Structure and gene expression
of the mitochondrial genome of rice

M. Nakazono, N. Tsutsumi, and A. Hirai

We examined the structure and organization of the mitochondrial
genome and the expression of the mitochondrial genes of rice (Oryza
sativa cv Nipponbare). In particular, the entire set of the transferred
chloroplast DNA sequences and a family of the palindromic repeated
sequences that mainly exist in the intergenic spacer regions were
identified. Furthermore, we determined the transcription initiation
sites of rice mitochondrial genes by in vitro capping and ribonuclease
protection assays and primer extension analysis. A consensus se-
quence was observed around the sites of initiation of transcription,
indicating that the consensus motif is recognized as promoters of
rice mitochondrial genes.

It has been known that the mitochondrial genome of higher plants is the largest and
most complex among those of the eukaryotes. However, the plant mitochondrial
genome does not contain many genes. Noncoding regions, the intergenic spacer re-
gions, occupy a majority of the mitochondrial genome. There are a lot of pseudogenes
derived from both mitochondrial and chloroplast genes, many small repeated sequences,
and regulatory elements such as promoter and terminator elements in the intergenic
spacer regions. In the present study, we investigated the structure and gene expression
of the mitochondrial genome of rice, placing priority on the features of the intergenic
spacer regions.
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Identification of the entire set of transferred chloroplast DNA
seqguences in the mitochondrial genome of rice (Nakazono and Hirai
1993)

ctDNA sequences in the rice mitochondrial genome

The mitochondrial genomes of higher plants are much larger and more complex than
those of other eukaryotic organisms (Newton 1988). It has been suggested that one of
the reasons for such complexity might be the presence of many chloroplast sequences
in the mtDNA of higher plants. Although there are many reports of chloroplast-like
sequences in the mtDNA of higher plant, there are still few comprehensive surveys of
these sequences. However, Stern and Palmer (1986) identified all locations of
chloroplast-like sequences in the mtDNA of spinach by Southern hybridization.

We have carried out hybridization analysis using clone banks of chloroplast DNA
(ctDNA) and mtDNA from rice Qryza sativacv Nipponbare) to examine the
chloroplast sequences in the mtDNA of rice. Nucleotide sequences of hybridized frag-
ments were determined and compared with the reported chloroplast sequences. We
describe the entire set of chloroplast sequences in the rice mitochondrial genome with
exact lengths of transferred fragments.

We found 16 chloroplast fragments in rice mtDNA that ranged from 32 bp to
about 6.8 kb in length. As shown in Figure 1, the transfer of ctDNA occurred from

atp9 atp6

Fig. 1. The chloroplast DNA sequences in the rice mitochondrial genome. The inner
circle indicates the rice chloroplast genome (Hirai et al 1985). Thick lines indicate
the inverted repeat (IR) sequence. The outer circle is a master circle of the rice
mitochondrial genome (Iwahashi et al 1992). The repeated sequences are indicated
by boxes outside the master circle. The sequences homologous to ctDNA are indi-
cated by shaded triangles with numbers. The numbers correspond to those in
Table 1.
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widely separated regions of ctDNA to widely separated sites in the mtDNA. Trans-
ferred chloroplast sequences are summarized in Table 1. The results show that about
6% (22 kb) of rice mtDNA, excluding repeated sequences, is made up of chloroplast
sequences. Thus, about 19% of the rice ctDNA, omitting one of the inverted repeats,
must have been transferred to the rice mtDNA. We did not find any common se-
guences or structures around the termini of chloroplast sequences that might explain
the insertion of the ctDNA into the mtDNA.

Rearranged ctDNA sequences in rice mtDNA

It was previously reported that the mitochondrial genome of@csdtivacv Labelle)
contains a rearranged cluster of chloroplast genes, nap&B/plus ypl23rbcL-
atpB-atpE-trnM-trnV(Moon et al 1988). As shown in Figure 2, we also detected
rpl2krpl23-rbcL-atpB-atpE-trnM-trn\ih the mitochondrial genome of the cultivar
Nipponbare. In the previous report, the terminus onfié side was not reported.
However, this terminus was found to be located witpsil9in our analysis. We
compared rice mitochondrion-specific sequences at the border with available sequences

trnH
rpsl9  rpl2 pl23 i
atpB rice ctDNA
Yrpl23
L1
rbcl
A 135bp
trnH Ypl23 atpB
— |_|" | I I rice mtDNA
E rps19  rpl2 rbelL
: A135bp
A
trnH Wrpl23
' n | .
L sannnnnns maize mtDNA
smmnn 1 1 T
rpsl9  rpl2 rbelL
atpB
I ] maize ctDNA
W ml23  rbcl

Fig. 2. Comparison between chloroplast sequences in the
mitochondrial genomes of rice and maize. Thick lines indi-
cate chloroplast sequences. Regions of high homology be-
tween rice and maize mitochondrion-specific sequences at
the border of chloroplast sequences are shown by thin lines.
The sequence upstream from position A in maize mito-
chondrial DNA was not available at the time of writing.
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from maize (lams et al 1985), and found 93% homology among sequences of 84
bases. The result indicates that the transfer of this region occurred before the divergence
of rice and maize. By contrast, ricep$23in ctDNA and mtDNA had a 135-bp
deletion. A maize mitochondrial clone, pLSH20, containinul23was sequenced,

and we found that neither maize gene had a deletion, as illustrated in Figure 2 (Bowman
et al 1988). These facts reveal that this region was transferred from ctDNA after the
divergence of rice and maize. Thus, it is suggestedba®-trnH-rp12-rp123nust

have been transferred to the mtDNA before the divergence of rice and maize, and the
region corresponding tary123 must have been transferred after the divergence of
rice and maize. Then the two regions must have become connected as a result of at
least two recombination events, one in rice and the other in maize. This sequence
must be a “hot spot” for recombination in mitochondria.

