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Abbreviations

AMV avian myeloblastosis virus

ATP adenosine triphosphate

bp base pair(s)

cpm count per minute

CTAB cetyltrimethylammonium bromide
dATP deoxyadenosine triphosphate
dCTP deoxycytidine triphosphate
dGTP deoxyguanosine triphosphate
DNA deoxyribonucleic acid

DTT dithiothreitol

dTTP deoxythymidine triphosphate
EDTA ethylenediamine tetraacetic acid
GTP guanosine triphosphate

kb kilobase pair(s)

nt nucleotide(s)

PIPES piperazine-N,N’-bis-(2-ethanesulfonic acid)
RNA ribonucleic acid

TRNA ribosomal RNA

SDS sodium dodecyl sulfate

SSC standard saline citrate

tRNA transfer RNA

E. coli Escherichia coli



Introduction

Plant mitochondrial genomes have been intensively investigated at the molecular
level 1n order to clarify the mechanism of cytoplasmic male sterility (CMS), since
several observations to date have indicated that a major cytoplasmic factor of the
CMS trait resides in mitochondria rather than in chioroplasts. Certain remarkable
findings during the process of these investigations, however, have indicated that the
plant mitochondrial genetic system is itself one of the most fascinating subjects in
molecular biology.

Plant mitochondrial genomes are the largest mitochondrial genomes of any
other organisms to have been studied to date. In addition, heterogeneous molecular
species are generally found within plant mitochondria. The heterogeneity of plant
mitochondrial genomes arises from their multipartite structure, as well as the
presence of several kinds of plasmids. These characteristics make it difficult to
determine both the size and overall gene organization of plant mitochondrial
genome.

Although the mitochondrial genome has a heterogencous structure, its
physical map has, nevertheless, been constructed for a number of plant species
(Palmer and Shields 1984; Lonsdale et al. 1984; Chétrit et al. 1984; Stern and
Palmer 1986; Palmer and Herbon. 1986; Siculella and Palmer 1988; Fauron et al.
1989: Folkerts and Hanson 1989). White mustard and liverwort are exceptional for
the relatively small size and unicircular form of their mitochondrial DNA (mtDNA)
(Palmer and Herbon 1987; Oda et al. 1992a). At present, liverwort is the only
plant species whose mtDNA has been proven, by direct electron-microscopic
observation, to exist in the form hypothesized by its physical map (Oda et al.
1992a) and where complete nucleotide sequences are available for both chloroplast
and mitochondrial DNA (Ohyama er al. 1986; Oda et al. 1992b).

1



It has been reported that the mtDNA of Brassica campestris, for which one
of the first ever physical maps of plant mtDNA was determined, contains a single
pair of direct repeats, and that recombination between these repeated elements
results in the division of the original circular molecule (218 kb) into two smailer
molecules (135 kb and 83 kb). Consequently, the mitochondrial genome of B.
campestris is thought to consist of three molecular species, an arrangement which
has been termed a tripartite structure (Palmer and Shields 1984). This genome
mode! seems to apply sufficiently well to much more complex genomes with a
large number of repeated sequences active in homologous recombination.
Subgenomic molecules generated by homologous recombination contain a certain
région of the master circle (or master chromosome; Lonsdale et al. 1984). The
master circle, therefore, represents an assemblage of the DNA molecules which are
no longer able to generate further subgenomic molecules.

It is still unknown, however, whether the master circle in multipartite
genomes really exists as a single DNA molecule or not, because no large circular
DNA molecule corresponding to the master circle has ever been directly detected
in the mitochondria of higher plants, by either electron microscopy or any other
method (Bendich 1985; Bendich and Smith 1990). * Rapid rearrangement of the
mitochondrial genome, induced by prolonged cell culture or somatic cell fusion,
suggests that the plant mitochondrial genome is in a dynamic equilibrium of
homologous recombination (Lonsdale et al. 1988).

The molecular mechanism of mitochondrial gene expression is well
understood in animals and fungi. In these organisms, genes are generally
transcribed in a polycistronic fashion from a limited number of promoters, which
have themselves been well characterized (reviewed in Shinkel and Tabak 1989).
In vertebrates, there are only single transcription initiation sites for each strand of
mitochondrial DNA (Attardi 1985), while several transcription initiation sites were
found in the mitochondrial DNA of yeast, Saccharomyces cerevisiae (Christianson

and Rabinowitz 1983; Biswas et al. 1987). At least two protein factors, RNA



polymerase and a franscription factor, were found to cooperatively initiate
transcription in human, Xenopus and yeast mitochondria (reviewed in Schinkel and
Tabak 1989).

Several molecular events in gene expression which are characteristic to plant
mitochondria have been discovered. Some of the plant mitochondrial genes have
multiple transcription initiation sites, and many of the transcription units often
contain only a single gene. The location of the basal promoter sequence required
for transcription initiation in plant mitochondria has been being confined to a short
stretch of sequence motif, but its protein factors have not yet been identified
(reviewed in Gray et al. 1992). Molecular mechanisms of other phenomena in plant
mitochondria, i.e. RNA editing, trans-splicing, and tRNA incorporation from the
cytoplasm, remain intriguing but entirely uncertain.

The major objective of this study is to provide fundamental information on
the genetic system of rice mitochondria, rice being a crop of obvious importance,
and the author focuses on two of its central aspects: genome structure and gene
expression. In this study, a physical map of the rice mitochondrial genome was
constructed (Chapter 1), and the structure and transcription of the three copies of
the IRNA genes (rrni8 and rrn5) were analyzed (Chapter 2), which provided a clue
towards the elucidation of the so far ambiguous evolutionary pathway of rice
(Chapter 3). These results are expected to contribute towards an understanding of

the genetic system of rice mitochondria.



Physical Structure of Rice
Mitochondrial Genome

Introduction

The expanded size and structural complexity of plant mitochondrial DNA (mtDNA)
present a striking contrast to the concision of its animal counterparts. Despite these
obstacles, physical maps of mtDNA were constructed in various plant species.
Mitochondrial genomes from many plant species are constituted of several
molecular species, which is generally regarded as a result of homologous
recombination (Lonsdale er al. 1988). Several conspicuous reiterated sequences
have been found in mtDNA of higher plants and are speculated to be involved in
homologous recombination which produces a set of recombinant sequences. In
plant mitochondrial genomes, there are also smaller repeated sequences which
probably play a significant role in creation of much larger repeats and in
rearrangement of plant mitochondrial genome (André ef al. 1992).

Representing such a multipartite genome requires introducing a hypothetical
molecule, 'master circle’ or 'master chromosome’, which includes overall sequence
contexts divided into subgenomic molecules {Lonsdale ef al. 1984). This model
provides exceedingly rational explanation on both the molecular heterogeneity and
the genetic integrity of the higher plant mitochondrial genome. The most serious
flaw to this model is lack of evidence that a master circle does exist in vivo as a
molecular entity and does contribute to maintenance and expression of the plant
mitochondrial genome. The possibility of dispensing with the master circle as a
molecular entity has been discussed by Lonsdale (1989), Folkerts and Hanson
(1991), and in this chapter. Levy et al. (1991) and Narayanan et al. (1992)

presented remarkable data which were obtained by an applied electrophoretic



technique and indicated existence of abundant subgenomic circular DNA molecules
within mitochondria of maize suspension-cultured cell and rice. On the other hand,
Bendich and Smith (1990) observed a predominant amount of linear DNA
molecules from plant and yeast mitochondria by pulse-field gel electrophoresis.
They observed no linear or circular molecules equivalent to a master circle. Thus,
there must be more investigations to understand real molecular status of plant
mitochondrial genome DNA.

The mtDNA from cultured cells of a CMS line (A-58CMS) of rice (Oryza
sativa L.) was cloned and its physical map was constructed. The data presented in
this chapter arise reappraisal of the conventional model which holds a single master

circle as the general status of the mitochondrial genome of higher plants.

Materials and methods

Rice lines

The A-58CMS line has an /ndica-type cytoplasm of the Chinsurah Boroll line on
a Japonica-type nucleus of A-58 (a line suitable for relatively cold districts) and,
therefore, exhibits alloplasmic CMS. Cultured cells in suspension derived from the
A-58CMS and the Chinsurah Boroll lines were used as sources of mtDNA
(Shikanai et al. 1987). Total DNA was prepared from leaves and shoots of the
intact plants (A-58CMS).

DNA preparation and cloning

The isolation of mtDNA was performed as described by Shikanai et al. (1987) with
a slight modification. The mitochondrial suspension was treated in lysis buffer with
proteinase K at 65°C for 5 min prior to lysis.

To construct a mitochondrial genomic library, the isolated mtDNA was
partially digested with Mbol restriction endonuclease and ligated with the BamHI
digests of a cosmid pHC79 for A-58CMS mtDNA and of a cosmid pWE1S5 for
Chinsurah Boroll mtDNA, respectively, after the size fractionation of Mbol digests

by sucrose gradient ultracentrifugation (Maniatis et al. 1982). The ligates were



packaged using Gigapack Gold™ (an in vitro packaging kit of A-DNA, Stratagene),
then infected to £. coli HB101 or DH1 strain for A-58CMS mtDNA, and E. coli
NM554 swain for Chinsurah Boroll mtDNA, respectively. Cosmid colonies
obtained were transferred to microtitre plates for long-term storage and on nylon
membrane (Biocdyne A™, Pall) for colony hybridization.

