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Abstract Palindromic repeated sequences (PRSs) are
distributed in at least ten regions of the mitochondrial
(mt) genome of rice and are, apparently, mobile. In the
present study, we examined the possibility of homologous
recombination via some PRSs during the course of evol-
ution of Oryza. We first performed Southern hybridiz-
ation of the DNA from 11 species (18 strains) of Oryza in
order to identify the distribution of PRSs in the
mitochondrial genome of Oryza. The hybridization pat-
terns revealed genome type-specific and/or species-speci-
fic variations. We speculated that homologous recom-
bination via some PRSs might have made a contribution
to such variations. After subsequent polymerase chain
reaction, Southern hybridization and sequencing, we
concluded that homologous recombination mediated by
two PRSs occurred in the mtDNA of Oryza after diver-
gence of the BB genome type and the other genome types
of Oryza. Evidence was obtained that some PRSs were
involved in both insertion and recombination events
during the evolution of Oryza. Our results indicate, there-
fore, that PRSs have contributed considerably to the
polymorphism of Oryza mtDNAs.
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Introduction

The mitochondrial (mt.) genomes of higher plants are
much larger and more complicated than those of other
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eukaryotic organisms. Their complexity is mainly due to
recombination via large repeated sequences and to the
transfer of DNA fragments from the chloroplast or the
nucleus (reviewed by Lonsdale et al. 1988; Schuster and
Brennicke 1988). Inter- and/or intramolecular recom-
bination via recombination repeats seems to create
multipartite structures and to occur reversibly (Lon-
sdale et al. 1984). In addition to such active recombina-
tion repeats, mtDNAs of higher plants have a number of
small repeated sequences (reviewed by André et al
1992). These are not involved in the frequent recombina-
tion events mentioned above. However, several analyses
of recombination events have indicated that the small
repeated sequences may be related to rearrangements of
mtDNA that have been postulated to have occurred
during evolution or that are seen in tissue culture
(Brears et al. 1989; Small et al. 1989; Shirzadegan et al.
1991). Many chimeric genes, produced by such infre-
quent recombination via the small repeated sequences,
are found in the mtDNA of several plants (Dewey et al.
1986; Young and Hanson 1987; Kadowaki et al. 1990.)
Some of the chimeric genes are associated with the
male-sterile phenotype (Dewey et al. 1986; Young and
Hanson 1987). Therefore, the small repeated sequences
appear to have contributed to the variation in
mitochondrial genomes and to the phenotypes of plants.

We reported previously that small repeated se-
quences of 60-66 basepairs (bp) are present in the
mitochondrial genome of rice (Oryza sativa; Nakazono
et al. 1994). These sequences are highly conserved with
respect to one another and are widely distributed in at
least ten regions of rice mtDNA. We designated these
sequences PRSs (Palindromic Repeated Sequences) be-
cause they are potentially capable of forming a stem-
and-loop structure. We noted that some of the PRSs had
been inserted into the intron of the gene for ribosomal
protein S3 (rps3) and into the flanking sequence of the
gene for chloroplast-like tRNA**® (trnN) of the Oryza
mtDNA during the course of evolution. In this study, we
found that at least one PRS might have been used as a
site of homologous recombination during the evolution
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of the genus Oryza. This report provides the first evi-
dence, to our knowledge, that small, mobile repeated
sequences have been involved in recombination events
in plant mtDNA.

Materials and methods
Plant materials and isolation of total DNA

Eleven species (18 strains) of Oryza were used in this study (Table 1).
They consisted of 4 (5 strains), 1 (2 strains), 2 (3 strains), 2 (4 strains), 2
(2 strains) and 1 (2 strains) species of the AA, BB, BBCC, CC, CCDD
and EE genome types, respectively. Plants were grown in a green-
house, and total DNA was isolated from each by the method descir-
bed by Honda and Hirai (1990).

Southern hybridization analysis

Total DNAs were digested with EcoRI (Takara Shuzo, Kyoto, Japan)
at 37°Cfor 2 h, fractionated by electrophoresis on a 0.7% agarose gel
and transferred to a nylon membranes (Micron Separations, Wes-
tborough, Mass.). Polymerase chain reaction-(PCR) generated frag-
ments of DNA were labeled at their 5-ends with [*?P] by the
procedure of Maniatis et al. (1982). Prehybridization and hybridiz-
ation were carried out in 5 x Denhardt’s reagent (0.1% Ficol 400,
0.1% polyvinylpyrrolidone and 0.1% BSA), 5x SSPE (50 mM
NaH,PO,, pH 74, 0.75 M NaCl and 5 mM EDTA), 0.1% SDS and
0.1 mg/ml denatured salmon sperm DNA at 54°C. Filters were
washed twice for 5 min in 6 x SSC (0.9 M NaCl and 90 mM sodium
citrate) and 0.1% SDS at 54°C. The hybridization signals were
detected with a Bio-image analyzer (BAS-2000; Fuji Photo Film,
Tokyo, Japan).

