGAGTATTCCTGCAATAAGACTTACAACTT 
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Fig. 2 A, B. Comparison of nucle- 
otide sequences around the dele- 
tions on the PstI-12 (A) and PstI-lO 
(B) fragments of ctDNA between 
'Nipponbare' and C8005. Stars de- 
note matching nucleotides and 
dashes indicate gaps (deleted re- 
gions). Open reading frames and di- 
rect-repeat sequences that are likely 
to be sites of recombi~Lation are 
boxed 

DNAs were extracted from green leaves of Japonica 
( 'Nipponbare')  and Indica (C8005), and the DNAs were 
digested with appropriate restriction enzymes. After 
agarose gel electrophoresis, the DNAs were transferred 
to nylon membranes and Southern hybridization was 
carried out using the PstI-12 and PstI-10 fragments of 
rice c tDNA as probes. The results of the Southern hy- 
bridization and the locations of the deletions are shown 
in Fig. 1. The deletion on the PstI-12 fragment was locat- 
ed on an EcoRI fragment of about 0.8 kb, and the length 
of the deletion was about 60 bp, Further experiments 
showed that the deletion was located on the fragment 
between the HaeIII and EcoRI sites and that ORF100 
was also located on the same fragment (data not shown). 
The deletion on the PstI-lO fragment has already been 
described by Ishii (1991). As shown in Fig. 1 B, the delet- 
ed sequence contained an EcoRI site. The deletion was 
about 200 bp long and located around ORF63. 

Nucleotide sequences around the deletions 

For the cloning of the DNA fragments that contained the 
deletions, PCR was carried out with total DNA prepared 
from C8005 as a template and the appropriate primers 
(primers 1-4)  as shown in Fig. 1. The products of PCR 
were cloned into pUC119, and the nucleotide sequences 
were determined as described in the Materials and meth- 
ods. 

DNA sequences around the deletions were aligned 
for 'Nipponbare '  and C8005 (Fig. 2). The sequences 
around the respective deletion-containing regions exhib- 
ited a high degree of homology (>98%).  The length of 
the deletion on the PstI-12 fragment was 69 bp and that 
on the PstI-lO fragment was 158 bp. The short direct-re- 
peat sequences at the borders of the deleted regions were 
detected in corresponding regions of 'Nipponbare' ,  The 
sequences of the direct repeats that were found on the 
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PstI-12 and PstI-lO fragments were TTACTTTTTTCA 
and AGGGTTTT,  respectively. 

151 bp, respectively. The effects of these deletions are 
discussed below. 

The two deletions were located within two independent 
open reading frames 

The deletions found on the ctDNAs of O. punctata and 
O. officinalis were located in the spacer region between 
the trnQ and rpsl6 genes, and between the atpland atpH 
genes, respectively (Kanno and Hirai 1992 a). In contrast, 
the two deletions found on the c tDNA of Indica (C8005) 
were located in open reading frames: the deletions detect- 
ed on the PstI-12 and PstI-lO fragments were located in 
ORF100 and ORF63, respectively (Fig. 2). 

The length of ORF100 was 303 bp, and the precise 
location of the deletion on the PstI-12 fragment was 
within the open reading frame, 200-268 bp downstream 
from the ATG codon. The other deletion, located on the 
PstI-lO fragment, contained the C-terminal and down- 
stream regions of ORF63. The lengths of the deletions in 
the C-terminal and downstream regions were 7 bp and 

Fig. 3. Northern hybridization and the pattern of transcription 
of the putative gene, ORF63. The location of the probe and 
transcripts are shown by a bold line and arrows, respectively 

Transcription of ORF63 

To examine the transcription of ORF63, Northern hy- 
bridization was carried out using a specific probe for 
ORF63. As shown in Fig. 3, two transcripts of 0.8 kb and 
0.6 kb were detected. In a previous study, we detected a 
0.l-kb transcript that corresponded to the trnL gene 
(Kanno and Hirai 1992b). Thus, the 0.8-kb transcript 
encodes ORF63 and the trnL gene, and the transcripts of 
0.6 kb and 0.1 kb are the cleaved products of the 0.8-kb 
transcript. 

Discussion 

Effects of the deletions found in the ctDNA 
of Oryza species 

In a previous study, we detected two deletions in the 
ctDNAs from O. punctata and O. officinalis (Kanno and 
Hirai 1992 a). The lengths of these deletions were 453 bp 
and 322 bp and at the borders of these deletions there 
were direct-repeat sequences of AGAAAAAAAT and 
AATAGAA(T)AATGAG, respectively. Since these dele- 
tions were located in the spacer region, they are not likely 
to have critical effects on gene expression. In contrast, 
the deletions found in the C8005 type of Indica were 
different from the deletions mentioned above as they 
were located within open reading frames. 