The CTAB method (Lichtenstein and Draper 1985) was used to isolate total
DNA from the leaves of intact A-58CMS plants and the shoots of A—58CMS grown
in dark for 10 days at 25°C.

Hybridization analysis

DNA preparation was digested with restriction endonuclease and resolved by
electrophoresis in 0.6% agarose gel. The DNA fragments fractionated in size were
transferred to a nylon membrane (Biodyne A™ or Biodyne B™, Pall) by
conventional capillary method. Hybridization was done at 42°C in hybridization
buffer (50% formamide, SxDenhardt’s solution, 6xSSC, 0.5% SDS, and 0.2 mg/ml
of sonicated- and denatured-calf thymus DNA) with a **P-labelled probe prepared
by random priming reaction (a kit for the reaction was purchased from Boehringer
Manheim). When hybridization completed, the membranes hybridized with
internally labelled probes were washed successively in 2xSSC containing 0.1% SDS
at room temperature, in 1xSSC and 0.1% SDS at room temperature, and in
0.5xSSC containing 0.1% SDS at 65°C. Autoradiography was usually performed
at room temperature with an X-ray film (Konica) but at —70°C with an intensifying

screen when hybridization signals were faint.

Results

The restriction profiles of cosmid clones

Although it has been reported that tissue culture causes structural alteration of
mitochondrial genome in plants (McNay et al. 1984; Rode er al. 1987; Chowdhury
et al. 1988; Dorfel et al. 1989; Shirzadegan et al. 1989), we used the cell line in

suspension culture as a source of mtDNA for two reasons; 1) the seeds of



1.4~

Tl
0.9~

Fig. 1. Restriction profile of mtDNA prepared from the cultured A-58CMS. Mitochondrial
DNA was digested with a respective restriction endonuclease: lane 1, BamHI; lane 2, EcoRI;
lane 3, Hindlll; lane 4, Kpnl; lane 5, Ps; lane 6, Sacl; lane 7, Smal; and lane 8, Xhol. Lane
M shows size markers (kb) of HindlIII digested A DNA and Haelll digested $X174 DNA.



A-58CMS are of limited availability, 2) cultured cells must be retaining
mitochondrial function necessary to maintain proliferation of cells. The isolated
mtDNA from the cultured cells of A-58CMS line was digested with several
restriction endonucleases. The mtDNA exhibited highly complicated restriction
profiles (Fig. 1). Though multimolar restricted fragments make the size estimation
difficult, the mitochondrial genome size was calculated at about 300 kb by

summing up the sizes of the fragments.

The recombinant molecules containing a branching point

The Xhol, Smal, and Kpnl restriction profiles of the obtained cosmid clones were
compared with one another to establish overlaps between the individual clones.
The cosmid library can be assumed to contain the whole mitochondrial genomic
DNA because this library consists of all the major DNA fragments generated by
digestion with the Xhol, Smal, and Kpnl restriction endonucleases. The probes used
to locate genes by Southern hybridization are summarized in Table 1. On the rice
mtDNA, there are two distinct regions which are highly homologous to the 5’
portion of the liverwort nad2 gene, as well as a single region which shares
homology with the 3’ portion of the gene. The latter was found adjacent to the
former, implying that there is a pair of repeated sequences homologous to the 5’
portion of the nad? gene, or that the 5° portion of the nad? gene on the rice
mitochondrial genome is split.

A number of divergence points (branching points) due to homologous
recombination were observed on the restriction map of rice mtDNA during its
construction with the cosmid library as described by Coulthart et al. (1990). Inserts
of cosmid clones having a branching point can be attributed to either in vivo DNA
recombination between homologous sequences, or cloning artifacts. However, it
was possible to discriminate the latter by the Southern hybridization of a DNA
fragment of a cosmid clone having a branching point to the total mtDNA digests
or to the digested DNA from other cosmid clones (Lonsdale et a/. 1986). Cosmid

clones with a branching point were isolated. DNA probe having a gene (rrn/8} for



Table 1 A list of known genes used for Southern hybridization

Gene  Source Reference

atpé  Oenothera Schuster and Brennicke (1987a)
1.5 kb Nhel fragment

aipA pea Morikami and Nakamura (1987)
1.5 kb EcoRI-HindIll fragment

cob wheat Quétier, personal communication
0.7 kb HindllI-BamHI fragment

coxi Oenothera Hiesel et al. (1987)

cox2

cox3

nadl

nad?2
nad4l
nad7

rpsi3

rrmi8

rrn26

0.6 kb BamHI-EcoRI fragment

Oenothera
(0.8 kb Hpal-Psil fragment

Oenothera
1.1 kb EcoRI-Pst] fragment

Oenothera
1.1 kb BamHI-EcoRI fragment

liverwort
liverwort
liverwort

Oenothera
1.0 kb EcoRI fragment

wheat
1.1 kb Aval fragment

pea

Hiesel and Brennicke (1983)

Hiesel et al. (1987)

Brennicke, personal communication

Nozato er al. (1993)
Yamato et al. (1993)
Nozato et al. in preparation

Brennicke, personal communication

Quétier, personal communication

Nakamura, personal communication

1.8 kb EcoRI fragment
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a ribosomal 18S RNA showed multiple hybridized bands to the mtDNA digests of
eight different restriction endonucleases (Fig. 2). This indicates that the rrn/8 gene
exists as a multicopied gene. This was confirmed by comparing the physical maps
of the cosmid clones isolated by colony hybridization with the rrn/8 probe (Fig.
3). There are three species (1A, 2A, and 3A in Fig. 3) of flanking sequences on
one end of the common approximately 2 kb region containing rrnl8 gene, and four
species (1B, 2B, 3B, and 4B in Fig. 3) on the other end of the flanking region. In
fact, 11 of 12 possible recombinant sequences were obtained as cosmid clones
(Table 2), the remaining one sequence must then be present in the mitochondria.
Further analyses of cosmid clones revealed the presence of another recombination
site close to the 2 kb region (rrnl8 gene) resulting in an additional flanking
sequence (sequences 4B and 2B in Fig. 3). All of the four possible sequences on
this recombination site were obtained, and it was confirmed by hybridization
analysis that these recombinant sequences result from homologous recombination
(data not shown). Therefore, the 2 kb region (rrni8 gene) has three kinds of
flanking regions on each end, indicating three copies of rrn/8 genes in the rice
mitochondrial genome although it is not clear whether all the rrnl8 genes are
transcribed. A three-copied rrn/8 gene has been found in rye mitochondrial
genome where detailed physical mapping showed the presence of an outer and an
Inner repeat (Coulthart et al. 1990) and also in wheat mitochondrial genome

(Quétier, personal communication). The rice mitochondrial genome is likely to

Table 2 Cosmid clones containing various configurations of rrnl§ gene

1B 2B 3B 4B
1A 18S17 HB55 18524 18513
2A 18514 18529 18543 18510
3A * 1855 18525 Sm4.0-1

* A cosmid clone was not obtained (see also Fig. 3)
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Fig. 2. Southern analysis of rm18 gene. DNA fragments shown in Fig. 1 were transferred
to a nylon membrane and hybridized with a **P-labelled probe containing a portion of wheat
mitochondrial rrn/8 sequence. The lanes are identical to those of Fig. 1. In lane 7, mtDNA
digested with Smal, showed a single band because this fragment is completely within a
repeated sequence. All hybridization signals detected in Kpnl (lane 4), Smal (lane 7), and
Xhol (lane 8) can be attributed to the physical maps shown in Fig. 3. For example, the Xhol
fragments (lane 8) with lower case letters (a, b, ¢, and d) correspond to the Xhol fragments
shown in Fig. 3.

12



possess such kind of rrnl8 gene configuration indicating the close evolutionary
relationship within the family, Gramineae. A three-copied repeat was found also
in Petunia and nine possible recombinant sequences were detected (Folkerts and
Hanson 1989).