Cloning of DNA fragments that contained PRS-min and PRS-off

Total DNA from W1319(BBCC)and W1252(CC), digested by EcoRI
and Sphl, respectively, was dephosphorylated with CIAP (alkaline
phosphatase from calf intestine; Boehringer Mannheim, Germany).
The dephosphorylated DNA fragments were ligated with pUC19
vectors that had been digested by EcoR1/Sall or Sphl/HindIIT using a
DNA ligation kit (Takara Shuzo). The ligated DNA fragments were

Table 1 The species and strains of Oryza as sources of total DNA

Species Strain Genome type

0. sativa Nipponbare AA

0. rufipogon w0107 AA

(annual type)

0. rufipogon W0120 AA

(perennial type)

0. meridionalis W1298 AA

0. glaberrima w0025 AA

O. punctata W1514 BB
Wi1515 BB

0. punctata Wis6e4 BBCC

0. minuta W1319 BBCC
Y0022 BBCC

0. officinalis W0002 CcC
w0012 CC
W1252 CcC

0. eichingeri W1521 CcC

0. latifolia w0542 CCDD

0. alta w0017 CCDD

O. australiensis WO0008 EE
W1538 EE

used for PCR as templates. Oligonucleotides a, d and M13 (250 ng
each; see below) were used as primers. PCR was performed using
oligonucleotides a and M13 and the ligated DNA fragments from
W1319 and using oligonucleotides d and M13 and the ligated DNA
fragments from W1252, respectively, with a DNA Amplification
System (Perkin Elmer Cetus, USA). Tag DNA polymerase (2.5 U;
Pharmacia, Sweden) and Bind-Aid™ Amplification Enhancer
(United States Biochemical, Cleveland, Ohio) were added after the
annealing step (94 °C, 5 min and then 45 °C, 5 min). Amplification was
then performed for 35 cycles (94 °C, 1 min; 45 °C, 2 min; 72 °C, 2 min).
PCR-generated fragments were cloned in pUC19.

Polymerase chain reaction, DNA sequencing and synthesis
of oligonucleotides

PCR and DNA sequencing were performed as described previously
(Nakazono et al. 1994). DNA sequencing data were analyzed with
GENETYX software (SDC, Tokyo, Japan).

Oligonucleotides were synthesized with a DNA synthesizer (Ap-
plied Biosystems, Foster City, USA). The following oligonucleotides
were used as primers for amplification by PCR: a, 5-gcggaTC-
CTAATTAAGGGCTTTCCAAT-3; b, 5-ccggateccTAGTAG-
TGAACGGTTCTAA-3; ¢, 5-CCTTCCCACAACATGAGACT-3;
d  5Y-GGGAGCAAATACGATCAACTG-3; e  5-CTAG-
CGCGAAACGTTAGCAC-3; f, 5-TGCTAACGTTTCGCGCT-
AGT-3"; and M13, 5-GTTTTCCCAGTCACGAC-3'.

Results

Distribution of the palindromic repeated sequences
(PRSs) in 11 species of Oryza

At least ten copies of PRSs are dispersed throughtout
rice mitochondrial DNA (Nakazono etal. 1994). In
maize and wheat mtDNAs, there are also many se-
quences homologous to the PRS (Gualberto et al. 1988;
Nakazono et al. unpublished data). Moreover, there
have been many reports of some small repeated se-
quences being involved in rearrangements of plant
mtDNAs (reviewed by André et al. 1992). Tt has been
proposed that homologous recombination mediated by
some of PRSs might have occurred during the course of
evolution of the genus Oryza. To examine this possibil-
ity, we first examined whether PRSs are widely distrib-
uted in the mitochondrial genomes of other species in
the genus Oryza. Total DNA was prepared from each of
11 species (18 strains) of Oryza (Table 1). The DNA from
each strain was digested with EcoRI and subjected to
electrophoresis on a 0.7% agarose gel. Southern hybrid-
ization was performed using a 5-end-labeled 61-bp
fragment of DNA that contained only a PRS. As shown
in Fig. 1, many hybridization signals were detected.
These signals were assumed to be due to mtDNA since
the patterns of hybridization obtained with rice total
DNA were exactly the same as those obtained with rice
mtDNA (data not shown).