Insertion of palindromic repeated sequences (PRSs)
after divergence of genus Oryza from other Gramineae (Nakazono
etal 1994)

Number and location of PRSs in the rice mitochondrial genome

When analyzing transferred sequences of chloroplast DNA in the mitochondrial
genome of rice@. sativacv. Nipponbare), we found three small repeated sequences,
which were about 60 bp in length, in the flanking regions of chloroplast-like (ct-like)
sequences. To determine whether these repeats are widely distributed in the
mitochondrial genome of rice, we performed plaque hybridization to lambda clones
in a clone bank of rice mtDNA using a mixture of two oligonucleotides, which corre-
sponded to sequences on the right (35 bases; IS-R, 5'-
AAGAAAACGGATGCGCGTGCTAACGTTTCGCGCTA-3' and the left (36 bases;

IS-L, 5'-, CCAAACAAGCAACGGATTGAGCGCACTAGCGCGAAA-3') sides of

the small repeated sequence (lwahashi et al 1992). It was found that rice mtDNA
contained at least 10 copies of the small repeated sequence. We carried out subcloning
and sequencing of the hybridizing regions. These small repeated sequences were dis-
tributed throughout the mitochondrial genome of rice (Nakazono et al 1994). It was
predicted by computer-assisted analysis that the small repeated sequences had the
potential ability to form stem-and-loop structures. Therefore, these repeats were des-
ignated thePRS$ (palindromicrepeatedsequences) of rice mtDNA (Fig. 3a).
Sequencing data show that these repeats are from 60 to 66 bp in length and exhibit a
high degree of homology to one another (Fig. 3b).

A PRS is located in the intron of the gene for ribosomal protein S3 (rps3)

of rice mtDNA

We identified genes for ribosomal proteins §%8) and L16 (pl16) in rice mtDNA.

Both genes were not only closely linked but overlapped, as they do in maize mtDNA
(Fig. 4; Hunt and Newton 1991, Nakazono et al 1995a). One of the PRSs (361-PRS;
PRS included in clone No. 361) was located in the intrapssin rice mtDNA, but

not in maize mtDNA (Fig. 4). It seemed likely that either a PRS had been inserted in
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Fig. 4. Organization of rps3 and rpl16 in rice and maize mtDNAs. The closed boxes
and the open boxes indicate the coding regions and the introns, respectively. ex1
and ex2 indicate exons 1 and 2 of rps3. The positions of each PRS are indicated by
open triangles. Arrows indicate the directions of each PRS. Arrowheads indicate the
positions of each primer (361-1, 361-2) used for amplification by PCR.

this region in rice or had been deleted from the corresponding location in maize. To
examine these possibilities, we performed amplification by PCR using primers and
total DNAs from various species @ryza[O. sativa(Nipponbare)O. rufipogon
(perennial type; W0120¥). barthii (W0822),0. glaberrima(W0025),0. punctata
(W1515),0. minuta(W1319),0. eichingeri(W1521),0. latifolia (W0542), andD.
australiensigW0008)], as well as from maize, wheat, barley, and sorghum. The two
primers [27 bases and 26 Dbases; designated 361-1 (5'-
GAGGATCCTCTCTGAACCGTGCTAGAT-3") and 361-2 (5'-
GCGGATCCAGAACAACTCTGAACGTT-3"), respectively] corresponded to se-
guences in the two flanking regions of 361-PRS.

The anticipated 323-bp fragments were amplified in all of the spec@s/p§
as shown in Figure 5a. However, the fragments amplified in the case of the other
Gramineae were about 60 bases shorter than thdSeyp& species. Southern hy-
bridization was performed with the probes described above (IS-R and IS-L; Fig. 5b).
Hybridization signals were obtained only from specie®fzg showing that only
fragments amplified fron®ryza DNAs contained PRSs. We cloned the individual
PCR-generated fragments of the other Gramineae in the pUC119 vector and deter-
mined their sequences. Only rice mtDNA had a PRS in this region, but the flanking
sequences around the PRS were much the same among the five members of the
Gramineae (Nakazono et al 1994). These results indicate that a PRS had been inserted
in the intron ofrps3 of Oryza mtDNA after the divergence d@ryzafrom other
Gramineae. Both ends of this PRS had incomplete direct repeats of nine bases
(TCTT,CTCC). This evidence indicates that some PRSs may be capable of move-
ment within the mitochondrial genomes@iyza

Structure and gene expression of the mitochondrial rice genome 111
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Fig. 5a and b. Ethidium bromide staining and Southern
hybridization of PCR-generated fragments after
electrophoresis. Amplifications by PCR were performed
using primers 361-1 and 361-2. PCR-generated
fragments were subjected to electrophoresisina 1.2%
agarose gel. AA, BB, BBCC, CC, CCDD, and EE indicate
each nuclear genome-type of Oryza. The numbers on
the left indicate sizes of fragments in basepairs (a).
Southern hybridization was performed using a mixture
of oligonucleotides IS-R and IS-L as probes (b).