As described earlier, a set of recombinationally-active repeats can have two
branching points (X and Y in Fig. 4). For example, the branching point X has its
partner Y with the repeat (R) indicating the existence of four kinds of recombinant
sequences due to homologous recombination. In fact, two clones were obtained and
the physical maps around the atpA gene are shown in Fig. 5A. The Southern
hybridization with a probe of pea atpA gene to total miDNA also showed two
fragments having afpA genes corresponding to different clones (see the Smal

digested fragments in Fig. 5B). The branching point (corresponding to the

1A nad7 nad2-1 1B
Xho | T 1 » d [ | | |
Sma | | EI L1 1
Kpn | 1 | [ L I i
2A \ // 3|B

3A nad4l

l l
L]

rmi8

10 kb

Fig. 3. Physical maps around rrnl8 gene. The densely-haiched region indicates a repeated
sequence containing rrnf8 gene and the thinly-hatched regien indicates another repeated
sequence. The orders of fragments separated by dotted lines were not determined. The lower
case letters (a, b, ¢, and d) correspond to the hybridization signals shown in Fig. 2.
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branching point Y in Fig. 4) shown by a vertical line with a horizontal arrow was
expected to be a product of homologous recombination due to repeated sequence
near the atpA gene. This implies that another branching point (corresponding to the
branching point X in Fig. 4) must exist somewhere in the direction shown with an
arrow in Fig. SA. To find out a partner of the branching point (so-called hidden
branching point), the whole DNA of individual cosmid was labeled with **P-dCTP
and hybridized to the total mtDNA digests of Xhol, Smal, and Kpnl. Then any
hidden branching points could be visualized as extra restriction fragments which are
different from the restriction fragments of the cosmid DNA used as a probe (Fig.
6). However, we could not observe any signals indicating a hidden branching point
in the region (approximately 60 kb long, the dashed line under linear map in Fig.
9) from the branching point near the atpA gene to the branching point due to the
rrnl8 repeat. However, one hidden branching point was implied to exist near the
atp6 gene by performing the same experiments mentioned above (data not shown).
Comparison of mitochondrial gene organization from the cultured-cell and the
intact plant

As described earlier, tissue culture can induce quantitative and qualitative alterations
on plant mtDNA, and a nuclear genotype can also affect the structure of
mitochondrial genome (Mackenzie et al. 1988; Escote-Carlson et al. 1990). We

tried to find out whether the hidden branching point of the cultured A-58CMS

a b
R

.

Fig. 4. Two branching points due to a pair of repeats. A diagram showing two branching
points (X and Y) on the ends of the repeat (R) indicates the existence of four possible
recombinant clones (a-R-b, a-R-b’, a’-R-b, and a’-R-b’).
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Fig. 5. A branching point adjacent to afpA gene.

A, Physical maps of two cosmid clones containing afpA gene. The approximate locations of
atpA gene on the maps are shown. The dotted fragments (1, 2, 3, and 4) correspond to the
hybridization signals indicated with arrows shown in B. A vertical line between the two maps
is an approximate position of a branching point and the regions on the left of the vertical line
are indistinguishable in physical map. B, Restriction profiles (lane a) and hybridization signals
(lane b) of atpA gene. A probe containing a portion of pea atpA gene (Morikami and
Nakamura 1987) was hybridized to the Xhol, Smal, and Kpnl digests of mtDNA.
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Fig. 6. Hybridization of a cosmid DNA (HB76, see Fig. 9) to the total mtDNA digests of the
cultured A-58CMS. A, A physical map restricted with Xhol, Smal, and Kpnl of the mtDNA
inserted in the cosmid clone (HB76) used as a probe. B, Mitochondrial DNA fragments
digested with Xhol, Smal, and Kpnl (lane a) and hybridization signals (lane b) with a probe
(*?P-labeled HB76 DNA). Numbers correspond to fragments shown in A. Rc indicates
mtDNA fragment having the same branching point due to homologous recombination (see

physical maps of clones in Fig. 5A).

16



mtDNA is present in the mtDNAs of A-58CMS intact plant or those of other rice
strains. A comparison was made between the mtDNAs prepared from the cultured
A-58CMS line, the intact plant (leaves and shoots) of A-58CMS line, and the
cultured Chinsurah Boroll line. The A-58CMS line has a cytoplasm of the
Chinsurah Boroll on the nuclear background of A-58 line. Therefore, all the three
types of the cell lines must have identical cytoplasmic traits. Hybridization
analyses showed a difference of cob-gene configuration between the three sources
of mtDNA. The intact plant of A-58CMS and the cultured Chinsurah Boroll had
two types of cob genes, but the cultured A-58CMS gave a single band of cob gene
(Fig. 7B). This indicates that the extra cob gene was lost in the cultured A-58CMS
in the course of the cell culture although the cultured Chinsurah Boroll retained it.
To find out the correlation between the hidden branching points and the lost
gene, cosmid clones with cob gene were isolated from the library of the cultured
Chinsurah Boroll line. Two types of cosmid clones with cob sequence were
obtained from the mtDNA of the cultured Chinsurah Boroll as expected (Fig. 7A).
One type is indistinguishable in physical map of the cultured A-58CMS (Fig. 7A,
upper), but the other is not found in the cultured A-38CMS (Fig. 7A, lower). The
second cob (cob’) gene from a different rice line with a cytoplasm of Chinsurah
BorolI has been reported to be a chimeric gene containing almost the whole 5’
portion of cob gene flanked by an unidentified reading frame (Kadowaki 1989).
A cosmid clone with cob’ gene from the cultured Chinsurah Boroll was found to
have cox! gene including a roughly 8 kb region between cob’ gene and cox! gene
which was not mapped on the cultured A-58CMS mtDNA (Fig. 8A, the region
boxed up by dashed lines). A portion of the 8 kb region (2.3 kb Smal-EcoRI
fragment shown in Fig. 8A) was hybridized to the mtDNA digests of the cultured
A—-58CMS and of the cultured Chinsurah Boroll. This result showed that the 8 kb
region was missing from the miDNA of the cultured A-58CMS (Fig. &B).
Therefore, the point from which the 8 kb region is derived corresponded to the
hidden branching point in the cultured A—58CMS mtDNA (arrow in Fig. 8A).
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Fig. 7. A, Physical maps of two mtDNA regions of the cultured Chinsurah Boroll containing
a sequence homologous to cob gene. The positions and length of cob and cob’ genes
(presented as a box above each physical map) were based on the data published by Kadowaki
(1989) and Kaleikau et al. (1990). A closed box shows cob sequence and an open box shows
an unidentified reading frame. Hatched restriction fragments correspond to hybridization
signals shown in B. B, Southern hybridization of wheat cob gene to mtDNAs from the
cultured A-58CMS (lane 1), total DNAs from mature leaves (lane 2) and shoot (lane 3) of A-
58CMS plant, and mtDNA from the cultured Chinsurah Boroll (lane 4). The amount of DNA
applied to lane 1 was much greater than those in lane 2, lane 3, and lane 4 to detect the cob’
band seen in the other lanes. Signals at 6.6 kb may be non-specific.
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Fig. 8. A, Physical maps around a repeat (R1, a hatched region, its exact length is not
determined) found in the cultured Chinsurah Boroll. The 8 kb region is shown by a dotted
box. B, Southern hybridization of a cob’ specific fragment to mtDNAs from the cultured A-
58CMS (lane A) and from the cultured Chinsurah Boroll (lane C). An Smal-EcoRI 2.3 kb
fragment of pOSB376 provided by Kadowaki (1989) was used as a probe (see the bar under
the map). Arrow indicates a hidden branching point in mtDNA of the cultured A-58CMS.
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Overall physical map

The entire structure of the mitochondrial genome was deduced through restriction
analysis of cosmid clones. Fig, 9 shows a linear physical map of the cultured
A-58CMS mtDNA with an approximately 350 kb length. The ends of the map are
not linked to each other because cosmid clones, HB76 and HB22, on the ends of
the overall physical map extend into another region of the map (see them at the
atpA and atp6 regions in Fig. 9, respectively). A cosmid clone, HB22, was found
to have another branching point due to homologous recombination at repeated
sequence (R2). One of the branching points was a hidden one because we could
not obtain any clone separating from one end of the repeat (R2). Cosmid clones,
1855 and 18510, also extend into other regions due to homologous recombination
at the repeated sequences containing the rrnf8 gene. As described in the previous
section, a portion of the DNA fragment (the 8 kb region in Fig. 8A) filling the gap
between the ends (R1 and R2 in Fig. 9) was found in the mtDNA of the cultured
Chinsurah Boroll by restriction analysis and Southern hybridization. Another
branching point derived from the 8 kb region into a certain region of the physical
map is required for the construction of a circular map (a master circle) in the
mitochondrial genome of the cultured Chinsurah BorolIl. To detect the branching
point in the cultured Chinsurah Boroll mtDNA, the same hybridization experiments
as described in Fig. 6 were performed against the Chinsurah Boroll mtDNA by
using cosmid DNAs of the cultured Chinsurah Boroll as probes. However, the
remaining gap containing the branching point due to a hypothetical repeat (R2 in
Fig. 9) was not found in the cultured Chinsurah Boroll mtDNA (data not shown).
This indicates a possibility that the single master circle was absent even from the

mitochondrial genome of the Chinsurah Boroll line.

Discussion
It is conventionally preferred to construct a plant mitochondrial genome into a
single master circle. Most of mitochondrial genomes of higher plants so far

investigated are reported to be circular possessing the whole genetic contents.
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Fig. 9. The overall physical map of mtDNA of the cultured A-58CMS. Approximate
locations of genes are shown hy arrow heads with the genetic symbols. A minimal number

of cosmid clones are shown by bars with their names under

the physical map, each bar

showing a region covered with a cosmid clone. The orders of fragments separated by dotted
lines in the map are not determined. Due to homologous recombination, cosmid clones HB22,
HB76, 18585, and 18510 have two separate regions on the map (bars with arrow and respective
numbers). Dashed line under the map indicates the region searched for a hidden branching
peint for the Tepeat, R1 (see text), A variety of boxes over the map indicate locations of sets

of repeated sequences. All sets of repeated sequences but one

with arrows are oriented in

same direction. Vertical dashed lines at the repeated sequences of R1 and R2 indicate arbitrary

locations of a hidden branching point.