The hybridization patterns showed the genome type-
and/or species-specific variations. We suspected that
homologous recombination, mediated by some of the
PRSs, might have contributed to these variations. From
10to13 EcoRI fragments were homologous to PRS from
each strain (Fig. 1). This result indicates that the number
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Fig. 1 Southern hybridization analysis of total DNAs from various
strains of Oryza digested with EcoRI. Hybridization was performed
with a 5-end-labeled 61-bp DNA fragment that contained only a
PRS. AA, BB, BBCC, CC, CCDD and EE indicate each nuclear
genome type of Oryza. The numbers given on the left indicate sizes of
fragments in kilobasepairs (kb).

of copies of PRSs was roughly the same in each of the
species of Oryza examined. There were also uniquely
sized hybridization signals for individual species. In the
case of 3 strains of the genome type BBCC, namely, O.
minuta(W1319 and Y0022} and O. punctata(W1564), the
hybridization patterns were similar to those of the BB
and CC genome types, respectively (see Discussion).
This result was consistent with the results from com-
parative studies of the chloroplast DNA (ctDNA; Dally
and Second 1990; Kanno and Hirai 1992) of Oryza.

Homologous recombination mediated
by two PRSs

To examine the possibility of homologous recombina-
tion via PRSs, we amplified DNA fragments that con-
tained a PRS by the PCR using total DNA from the 11
species (18 strains) of Oryza listed in Table 1 as tem-
plates. Two primers corresponded to the unique regions
in the upstream and the downstream sequences of the
individual PRSs. If homologous recombination had
occurred between two PRSs, each original flanking
sequences ought to be located in the separated regions.
Therefore, we expected that no amplified fragments
would be obtained from regions that contained PRSs
that had been involved in homologous recombination.
The anticipated fragments of six of the ten regions of
PRSs were amplified in all of the species of Oryza
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examined, while no fragments of the other regions were
amplified from DNA from several species (data not
shown). We postulated that the sequences of the various
regions that were not amplified, with the exception of
the region designated 304-PRS (Nakazono et al. 1994),
had been lost. More complicated recombination may
have been occurred in the mtDNAs of these species.
Therefore, we carried out further analysis of 304-PRS.
Some fragments (312 bp) of the region of 304-PRS were
not amplified using primers a and b of Fig. 2A from 4
strains of the BB (0. punctata, W1514 and W1515) and
BBCC (0. minuta, W1319 and Y0022) genome types
(Fig. 2B). We synthesized oligonucleotides e and f, which
correspond to the internal sequences of PRS (Fig. 2A).
Amplification by PCR was performed using primers a
and f and primers b and e. Total DNAs from W1514,
W1515 and W1319 were used as templates. Amplified
DNA fragments were obtained using only primers a and
f from each of 3 strains (data not shown). This result
indicates that the downstream sequence (D) of the PRS
in W1514, W1515 and W1319 mtDNAs differs from the
downstream sequence (B) of rice 304-PRS (Fig. 2A).
Furthermore, we cloned the DNA fragment that con-
tained this PRS from W1319 (0. minuta) by the method
described in the Materials and methods and determined
its nucleotide sequence (Fig. 3). We designated this PRS
“PRS-min”. As expected, the upstream sequence of
PRS-min was the same as the upstream sequence (A) of
304-PRS, but the downstream sequence (D) was differ-
ent from the downstream sequence (B) of 304-PRS
(Fig. 2A). This result indicates that a homologous re-
combination event via this PRS occurred in the
mitochondrial genomes of O. punctata (BB) and O.
minuta (BBCC). We synthesized oligonucleotide d that
corresponded to the downstream sequence (D) (Figs. 2A
and 3). Amplification by PCR from the total DNAs of 18
strains was carried out using primers a and d and
primers d and e. Amplified fragments (539 bp) were
obtained using primers a and d from only the 4 strains
(W1514, W1515, W1319 and Y0022) mentioned above
(Fig. 2C), while amplified fragments (323 bp) were found
for all of the strains except for those of the AA genome
type using primers d and e (Fig. 2D). Several weak bands
were obtained using primers a and d from the BBCC
(W1564), CC, CCDD and EE genome types (Fig. 2C). It
was possible that such weak bands might be artifacts
that was annealed between 304-PRS and another PRS
(designated “PRS-off” below) and then amplified in the