The deletion on the PstI-12 fragment was located 
within ORFI00. Since the length of the deletion was 
69 bp, 23 out of 100 amino acids had been deleted, even 
though the reading frame of the putative ORF100 

Nipponbare 
150  160 170 180  190 200 

CCAAAGGGTTTTTCTCGGCAACAAACAAATAAT~GGGTTTT~GGATAATATGAATTGACC 
P r ~  

210  220  230 240  250 260 
TATCCCCCAAAAATTCCAATTATTTAATATGAATAATTAGGAATAATTAGGATTAATTAA 

270  280  290 300  
TGAGTTTACTTTTATGTGTCGAATTCCTCGGTACAA 

Deletion (158bp) 
C8005 

150 160 170 ~ 350 360 
CCAAAGGGTTTTTCTCGGCAACAAACAAATAA~TGGTATACTGTGACCTAAA 
P r  o L y s G 1  y P h e  Se r A r g G l n G 1  n T h r A s n A s n A r g V a  i PheG1 Y I 1 e L e u * * *  

370  380  390  400  410  420  
TATTCTTTTCCTATCAATGAACTTTTCGTAATAGAATCCGTATAATAAATAAAAA.AAGGG 

4 3 0  440  450 460  470 
GATTCTATTATGAAAAGTAGAGTATTCCTGCAATAAGACTTACAACT 

Fig. 4. Amino acid sequences and nucle- 
otide sequences of the C-terminal region and 
the region downstream from the termination 
codon of ORF63 in 'Nipponbare' and 
C8005. Arrows indicate inverted-repeat se- 
quences. Direct-repeat sequences that are 
likely to be sites of recombination are boxed 
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protein remained unchanged. This open reading frame is 
co-transcribed with psb K, psb I, psb D, psb C, ORF62, and 
trnG as a 6.1-kb transcript, and no transcript that en- 
codes only ORF100 alone has been detected (Kanno and 
Hirai 1992b). From these results, it appears that 
ORFI00 is not likely to be a functional gene. 

The length of the other deletion, located on the PstI- 
10 fragment, was 158 bp. This deleted region contained 
the sequence of the C-terminal end of the putative 
ORF63 protein and a short inverted-repeat sequence that 
might act either as a terminator or might block degrada- 
tion during processing (Fig. 2B). From the results of 
Northern hybridization, this open reading frame appears 
to be co-transcribed with the trnL gene as a 0.8-kb tran- 
script, and this transcript seems to be processed into 
0.6-kb and 0.1-kb transcripts. Consequently, the 0.6-kb 
transcript contains only ORF63 (Fig. 3). Thus, ORF63 
should be a functional gene and should be expressed in 
the chloroplast. However, we must still determine 
whether or not the ORF63 of C8005 is functional. 

We compared 'Nipponbare '  and C8005 for the C-ter- 
minal region of ORF63 and the region downstream from 
the termination codon (Fig. 4). To "our surprise, there 
were only slight differences with respect to the amino 
acid sequence encoded by ORF63, and a short inverted- 
repeat sequence was present in the region downstream of 
ORF63 in C8005. The amino acid sequences encoded 
by ORF63 were -Arg-Val-Leu-Gly in 'Nipponbare '  and 
-Arg-Val-Phe-Gly-Ile-Leu in C8005. This variation 
seems not to have any critical effect on the function of the 
protein since C-terminal regions of proteins are non- 
functional in many cases. The inverted-repeat sequence 
of ORF63 of 'Nipponbare '  is located 27 bp downstream 
from the termination codon, while that of C8005 is prob- 
ably located 27 bp downstream from the termination 
codon, even though the sequences and the lengths of the 
inverted repeats are different in the two ecospecies. From 
these results, ORF63 seems to be functional in both 
'Nipponbare '  and C8005, however the function of this 
protein is not known. 

The frequency of the occurrence of deletions 
that are mediated by short direct-repeat sequences 
in ctDNA during evolution 

Variations in the deletions mediated by short direct-re- 
peat sequences which were found in the ctDNA of the 
various species of Oryza are shown in Fig. 5. The lengths 
of the direct-repeat sequences varied from 8 to 13 bp, and 
the lengths of the deletions varied from 69 bp to 453 bp. 
In the case of similar deletions in wheat species, the 
lengths of the direct-repeat sequences were 9 bp and 5 bp, 
and the lengths of the deletions were 791 bp and 1062 bp. 
Common features of direct repeats found in both Oryza 
and wheat species are the AT-rich sequences. On the 

Dell  

f "/=f Oryza as tiva ~., l~4De13 

~ lr PsbA 

& 
Del4 

Sequence of Length of deletions 
direct repeats (bp) 

Dell  --AATAGAA(T)AATGAG-- 322 

Del2 - -  A G A A A A A A A T - -  4 5 3  

Del3 - - ' F f A C T T - I q - F F C A  - -  69  

Del4 - - A G  G G-C i - I - I  - -  158  

Fig. 5. The locations of the deletions found in the ctDNA from 
species of Oryza (triangles). Dell and Del2 are the deletions 
found in the ctDNAs of O. offieinalis and O. punctata, respec- 
tively (Kanno and Hirai 1992 a); Del3 and Del4 are the deletions 
identified in the present study 

ctDNA, there are many candidates for regions in which 
changes due to deletions mediated by short direct repeats 
may occur. Therefore, if direct-repeat sequences are lo- 
cated at distances of 100-1000 bp from each other and if 
the changes due to deletions are not critical, changes in 
the deletions can occur frequently during evolution. 
However, there are many copies of c tDNA in one chloro- 
plast, and many chloroplasts in one cell. It will be of 
interest to investigate why specific deletions are fixed in 
one plant and fixed in one species. 

The deletions found in the ctDNA of O. punctata 
(W1515) and O. offi'cinalis (W0002) were genotype- 
specific variations, while similar deletions found in wheat 
species were species-specific variations. However, the 
deletions found in the ctDNA of C8005 represented vari- 
ations within a single species, O. sativa, and even within 
a single ecospecies. Consequently, it seems that deletion 
events mediated by short direct-repeat sequences can oc- 
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cur comparat ive ly  easily during evolution,  and even the 
c t D N A  within a single species can be altered by such 
deletions. 
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