21



However, no direct evidence for the circularity of mtDNA has been presented. The
results showed the missing of mtDNA fragment of the cultured A-58CMS line
derived from the intact plant. A similar phenomenon was also reported in common
bean at the restoration of fertility (Mackenzie and Chase 1990). Considering these
results, construction of a single circular map with all cosmid clones requires an
approximately 100 kb duplication that results in generation of a fourth rrn/8 gene
(located in the thick arcs in Fig. 10A). On the other hand, two circular maps can
be introduced to represent the whole genome to avoid the large duplication in the
map (Fig. 10B). An elimination-duplication model for a single circle has been
reported for two types of maize mitochondrial genome, the N genome (Small et al.
1989) and the V3 genome derived from the cultured cms-T cell (Fauron et al.

1990). The mitochondrial genome of the cultured A-58CMS is very similar to the
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mn26 R2
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Rt atpA nad2-1,-2
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Fig. 10. The overall structure of mtDNA of the cultured A-58CMS. A variety of boxes with
arrows indicate sets of repeated sequences. Armows show relative orientation of the repeated
sequences, A, A circular genetic map with large duplicated regions shown by thick arcs. B,
An example of the dicircular model representing the whole mt genome.
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V3 genome because the duplicated regions of the V3 (165 kb) and the cultured
A-58CMS (100 kb) are just simply introduced into the respective genomes to make
a circular map (thick arcs in the circle in Fig. 10A). It is unclear whether such
duplications really exist in the genomes because the repeated sequences are too fong
(over 100 kb) to be cloned within a single cosmid. The validity of a physical map
with such duplications is not definite. A DNA molecule corresponding to a master
circle must be demonstrated by a physico-chemical method to construct the physical
map of a single master circle. However, the duplications observed in the cultured
A-58CMS, the N, and the V3 genomes may be introduced by a similar generation
mechanism regardless of the lengths of duplications (approximately 100 kb in the
cultured A-58CMS, 12 kb in the N, and 165 kb in the V3). Therefore, if an
evidence of the 12 kb repeats in the N genome is demonstrated by the cloning of
the DNA fragment containing the entire repeated sequences (12 kb), the duplication
model for the other two genomes is possible.

Lonsdale et al. (1984) described the existence of 12 kb direct repeats and
several other repeats on the N master circle, and Small ez al. (1989) explained the
occurrence of duplication of the 12 kb repeat containing the entire atpA sequence
with a similar mechanism of duplication applied to the generation of the V3
genome. However, neither the cosmid clone having the full length of the 12 kb
repeat and its both flanking regions in their master circle are obtained, nor the
hybridization data indicating the presence of recombinant molecules are presented.
It is both possible that cloning of the DNA segments is very difficult for an
unknown reason or that the DNA segments are in fact absent from the DNA
population of the N mitochondrial genome. Small e al. (1989) demonstrated the
generation of the N master circle by combining two subgenomic circles derived
from the master circle of an ancestral maize (RU) but the N master circle lacks a
specific region for the RU genome.

Bendich and Smith (1990) are not in favor of the circularity of plant mtDNA
and the existence of a master circle (a unit genome) as a genetic entity. Lonsdale

et al. (1988) have mentioned the actual status of plant mtDNA to be difficult to
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judge. As far as there is no appropriate technique for direct examination of DNA
population and structure in higher plant mitochondria, a master circle can be a
hypothetical molecule containing no more than a minimum and complete sequence
complexity, i.e. net genetic content in plant mitochondria. Therefore, the
mitochondrial genomes of the N maize, the regenerated cms-T maize, and the
cultured A-58CMS line cannot be demonstrated as a single circle, rather the
mitochondrial genomes must be shown as a linear genome with two ends of distinct
repeats that caused elimination of the region between the repeats (Fig. 9). On the
other hand, there can be a dicircular model where a genome comprises two
subgenomic circles with a large duplication, if closed molecular feature or
circularity of physical structure is definitely requested.  Both of these
representations seem to be insufficient compared with the conventional unicircular
structure, but they are much more convincing to describe the structure of plant
mitochondrial genome. The data described here cannot exclude the presence of a
molecule corresponding to a master circle but does suggest the dispensability of a
master circle as a molecular genetic entity.

How genetic integrity is maintained in apparent molecular fluidity of plant
mitochondria is a matter of concern. Mitochondrial DNA in some organisms has
been reported to be associated with the inner membrane, especially in the case of
a slime mold, Physarum polymorphalum (Kuroiwa 1982). A complex is formed
site-specifically with a membrane which may play a role in partitioning mtDNA in
a dividing mitochondria (Kawano and Kuroiwa 1985). Fluorescence microscopic
analysis revealed that mtDNA of Allium cepa exists as a nucleoid in a
mitochondrion and segregates evenly into two daughter mitochondria during
mitochondrial kinesis (Nishibayashi and Kuroiwa 1985). A mitochondrial nucleoid
of yeast consists of nucleic acids and several proteins, one of which is basic and
thought to bind to mtDNA (Miyakawa et al. 1987). Considering these facts, we
can speculate how plant mitochondria maintain their genetic integrity. If a master
circle is assumed, only its replication and distribution seem to be necessary and

sufficient for the maintenance of genetic integrity although a strict mechanism for
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protecting the master molecule from homologous recombination is required. If a
protein complex to retain all the multipartite DNA molecules is assumed, a master
circle molecule becomes non-prerequisite to the preservation of genetic information.
If genes for proteins in the complex are nuclear-encoded and under control of
nucleus, structural alteration of mitochondrial genome observed in cultured cells
could be explained by substantial alteration of nuclear gene expression and
organization induced by culturing procedure (Scowcroft and Larkin 1988).
Furthermore, it is necessary for an extensively divided genome, a multipartite form,
without a master molecule to have respective replication origins for amplification
of the whole genome. Otherwise, a multipartite form without DNA replication
origin can be extinguished, but no direct evidence of multiple replication origins has
been obtained so far. On the other hand, active homologous recombination may be
an alternative process for the proper DNA amplification to avoid the elimination of
mtDNA segments. As discussed above, a mitochondrial genome is possible to exist

in a multipartite form without a master circle.
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Structure and Expression of the
Three-copied rrrnl8 Gene

Introduction

Three copies of the rrni8 gene are present in the rice mitochondrial genome
(Chapter 1), as in the wheat and the rye mitochondrial genomes (Coulthart et al.
1990, 1992). They exist in a set of molecular configurations which can be
attributed to the effects of homologous recombination. Coulthart et al. (1990, 1992)
demonstrated that the rrnl/8/rrn5 repeats in wheat and rye consist of two outer
repeats and an inner repeat which is included in the outer ones. Configuration of
the rice rrnl8 repeats was apparently similar to those of wheat and rye, implying
a close phylogenetic relationship (see Chapter 3).

Gene expression in plant mitochondria is not fully understood at present..
Several transcription initiation sites have been determined for various genes of
numerous plant species, and a consensus sequence for transcription initiation has
been proposed (reviewed by Gray et al. 1992). A precise promoter sequence and
other elements, if any, have yet to be elucidated, however. Recently, Hanic-Joyce
and Gray (1991) have recently developed an accurate and efficient in vitro
transcription system, prepared from wheat mitochondrial extract, which is expected
to help clarify the factors required for transcription tnitiation.

The author was initially interested in examining the rice rrn/8/rrnS repeats
in order to gain an understanding of the process by which they were generated and
the degree of the functional equivalence of the rrn/8 and rrn5 genes on each
repeated sequence. In the study described in this chapter, the nucleotide sequences
of the rice rrnl8 and rrn5 genes, including their flanking regions, and transcription

initiation sites, were determined and characterized.
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Materials and Methods

DNA sequencing and analysis

DNA fragments containing the rrn/8 gene were subcloned into pBlueScript
(Stratagene), pUC118, or pUC119 from cosmid clones prepared previously (see
Chapter 1). Sequencing was performed, in combination with the conventional
nested-deletion and dideoxy methods, using Klenow fragment (Takara) and
Sequenase (United States Bioéhemical). The sequences obtained were analyzed
with the FLAT (Miyazawa 1991) and ODEN (Ina 1992) programs on a FACOM

M-770 computer at the National Institute of Genetics, Mishima, Japan.

Mitochondrial RNA preparation

The mitochondria from a cell suspension cultured from the rice A—58CMS line, an
alloplasmic, cytoplasmic male sterile line, were isolated by the method described
by Shikanai er al. (1987) with the following minor modification: the DNase
treatment prior to differential centrifugation was omitted. The purified
mitochondria were lysed with 2% Sarkosyl in 50 mM Tris-HCl (pH 7.0) and 20
mM EDTA. To obtain the total mitochondrial nucleic acids, the lysate was
extracted several times with a 1:1 mixture of phenol and chloroform, followed by
precipitation with ethanol. The mitochondrial RNA (mtRNA) was separated from
mtDNA by repeated LiCl precipitation (Ausubel et al. 1987).