test tubes during PCR. To eliminate this possibility, we
performed PCR using primers a and d and the mixture
of two plasmid DNAs that contained 304-PRS or an-
other PRS (PRS-off) as template. The DNA fragment
was not amplified under these PCR conditions (data not
shown). Therefore, we assumed that the weak bands
originated from molecules present at substoichiometric
levels and obtained as a result of rare recombination
events (Small et al. 1987). Thus, it appeared that the
downstream sequences of this PRS in O. punctata
(W1564) with the BBCC genome type and in the species
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Fig. 2A  Organization of 304-PRS, PRS-min and PRS-off. The closed
boses indicate the locations of PRSs. Arrowheads indicate the
positions of primers a-f that were used for PCR. A-D indicate
each of the flanking sequences. B-E Staining with ethidium bromide
after electrophoresis of DNA fragments obtained by amplification
by PCR from total DNAs of various strains of Oryza using oligonuc-
leotides a and b (B), a and d (C), d and e (D) and ¢ and d (E),
respectively, as primers. M size markers (a Haelll digest of X174
RF-DNA)
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with CC, CCDD and EE genome types were the same as
the downstream sequence (D) of PRS-min, while the
upstream sequence (C) was different from the upstream
sequence (A) of PRS-min. To confirm this possibility, we
cloned the fragment that contained this region from the
total DNA of W1252 (0. officinalis; CC genome type) (as
described in Materials and methods) and determined its
nucleotide sequence (Fig. 3). This PRS was designated
“PRS-off”. We confirmed the possibility described
above from the nucleotide sequencing data. When we
compared the nucleotide sequences that contained 304-
PRS with PRS-off, only the sequences of the PRSs
exhibited homology to one another (Fig. 3). Further-
more, we synthesized oligonucleotide ¢, which corre-
sponded to the upstream sequence (C), which exhibited
no homology to the upstream sequence (A) of PRS-min
or 304-PRS, of PRS-off (Fig. 2A,3). A PCR experiment
was performed with primers ¢ and d and total DNAs
from 18 strains as templates. Fragments (472 bp) were
amplified from W1564 of the BBCC genome types and
from all of the strains of the CC, CCDD and EE genome
types (Fig. 2E). These results indicated that both 304-
PRS and PRS-off were present in the mitochondrial
genomes of 0. punctata (W1564) with the BBCC genome
type and in the CC, CCDD and EE genome types, but
that only 304-PRS was present in the AA genome type.
The sequence including PRS-min of the BB genome type
and O. minuta (W1319 and Y0022) of the BBCC genome
type appears to have been generated as a result of
homologous recombination mediated by two PRSs
(304-PRS and PRS-off). In order to confirm the evi-
dence of homologous recombination via the two PRSs,
304-PRS and PRS-off, we performed Southern hybridi-
zation analysis. Total DNAs digested by EcoRI were
hybridized with 5-end-labeled DNA fragments that
corresponded to the individual flanking sequences of
304-PRS and PRS-off (probes 1-4; as shown in Fig. 4A).
Using probes 1 and 4, as expected, we detected the same
hybridization signals for the BB genome type and for O.
minuta (W1319 and Y0022) with the BBCC genome type
(Fig. 4B, C). In 0. punctata (W1564) with the BBCC
genome type and the AA, CC, CCDD and EE genome
types, the same hybridization signals were obtained
using probes 1 and 2 and probes 3 and 4, respectively
(data not shown). No hybridization signal was obtained
using probes 3 and 4 from any strains of the AA genome
type, indicating that mtDNA of the AA genome type does
not contain the sequence that includes PRS-off and its
flanking sequences [the upstream sequence (C) and the
downstream sequence (D); Fig. 4C].

Discussion

Mitochondrial DNA polymorphism among
the species of Oryza

To determine the copy numbers and to identify the
distribution of PRSs in the mtDNA of Oryza, Southern



Fig. 3 Alignment of nucleotide
sequences of fragments cloned
from the DNAs of 0. sativa
(‘Nipponbare’), 0. minuta
(W1319) and O. officinalis
(W1252). An asterisk indicates
that a nucleotide is identical

to that in the sequence from
W1319. A dash indicates a
nucleotide that is absent from

a sequence. The nucleotide
sequence of PRSs is hoxed.
Arrows indicate the primers
(a—f) used for amplification

by PCR. The sequences reported
in this figure have been deposited
in the GSDB, DDBJ, EMBL
and NCBI nucleotide sequence
databases with the following
accession numbers D13097
(*Nipponbare’), D29790 (W1319)
and D29789 (W1252)