Identification of transcription initiation sites on the
mitochondrial genome of rice (Nakazono et al 1995b)

The 5' end of a primary transcript, synthesized from the site of initiation of transcrip-
tion in a plant organelle, can be specifically labeled in vitro by the capping enzyme
guanylyltransferase (Auchincloss and Brown 1989, Vera and Sugiura 1992). The pre-
cise 5'-ends of primary transcripts of five ger@8183 rrn18, atp9, rrn26, andtrnfM)

and one gene clustenpé3-rpll6-nad3-rps)2were investigated using in vitro cap-
ping/ribonuclease protection experiments and primer extension analysis (Nakazono
et al 1995a,b,c). The transcription initiation site ofdbbgene has been established

by Kaleikau et al (1992). As shown in Figure 6, we aligned sequences around the
initiation sites of these monocistronic and polycistronic transcrigufdg3, rrnl8,

atp9, rrn26, trnfM, rps3-rp116-nad3-rpsl2ndcob). The alignment revealed a high

112 Nakazono et al



TGAGAAAAqu?Tﬁ‘EATAATGAG orf483
TTTGAATTGACATAGAGAAATCT 118

GCGAGAAATGCGTAATTAATATA atp9
TTCAGAAAATCGTA‘TAAAAATCA 26
TTCAGAAAA'IJCGTATAAAAATCA trnfM

TCAAGTA TTﬁCGTAJTTGTAACAA rps3-pl16-nad3-rps12
ATCAAATTATCGTAAATAGATAG nad3-rps12
CTCAAATTATCATATAGAAATGT cob

\

AAAAA- -‘CGTA“*A-AAA -

GGTTT ‘ A ‘ T TGT rice consensus
[ \

A{CGTAEAAAAA ;
T A 7 maize consensus

| |
RAaaNNﬁCRTAtARTRagt wheat consensus

RAaAtNTCRTAaGaGAagNaaR  dicot consensus

Fig. 6. Alignment of the nucleotide sequences around
the transcription initiation sites of rice mitochondrial
genes and a gene cluster (orf483, rrn18, atp9, rrn26,
trnfM, rps3-rp116-nad3-rps12, and cob). The consensus
motif of the promoters of rice mitochondrial genes was
deduced from the alignment. Consensus promoter se-
qguences of the mitochondrial genes of maize, wheat,
and dicots are taken from the reports by Mulligan et
al (1991), Covello and Gray (1991), and Binder and
Brennicke (1993), respectively. The box indicates the
CRTA motif that is highly conserved in the promoter
regions of monocots and dicots.

degree of similarity among sites, suggesting that the conserved motif [(A/G) (A/G)
(A/T) (A/T) (A/T) NNC (G/A) TAN (A/T) N (AIT) (A/G) (AIT)] is recognized as the
promoter of rice mitochondrial genes. This consensus sequence of rice exhibits a
high degree of homology to those of other gramineous plants, i.e., maize (Mulligan et
al 1991) and wheat (Covello and Gray 1991). In particular, the sequence C (G/A) TA,
known as the CRTA motif, was found to be highly conserved in the promoter of rice
mitochondrial genes examined by the in vitro capping method, as it is in those of
other plants [maize (Mulligan et al 1991), wheat (Covello and Gray 1991), soybean
(Brown et al 1991), an@enothera(Binder and Brennicke 1993)]. We propose that
the CRTA motif is necessary for the active transcription of the mitochondrial genes of
rice, as it appears to be the case in the other plants examined.

To determine the number of promoters in the mitochondrial genome of rice, rice
MtDNA digested byXbd, Sal, andBanHlI, respectively, was allowed to hybridize
with in vitro capped mtRNA and was then treated with ribonucleases T1 and A. Thir-
teen to 16 signalsXpa, 13 signalsSal andBanHl, 16 signals each) were detected

Structure and gene expression of the mitochondrial rice genome 113



(Nakazono et al 1995b). If one transcription initiation site is present in each detected
fragment, this observation indicates that the mitochondrial genome of rice includes at
least 16 promoters. As described by Binder and Brennicke (1993), transcription ini-
tiation sites of primary transcripts that are rapidly processed and/or degraded may be
not detectable with this method. However, it is possible that signals that originate
from different promoters might be duplicated in restriction fragments of a single size.
Furthermore, we cannot rule out the possibility that some primary transcripts, tran-
scribed from promoters in repeated sequences, might hybridize to several fragments.
The locations of the individual promoters on the mitochondrial genome of rice should
now be investigated.
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