S1 nuclease protection assay

The 0.6 kb Smal-Miul fragment which covers the 5’ flanking and coding regions
of the rrnl8 gene (Fig. 1), was labeled at the 5 end of the M/ul restriction site
with [y—*P]JATP (Amersham) and T4 polynucleotide kinase (Takara). Ten pg of
purified mtRNA and 10* cpm of the labeled probe were precipitated with ethanol.
The pellet was redissolved in 30 pl of hybridization buffer (80% formamide, 40
mM PIPES, 1 mM EDTA, 0.4 M NaCl). The solution was incubated at 75°C for
15 min, and then slowly cooled to 20°C over a period of 30 min, followed by

incubation at the final temperature for 3 h. The nuclease protection assay was
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performed in the presence of approximately 300 units of S1 nuclease, 200 mM
NaCl, 30 mM sodium acetate (pH 4.6), and 10 mM ZnSQ, to a total volume of 300
pl, at 20°C for 30 min. The reaction was stopped by adding 40 ul of 5 M
ammonium acetate and 25 ul of 0.2 M EDTA, followed by phenol/chloroform
extraction and isopropanol precipitation. The pelleted DNA was analyzed by

denaturing polyacrylamide gel electrophoresis.

Primer extension

Two synthetic oligonucleotides with have appropriate sequences for determining 5’
ends of the rrnl8 transcripts (Fig. 1) were labeled at their 5° ends as described
above. Our protocol for primer extension was based on that of Sambrook et al.
(1989), with several modifications. 10° cpm of labeled primer and 10 pg of
mtRNA were used per reaction, and the concentration of formamide in the
hybridization buffer was set at 60% instead of 80%. The mtRNA hybridized with
labeled primer was reverse transcribed in a reaction mixture (20 pl) containing 50
mM Tris-HCI (pH 8.0), 6 mM MgCl,, 40 mM KCI, 0.2 mM dATP, 0.2 mM dGTP,
0.2 mM dCTP, 0.2 mM dTTP, 2.5 mM DTT, and 40 units of reverse transcriptase,
at 42°C for 30 min; then 1 pl of the dNTP solution (mixture of dATP, dGTP,
dCTP, and dTTP each at 1 mM) and 20 units of reverse transcriptase (AMYV reverse
transcriptase XL purchased from Life Sciences) were added to the mixture,
followed by further incubation at 42°C for 30 min. The reaction product was

precipitated with ethanot and redissolved in TE buffer.

Resulits

Comparison of the rtnl8 and 5 gene sequences in rice and other plants

The mitochondrial rrnf/8 gene of rice is much smaller that that of other plants
shown in Fig. 1, because of a large deletion (approximately 250-300 bp) within
variable region 4 (Fig. 2; nomenclature in accordance with Spencer er al. 1984).
The nucleotide sequence of the rn]8 gene is well conserved in several plant

species; homology identities with rice are 92.5% for wheat, 91.6% for maize, 86.8%
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Fig. 1. Sequence alignment of the rrzl8 genes and their flanking regions. The sequence
coordinate +1 is defined at the first nucleotide of each rrni8 gene. The coding sequences for
the rrni8 and rrn5 genes are in upper case letters. Nucleotides identical to those in the Tice
sequences are substituted by colons, and deletions are represented by dashes. The 5
sequences of liverwort (with the intron excised), Oenothera, soybean, and maize are truncated
at points where sequence homology to rice disappears. The sequence in italic upper case
letters is the rice 61 bp sequence. In the rice sequence, the consensus sequences at
transcription initiation sites are shown in upper case letters and the transcription initiation sites
are indicated in bold upper case letters. The transcription initiation site for the maize rrnl8
gene is shown in a bold upper case letter. The sequences complementary to those of the
oligonucleotides used for primer extension are in bold letters with a dot. References: wheat,
Coulthart e al. (1992); maize, Dale et al. (1985); soybean, Grabau (1985); Oenothera,
Brennicke et al. (1985); liverwort, Oda et al. (1992b).
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Fig. 2.

Possible secondary structure of the rice mitochondrial 18S ribosomal RNA,

Nucleotides which are substituted relative to the wheat counterpart are boxed. The deletion
in rice is represented by a A symbol followed by the number of nucleotides deleted relative

to the wheat rrnl8 gene.
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for soybean, 88.8% for Oenothera, and 76.6% for liverwort. Only five base
substitutions, discounting the large deletion, were observed when the rice sequence
was compared to that of wheat, but these were not found to cause any alteration in
the putative secondary structure of the 185 rRNA (Fig. 2). The nucleotide sequence
of rrn5 is also conserved among the species shown above. Though the 5’ end of
the rice rrn5 gene could easily be predicted since this end region is identical to that
of the wheat rrn5 gene, the 5’ and 3’ ends of which have been experimentally
determined (Spencer et al. 1981; Coulthart et al. 1992), the 3° end of the rrn5
genes, and the downstream flanking region are not conserved between rice and

wheat.

Structural analysis of the repeated regions
Nucleotide sequences of the thrice copied region of the rice mitochondrial genome,
along with its flanking regions, were determined. No sequence divergence was
observed among the three repeated sequences. A summarized map of the
sequenced regions is illustrated in Fig. 3. There are two outer repeats and one
inner repeat, 7213 bp and 5684 bp in length, respectively. The inner repeat was
shared by all three of the repeats and was designated 185/5S CSU™ ("common
sequence unit’), as in wheat and rye (Coulthart ef al. 1992). The rice 18S5/5S CSU
is larger than that of wheat (4429 bp) and rye (2855 bp). For convenience, each
boundary of the repeated sequences is termed according to its location relative to
the rrnl8 gene, and flanking regions are assigned as shown in Fig. 3. The
sequence coordinate +1 is assigned to the 5’ end of the rrnl8 gene (Fig. 1). The
5’ outer and the 5° inner boundaries, therefore, correspond to positions —1111 and
—-672, and the 3’ inner and 3’ outer boundaries to positions +5012 and +6102,
respectively.

No previously identified gene, except for the rrnl8 and rruS genes, was
found within the rice 18S/5S CSU. As shown in Fig. 3, only an open reading
frame coding for 187 amino acid residues (orf187) can be postulated to exist on the

strand opposite from +3313 to +2750, and there is another open reading frame
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(orf152) on the opposite strand crossing over the 3’ ianer boundary, from +5012
of the flanking regions 1B and 2B to +4662. The functionality of these two ORFs
has not béen studied. Several previously determined sequences (Fig. 3) were found
by a computer-assisted homology search using DNA databases (Table 1).

The rice 185/58 CSU begins with a sequence of 61 bp, homologs of which
have been found in several other plant mitochondrial genomes (Fig. 4A). .The
location of the 61 bp sequence and its homologs in other plants is apparently not
conserved. The rrnl8 genes of maize and soybean, for example, carry the homolog
to the 61 bp sequence, but at different sites within the 5’ flanking regions.

maize ey

1kb

mmnis s

17111 - 185/55 CSU \ii
I e 13
v . Y,

; M rn18 mns

wheat

rice i 1 2
oA : ?f N B 1B
,’(‘bal rmi8  rmn5
Kpnl
3A 2B
Hindlll Kon!
1A [ €—185/55 CSU
Hinglll Sphl

Fig. 3. Physical organization of the rrn/8 and rrn5 genes in rice, wheat, and maize
mitochondrial genomes. Genes and t-elements are represented by filled or hatched boxes
above (rightward orientation) and below (leftward crientation) the horizontal lines. Open
boxes are regions homologous to a, the rice variable copy number DNA, and b and ¢, the rice
mitochondrial DNA sequences, pOST642 and pOSB945X, respectively, determined by
Kadowaki et al. (1990). For simplicity, the other sequences given in Table 1 are not shown.
Vertical lines topped with a triangle indicate transcription initiation sites; the longer ones are
common to all three plant species, and the shorter ones are found only in rice and wheat.
Vertical lines topped by a circle indicate conserved sequence elements (see Fig. 4). Each
boundary of the repeated sequences is depicted by a vertical line. The vertical dashed lines
indicate the upstream end of hamology between the rrnl8 genes of the plant species shown,
Restriction endenucleases which recognize the termini of the rice flanking regions are also
given with arrowheads.
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Table 1 Positicns of sequences which are highly homologous to those in the GenBank database.