hybridization of total DNAs from 11 species (18 strains;
see Table 1) was performed using a 61-bp DNA frag-
ment that contained only a PRS as probe. As shown in
Fig. 1, the number of hybridization signals was roughly
the same among all 18 strains of Oryza. The hybridi-
zation patterns represented genome type- and/or species-
specific variations. Among 3 strains with the BBCC
genome type, the hybridization patterns of O. minuta
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(W1319 and Y0022) and O. punctata (W1564) were
similar to those of strains with the BB and CC genome
types, respectively. In comparative studies of the struc-
ture of the ctDNA of Oryza, O. minuta (BBCC) and O.
punctata (BBCC) also gave profiles specific to BB and
CC genome types, respectively (Dally and Second 1990;
Kanno and Hirai 1992). It is believed that the BBCC
genome type originated as a result of crossing between
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the BB and CC genome types. Our results support the
diphyletic origin of the BBCC genome type. The cytop-
lasm of O. minuta (BBCC) and O. punctata (BBCC) may
have originated from those of BB and CC genome types,
respectively.

Phylogenetic relationships between closely related
species or genera have been examined by means of
comparative studies of the structure of ctDNA in many
groups of plants (Ogihara and Tsunewaki 1982; Kung
et al. 1982; Palmer et al. 1983). In the genus Oryza, the
relationships between a wider range of species has been
analyzed by Ichikawa et al. (1986) and Dally and Second
(1990). There are also several published analyses of the
genetic differentiation of mtDNA among cultivated ri-
ces (Kadowaki et al. 1988; Kanazawa et al. 1992; Ishii
et al. 1993). There is, to our knowledge, little compara-
tive information about mtDNAs of other species of
Oryza. In general, highly interspersed repetitive se-
quences are suitable for studies of genetic differentiation
and phylogenetic relationship between related taxa. Be-
cause PRSs are distributed in at least ten regions of rice

mtDNA, a PRS may be a good tool for the study of
genetic differentiation of mtDNA among species of
Oryza.

Homologous recombination via two PRSs is
specific to the BB genome type

Experiments by PCR and Southern hybridization
analysis indicated that the mitochondrial genome of
0. punctata (W1564) with the BBCC genome type
and those of the CC, CCDD and EE genome types
contain both 304-PRS and PRS-off, while the AA
genome type contains only 304-PRS. For the BB
genome type and O. minuta (W1319 and Y0022) with
the BBCC genome type, PRS-min instead of 304-PRS
and PRS-off was found in the mitochondrial genome.
These results are consistent with the hypothesis that
the cytoplasms of O. minuta and O. punctata (BBCC)
originated from those of the BB and CC genome types,
respectively. If it is assumed that mutational events



occurred at a minimal number of times and that re-
combination via two PRSs is irreversible, the most
likely hypothesis is that the common ancestor of Oryza
contained both 304-PRS and PRS-off and that PRS-
min was then generated as a result of homologous
recombination mediated by two PRSs (304-PRS and
PRS-off) in the mtDNA of the BB genome type after
divergence of the BB genome type and the other genome
types. Independently, the sequence containing PRS-off
in the mtDNA of the AA genome type was lost by
another deletion event after divergence of the AA
genome type from the other genome types. At present, it
is unknown which events occurred earlier. Our hypoth-
esis is consistent with the results of a phylogenetic study
of another cytoplasmic genome, the -chloroplast
genome, of Oryza, reported by Dally and Second (1990).
Because there is only limited evidence to support this
hypothesis, further analyses are necessary to confirm it.
However, it is clear that homologous recombination
mediated by two PRSs occurred in the mitochondrial
genome during the course of the evolution of Oryza.

Homologous recombination via small repeated se-
quences in mtDNA occurs in animal (Schon et al. 1989;
Zeviani et al. 1989), fungal (Almasan and Mishra 1991;
Weiller et al. 1991) and plant cells (reviewed by André
et al. 1992). It has been reported that 7-bp repeats are
involved in homologous recombination in rice mtDNA
(Kadowaki et al. 1990). In yeast mtDNA, it has been
suggested that some GC-rich repeated sequences, name-
ly GC-clusters, which are presumed to be mobile genetic
elements, were involved in macro-deletion or recom-
bination (Weiller et al. 1991). In the case of plant
mtDNA, the present report is, to our knowledge, the
first example of small, mobile repeated sequences being
identified as sites of homologous recombination. PRSs
appear to have caused both insertion and recombina-
tion events in the mtDNA of Oryza during evolution. Tt
is clear that they have contributed both to the complex-
ity of and to the variations in the mitochondrial genome
of Oryza.
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