Homologous sequence

Position

From

To

Flank

Homology
(%)

Reference

3’ flanking sequence of the
rpsi3 gene from the wheat
mitechondrial genome (from
position 523 to 585)

-667

-616

CsU

78.7

Bonen (1987)

5" flanking sequence of the
cox! gene from the rice
mitochondrial genome (from
position 204 to 262)

+1961

+2021

csu

88.3

Kadowaki er al.
(1989)

5" flanking sequence of the
trnP(UJGG) gene from the
wheat mitochondrial genome
{from position 459 to 709)

+2022

+2269

Csu

85.8

Joyce er al. (1988)

5’ flanking sequence of the
trnC from the tomato
mitochondrial genome (from
position 128 to 180)

-2515

-2466

2A

81.3

GenBank X13041

Variable copy number DNA
from the rice nuclear genome
(from position 1 to 1303)

+5234

+7167

2B

99.5

Kikuchi er al. (1987)

pOST642 (from position 30 to
338 : upper) and pOSB945X
(from position 931 to 1671 :
lower) cloned from rice
mitochondrial DNA

+5003

+5170

+5310

+5911

3B

99.5

93.9

Kadowaki et al.
{1990)

Curiously, a secondary structure, shown in Fig. 4B, can be assumed for the rice 61

bp sequence and also for some of the other homologs. The sequences adjacent to

the rice 61 bp sequence show a high degree of homology to flank V of the wheat
18S/5S CSU (Coulthart et al. 1992), while wheat lacks this structﬁre.

Two tRNA-gene-like sequences were detected (rt, and rt,) within the rice
185/58 CSU (from positions +2123 to +2233, and +2739 to +2835, respectively).

Similar structures have been detected downstream of the rrn5 gene in wheat and

rye and were designated as 't—elements’ (Joyce et al. 1988; Coulthart et al. 1992),

Wheat has three t—elements (i, t,, and t;) within its 18$/58 CSU, and rye while
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homologs, all of which were found to be closely
linked with genes in plant mitochondrial
genomes. Abbreviations for
crganisms are as follows: Os, rice; Zm, maize;
Ta, wheat; Gm, soybean; Ob, Oenothera; and
L1, lupine. The +1 position is assigned to the
first nucleotide of each linked gene, though the
sequence coordinate of the data in GenBank is
given for the maize repeated sequence, B-R2,
and relative locations to the linked genes are
also given. Italic numbers indicate their
complementary orientations. References 1, this
work, 2, Bland et al. (1986), 3, Bonen (1987),
4, Gualberto et al. (1988), 5, Dale et al. (1985),
6, Hunt and Newton (1991), 7, Grabau (1985),
8, Falconet et al. (1988), 9, Dale et al. (1984),
10, Houchins et al. (1986), 11, Spencer et al.
(1992), 12, Joyce et al. (1988), 13, GenBank
X61277, 14, GenBank Z11512. B, Possible
secondary structure of the rice 61 bp sequence.
CT-3 Normal base pairs are represented by a dash
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Fig. 5. A, Sequence alignments for tRNA-like structures. Nucleotides identical to those in
rt, are represented by colons in rt, and wheat t-elements. Deletions are shown by dashes.
Abbreviations: Ac, acceptor stem, An, anticodon stem, Ts, TyC stem, T, TyC loop, VI,

variable loop. B, Possible secondary structure of the tt,.
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having only one in its 185/5S CSU (1,) has another within flank VI. Wheat has
been reported to possess other t—elements upstream from the &rnP genes (t;; Joyce
et al. 1988) and downstream from the rrn26 gene (t,; Spencer et al. 1992). As
shown in Fig. 5, the primary and secondary structure of the t—element is moderately
conserved and displays several characteristics typical of a tRNA gene, though some
structural disorder can be seen in the stems due to base substitutions. The rt,
resides within a region homologous to the wheat mitochondrial region containing
the #rnP gene (see Table 1), implying that rt, is the rice equivalent of the wheat t;.
Although t has intact stems (except for the D—stem) the acceptor stem cannot be
organized in the rt;. The approximately 60 bp region upstream of the rt, shares
homology with that of the wheat t,. The other intervening sequences (between the
rrnS genes and the t,/rt;, and between the t,/rt; and the t,/rt,) show no homology

between wheat and rice.

Transcription initiation site
For maize, the transcription initiation site for the rrnl8 gene is located at position
~225 (the bold 'T’ in Fig. 1; Mulligan et a/. 1988b). The sequences flanking this
site were conserved in rice and wheat. The conserved region contains the
consensus sequence for transcription initiation in the maize mitochondria, i.e.
[AT]CRTA[GT]A[AT]AAA (Gray et al. 1992; brackets indicate that nucleotide is
possible at that position, and R signifies purine nucleotides), so that, based on the
close phylogenetic relationship between rice and maize, transcription of the rice
rrnl8 gene was, therefore, expected to begin at this position (position —222). To
confirm this, the 5’ terminus of the primary transcript was determined.

S1 nuclease analysis using a 5’ labeled DNA probe complementary to the
0.6 kb region between the Smal and MIul sites (Fig. 1) was performed, and three
major signals observed. The strongest signal can be atiributed to the 5’ terminal
of the mature 18S rRNA (Fig. 6). The other two signals were thought to
correspond to the 5’ ends of immature transcriptsr of the rrni8 gene and were

located at approximately positions —200 and —300.
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Fig. 6. S1 nuclease protection assay to determine the 5’ ends of the rrn/8 transcript (arrows).
The 617 bp Smal-Mlul fragment was asymmetrically labeled at the 5’ end of the M/ul, site and
used as a probe. The probe was treated with S1 nuclease in the presence (lane 2) or the
absence (lane 1) of rice mtRNA.
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The precise 5’ terminus of each rrn/8 gene transcript was identified by
primer extension (data not shown). The 5’ terminus of the mature 18S rRNA was
located at the identical site determined in wheat (Spencer et al. 1984). The 5’
termini of the immature transcripts were confirmed to exist within similar sequence
motifs CCATAGAGAA’ and "CATAGCAAA’; 5 termini are shown in bold
letters), which are homologous 1o the consensus sequence for transcription initiation
in maize mitochondria. The base identities of the 5’ termini are G and A, instead
of T as in maize (Mulligan er al. 1988b), but their relative positions within the
conserved sequence are identical (Fig. 1 and Table 2). This strongly suggests that
the sequences, "CATAGAGAA’ and 'CATAGCAAA’, are involved in transcription
initiation in rice mitochondria.

Transcription initiation sites for several plant mitochondrial genes have been
determined, though some of them require verification via analysis vsing a capping
enzyme, which is able to discriminate primary (nascent) and secondary (processed)
5’ ftranscript termini. Only transcription initiation sites whose surrounding
nucleotide sequences are relatively conserved are listed in Table 2, but other
transcription initiation sites without apparent sequence homology have also been
reported (reviewed by Lonsdale 1989). The degree of sequence conservation
among the sequences, especially "CRTA’, suggests that a critical role is played by
the sequence motif in transcription initiation within plant mitochondria. Curiously,
on the other hand, the precise sites where transcription starts are not conserved even

within a single species.

Discussion
Structural features of the rice 188/55 CSU and its flanking regions
Sequence analysis performed by the author demonstrated that all of the 185/5S
CSUs have identical primary structure in rice, probably due to the suppression of
sequence divergence caused by homologous recombination.

Comparative analysis of the 18S/5S CSUs of rice, wheat, and rye, and the

maize equivalent, revealed a high degree of conservation in primary structure. The
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Table 2 Nucleotide sequences surrcunding the transcription initiation sites of plant mitochondrial

genes
Plant Gene Sequence® Reference
Monocots
rice rrnl8 CATAGAGAA This study
rrni8 CATAGCARMA This study
cob CATATAGAA Kaletkau et al. (1992)
Wheat atpAlatp9 CGTATAAAG Covello & Gray (1991)
cox? CGTATAGTA Covello & Gray (1991)
orf25 CGTATAGTA Covello & Gray (1991)
cox3 CATAGAATG Covello & Gray {1991)
Maize rrrl8 CATAGATAA Mulligan et af. (1988)
rrn26 CGTATAAAA Mulligan et af. (1988)
atpA CGTATTAARL Mulligan er al. (1991)
atpb CATAGAGAA Mutligan et al. (1991)
plasmid S2 CATAAAGAT Traynor & Levings (1986)
Dicots
Oenothera  coxlicox3 CGTAAGTGA Hiesel et al. (1987)
atph CATAAGTGA Schuster & Brennicke (1987)
cox? CGTATGAGA Hiesel & Brennicke (1985)
Sugar beet Mc.a® CGTAAGTGA Thomas (1992)
Me.c* CATAAGTGA Thomas (1992)
Mc.d® CATAAGTGA Thomas (1992)
atpA (CMS) CGTAAGAGA Thomas (1992)
atpA (MF) CATAAGAGA Thomas (1992)
atp6 (CMS)  CGTAAGAGA Thomas (1992)
atpt {MF) -ATAAGAGA Thomas (1992)
Soybean atp9 CGTAAGAGA Brown et al. (1991)
scr bic CATAAGAGA Brown et al. (1991)
Consensus CRTANNNNA

Transcription initiation sites of the underlined genes were mapped by capping method.
* Transcription initiation sites are indicated by bold letters.
b Actively transcribed minicircular DNAs,
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region from the possible transcription initiation site which is common to all four of
the species, to the 3’ end of rrn5 gene, is highly conserved in nucleotide sequence,
though there are some prominent insertion/deletion events, suggesting that the 718
and rrn5 genes are cotranscribed in rice, wheat, and rye as in maize (Maloney and
Walbot, 1990). The most notable insertion/deletion event is the trnfM gene
insertion in wheat and rye which exists upstream of the r71/8 gene at a distance of
a single nucleotide. If recombinational activity in plant mitochondria is assumed,
it is a convincing hypothesis, as Coulthart et al. (1992) proposed, that a common
ancestor of wheat and rye acquired the #rnfM gene in one of the 185/58 CSUs and
then propagated it to the -other CSUs with the assistance of homologous
recombination. The approximately 40 bp sequence just upstream of the rrnl8§ gene
is well conserved in rice, maize, soybean, and Oenothera, while not in wheat and
rye. This implies that this sequence may play a role in the processing of pre-18S
rRNA transcripts. In wheat and rye, there is a tRNA gene (trnfM) instead of the
approximately 40 bp sequence which is highly conserved among rice, maize,
soybean, and QOenothera, and if the trnfM and rrnl8 genes are cotranscribed,
processing of their tRNA results in the generation of the almost mature 5’ end of
the succeeding 18S rRINA.

The wheat t-elements are of interest because Hanic-Joyce ef al. (1990)
demonstrated that the wheat mitochondrial extract can properly process artificial
RNA substrates containing the t—elements, t,, 1,, and 1, in vitro, though no stable
products of the t—elements could be detected in vivo. The rice t—elements, rt, and
It,, located downstream of the rrn5 gene, are similar to the wheat t—elements. The
spacer sequences separating the rrn5 gene and the t—elements display no homology
between rice and wheat, except for the short portion immediately upstream of the
second t—elements, rt, and t,. It is not known whether the rRNA genes and the
t—elements were brought together independently in rice and wheat, or share the
origin; nor whether they were linked incidentally or towards some functional goal.
If the t—elements have some function related to expression of the rrni8/rrnS genes,

the t—elements following the »rn/8/rrn5 genes in rice and wheat would have
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originated from a common sequence, and the spacer regions between the genes and
the elements would then have been replaced with other sequences by homologous
recombination between the t—elements and short sequences homologous to them.

Another interesting finding is a stem and loop structure which has been
widely observed in the mitochondrial DNA of several plant species (Gualberto et
al. 1988). In rice, this structure (61 bp) is located from position —670 to —610 of
the rrnl8 gene, just inside (3 bp) the 185/5S CSU. The relationship between the
61 bp structure and the 5’ inner boundary is not clear at present. Compared with
flank V of the wheat 185/5S CSU, the structure is apparently a sequence inserted
in the rice 185/5S CSU, but the possibility of a deletion event in wheat can not be
excluded. Wheat and rye lack the structure upstream of the rrnf/8 gene, while
maize and soybean do not. The wide distribution of this structure, and high degree
of sequence similarity shown by it, imply an involvement in the mitochondrial
genetic system, but its origin, function, and mechanism of propagation are entirely
unknown.

The six flanking regions of the 185/5S CSU (1-3A, 1-3B) were identified
and analyzed in detail. Flank 1B was revealed to be nearly identical in nucleotide
sequence (data not shown) to the variable copy number DNA of the rice nucleus
- (Kikuchi er al. 1987). The presence of both nuclear sequences in mitochondria
(Schuster and Brennicke 1987b), and mitochondrial sequences in the nucleus
(Fukuchi et al. 1991; Covello and Gray 1992) have been reported in plants, but
there is not yet enough data to determine the transfer direction of the two rice

sequernces.

Transcription of the rn18 genes in rice mitochondria

The two primary transcripts of the rice rrn/8 gene were found to have their 5’ ends
within the 18S/5S CSU, and both were located within the sequence motif,
"CATAGNRAA’. The first nucleotides (transcription initiation sites) of the two
transcripts were mapped at the 7th nucleotide ('R’, that is, G’ or "A’, depicted by

bold characters in the following motif sequences). The rice motif closest to the
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rrnl8 gene, 'CATAGAGAA’, is identical to those of wheat and rye and has only
one base substitution compared to that of maize, ‘CATAGATAA’. The position
of transcription initiation is conserved between rice and maize, but unknown for
wheat and rye. The second rice motif, '"CATAGCAAA’, which is located
approximately 100 bp upstream from the first one, is also found in flank V of
wheat, strongly suggesting that the wheat motif is also functional. The significance
of this binary transcription initiation system is that it may, along with the
multiplicity of the genes, give some advantage to rRNA supply. Wheat has
multiple copies of rrn26 gene, with two transcription initiation sites for each
(Falconet et al. 1985; Spencer et al. 1992). The rrnl8 and rrn26 genes are present
in the maize mitochondrial genome as single copied genes (Lonsdale et al. 1984),
and their transcription rates are the highest among all genes actively transcribed in
maize mitochondria (Mulligan et al. 1991), thus showing simple correlation
between copy number and transcription rate. In the case of rice, however, there is
no information on transcription of the rrn26 gene, and the relationship between
substantial copy number and transcription rate of the rRNA genes is not clear in
rice and wheat.

It is curious that, although the motif, "CRTA’, related to transcription
initiation, is found within the upstream region of various genes in plant
mitochondrial genomes, the exact transcription initiation site relative to this motif,
and the identity of the first nucleotide, are not conserved even within individual
species (Gray et al. 1992). What gives rise to this variability in transcription
initiation is not known. The identical relative location of transcription initiation
sites in the rice motifs, 'CATAGAGAA’ and 'CATAGCAAA’, suggests that a
single molecular system is stringently involved in transcription initiation at these
locations. This multiplicity of transcription initiation sites for the rice and wheat
rRNA genes is different from that observed in the maize a/p9 and cox3 genes,
because of the apparent heterogeneity of transcription initiation sites in the latter
(Mulligan et al. 1988a). Mulligan et al. (1991) presented intriguing data indicating

that two transcription systems may be operating in maize mitochondria; stringent
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transcription initiation signals for rRNA genes, afpA, and aip6 genes, and
permissive transcription initiation signals for atp? and cox3 genes. More data on
transcription initiation sites are required and the in vitro transcription system of
plant mitochondria, as developed by Hanic-Joyce and Gray (1991), contributes
greatly towards a more detailed comprehension of the transcription of plant

mitochondrial genes.
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The Evolution of Rice

Introduction
In spite of its importance to agriculture, the evolutionary relationship of rice, wheat,
and maize has not yet been clarified. The shape of a phylogenetic tree involving
these three plant species depends on how it is constructed. Clayton (1981),
Enomoto et al. {1985), and Hamby and Zimmer (1988) presented a phylogenetic
tree with rice as an outgroup on the basis of geographical distribution, restriction
fragment patterns of chloroplast DNAs, and ribosomal RNA sequences,
respectively. Wolfe et al. (1989) tentatively suggested wheat as an outgroup after
comparing the nucleotide sequences of chloroplast genes, whereas Nugent and
Palmer (1991) present maize as an outgroup. Evidence beyond that which rests on
base replacement is therefore required to clarify the phylogenetic relationship of
rice, wheat, and maize.

In the previous chapter, the author presented detailed structures of the rice
185/5S CSU and its flanking regions, and results derived from comparative analysis
of these structures provided evidence from which the shape of a phylogenetic tree

for rice, wheat, and maize can be proposed.

Materials and Methods

Phylogenetic analysis was performed on a FACOM M-770 computer at the National
Institute of Genetics, Mishima, Japan, with the ODEN program (Ina 1992). The
ODEN program is capable of providing distance matrices via several methods, and
can generate phylogenetic trees by the maximum parsimony (MP) method, the
unweighted pair-group method with arithmetic mean (UPGMA), or the neighbour-

joining (NJ) method. Nucleotide sequences were retrieved from the Genbank,
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EMBIL, or DDBJ databases.

Results

Comparison of the nucleotide sequences of the rrnl8/rmnS genes and their flanking
regions.

The nucleotide sequences of the mitochondrial »rnf8/rrn5 genes and their flanking
regions were determined for rice (Chapter 2), and, previously, wheat (Coulthart ef
al. 1992), rye (Coulthart et al. 1992), and maize (Dale et al. 1985). Ignoring some
insertion/deletion events, such as the stem & loop structure in rice and maize and
the trnfM gene in wheat and rye, the homology relationship of the sequences was

arranged into a scheme, shown in Fig. 1.

Comparison of the nucleotide sequences of other genes

Phylogenetic trees for rice, wheat, and maize were constructed using the nucleotide
sequences of genes for proteins and ribosomal RNAs, by the UPGMA and NJ
method (Fig. 2). The evolutionary distances were calculated by a 6-parameter
method at sites which are shared by all sequences analyzed. As shown in Fig. 2,
shapes of the phylogenetic trees of genes varied s¢ widely that it was impossible

to determine the species phylogenetic tree from the results.

rrni8 rrnb
maize T3 —-'I - maize
ve | : : P rice 3B
ye i i R H "——'——E rice 2B
wheat ill/rye V :.:,%z;ﬁl
wheat | fi L wheat IV
wheat V : E — yeV
rice 2A E f wheat VI
rice 3A —_ - rye Il
rice 1A ————— velV

Fig. 1. Highly schematic diagram indicating the relationship of the flanking regions of the
rrml8 and rrn5 genes. Vertical dashed lines indicate points of sequence divergence.

48



Discussion

If, based on nucleotide sequences, an identical shape is obtained for phylogenetic
trees by both the UPGMA and NJ method, the resulting species iree is likely
enough to be (Nei 1989). Nine of the genes analyzed showed consistency between
the UPGMA and NJ method, but not among themselves; rbcl (chloroplast), atpA
{chloroplast), rpoA (chloroplast), and rbcS (nucleus) presented the tree shape of Fig.
2B-1; psaC (chloroplast), cox? (mitochondrion), and cox3 (mitochondrion), of Fig.
2B-2; and petB (chloroplast) and nad3 (mitochondrion), of Fig. 2B-3. There is a

A B
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psaC
rbcL
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Fig. 2. Phylogenetic tree shapes based on differences in nucleotide sequences in the genes
indicated. A, The genes listed were analyzed by both the unweighted pair-group method with
arithmetic mean (UPGMA) and neighbour-joining (NI} method. The shape of the phylogenetic
tree for each gene is given by a number which corresponds to numbers given in B. Plant
species used as an outgroup are tobacco for chloroplast and nuclear genes, and Oenothera for
mitochondrial genes. Introns were excised and RNA editing ignored for the mitochondrial
genes. Reference: see Table 1. B, Three possible patterns for the phylogenetic tree
representing the evolutionary relationship of rice, wheat, and maize.
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Table 1 GenBank Accession No. of the sequences analyzed in Fig. 2

Gene rice wheat maize tobacco Qenothera

chleroplast

psaC X15901 M22132 X13159 Z00044
rbcL T X62117 101423 T
psal T X62117 X61188 T
rpi23 T X12850 X07864 T
petB T X54751 X05422 T
atpA T M16842 X05255 T
atpB T M16843 Jo1421 T
atpE T M16843 101421 T
rpoA T X15595 X07810 T

mitochondrion
cob X53710 X02352 X00789 X07126
coxl X15990 X56186 X02660 X05465
cox2 X01088 X01108 V00712 X00212
cox3 X17040 X52539 X12728 X04764
aipA X51422 X16049 M16222 M24234
ap? X16936 X15083 M18339 X15765
nad3 M57904 X14262 X14709 X52200
renl 8§ see Fig. 1, Chapter 2

nucleus
rbcS X07515 M37477 Y00322 X02353

poséible explanation for this inconsistency.

It is theoretically impossible to construct a phylogenetic tree from sequence
data if genetic polymorphism occurred prior to divergence of each species, and if
the period of species divergence is not long enough relative to the effective
population size (Nei 1989). Therefore, if the first and the second divergences of
‘rice, wheat, and maize occurred in a short period compared to their effective
population size, a phylogenetic tree constructed for an individual gene would not
reflect the true evolutionary pathway of the species.

One possible clue to the above problem lies in the copy number of the
rrnl8/rrn5 genes in rice, wheat, and maize mitochondria, Rice and wheat possess
three copies of the genes, while maize possesses only a single copy. The simplest
interpretation of this evidence is that the evolutionary pathway of rice, wheat, and

maize might be the one shown in Fig. 2B-1. There are, however, several problems
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to be considered.

As shown in Fig. 1, the homology relationship of the flanking regions of the
rrni8/rrn5 genes in the rice, wheat, and rye mitochondrial genomes does not clearly
reflect their evolutionary relationship. The origin of each flanking region must at
least be identical between wheat and rye due to their high degree of relatedness
(Coulthart et al. 1992), but Fig. 1 does not directly support this. A possible simple
explanation for this matter exists, and is based on recombination between repeated
sequences within plant mitochondrial DNA and the extinction of certain types of
DNA molecules. On the assumptions 1) that three copies of the ancestral 185/5S
CSU could undergo frequent homologous recombination between one another, 2)
that two sets of small repeats would locate closely upstream from the 185/5S CSU
and could induce homologous recombination as illustrated in Fig. 3, and 3) that the
regions between the small repeats and the 185/5S CSUs (the regions marked by
asterisks in Fig. 3) would not be required for cell proliferation and that molecular
species within the regions would have been extinguished during the course of
evolution; then two of the immediate 5’ flanking regions of the 185/5S CSU can
be replaced by the other 5’ flanking region, as Small et al. (1989) initially proposed
to explain the generation of the maize 12 kb repeats. The initial and final genomic
structures of this process are depicted as circles corresponding to master
chromosomes only for convenience and simplicity. The identical mechanism is also
applicable to the mitochondrial genomes of wheat and rye, and also to the
downstream flanking regions of the 185/58 CSU. In partial support of this model,
several analyses focused on the physical maps of plant mtDNAs have shown that
the plant mitochondrial genome evolves rapidly (Palmer and Herbon, 1988), and
that small repeated sequences are involved in genomic rearrangement (André ef al.
1992). Considering the apparently irregular relationship of the flanking regions
even in the two closely related species, wheat and rye, it is, therefore, not
unpredictable that the organization of the flanking regions differs to some extent
between rice and wheat/rye.

No plant species thus far investigated, except for rice, wheat, and rye, has
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Fig. 3. Schematic illustration demonstrating how a rice-like genome configuration might be
generated from a hypothetical ancestral genome common to rice, wheat, and rye. A is the
ancestral genome and R is the rice-like genome, where filled boxes indicate direct repeats
containing the rrnl8 and rrn5 genes (185/3S repeat) and triangles are short repeats at which
rare homologous recombination occurs. Distinct regions separated by the 188/5S repeats are
shaded differently for clarity. 81 and S2 are the subgenomic molecules generated from
genome A by homologous recombination between repeated sequences which are shown linked
by dashed lines. Note that any subgenomic molecules containing the region marked by an
asterisk are eliminated. Similarly, S1-1 and S1-2 are then generated from S1, and the region
marked, this time by two asterisk, is eliminated. Genome R can then be organized from S2,
$1-1, and S1-2.
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been reported to possess multiple copies of the rrnl8/rrnS genes. This indicates
that the triplication of these genes is peculiar to rice, wheat, and rye. The mIDNA
of the cultured A-58CMS cells was subjected to rearrangement during the process
of callus induction, or the subsequent prolonged cell-culture, but preliminary
experiments performed by the author indicated that the mitochondrial genome from
shoots of A-58CMS actually possesses three copies of the genes. Iwahashi er al.
(1992) found only two copies of the intact genes in the mitochondrial genome from
a Japonica-type cultivar, Nipponbare (0. sativa L.), but the adjacent downstream
region was revealed to exist in three copies. This is not inconsistent to the
observations in A-58CMS, if independent evolution of a flanking region is taken
into account. Further preliminary data revealed that O. rufipogon and O. barthii,
which are closely related to the cultivated rice, O. sativa, possess at least two
copies of the rrni8/rrn5 genes and three copies of the downstream region,
indicating that the rrnl8/rrn5 genes, or their neighbouring region, existed in a
triplicated form in the ancestor of the genus Oryza.

There still remains another serious problem concerning the copy number of
the rrnl8/rrn5 genes; has the maize mitochondrial genome never acquired three
copies of the genes, or had it once acquired them but then lost two during the
course of its evolution? If the latter possibility is the case, the copy number of the
rrrnl8/rrnS genes can provide no information on the phylogeny of rice, wheat, and
maize, but it is, at present, impossible to confirm this.

The location of rice in the phylogenetic tree of monocotyledonous plants has
remained ambiguous despite the performance of diverse analyses based on a number
of different aspects. The above discussion provides a rational scheme by
interpreting the evidences in the simplest way possible; maize diverged first from
the common ancestor of rice, wheat, and rye. To verify this scheme, however,
much more evidence is required, including sequence configurations of the rrn/8 and

rrnS genes in the other Graminae plants.
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Summary

Chapter 1

The mitochondrial DNA (mtDNA) from cells cultured from a CMS line (A-58CMS)
of rice (Oryza sativa) was cloned and its physical map constructed. Structural
alteration occurred on the mitochondrial genome during cell culture. Detailed
restriction analysis of cosmid clones possessing mtDNA fragments suggested either
of the following possibilities: the master genome contains a 100 kb duplication (the
genome size becomes 450 kb), or that a master circle is not present in the genome
(the net structural complexity becomes 350 kb). To date, physical mapping of plant
mitochondrial genomes has been illustrated in the form of a single circle, namely
a master circle. No circular DNA molecule corresponding to a master circle has
yet been proven, however. Representation of plant mitochondrial genomes and the

possibility of a mitochondrial genome without a master circle are discussed.

Chapter 2

The nucleotide sequences of the rice mitochondrial 18S and 5S ribosomal RNA
genes (rrnl8 and rrnS, respectively), along with their flanking regions, were
determined. There are three copies of the »rn/8 gene in the mitochondrial genome
of rice as in those of wheat and rye. Sequence analysis revealed that the triplicated
region (5684 bp) of rice contains the intact coding sequences of the rrnl8 and rrn5
genes, as well as the 5° flanking and the 3’ flanking regions. Sequence comparison
between rice and other plant species showed that the rrn/8 of rice has a large
deletion in variable region 4, whereas the nucleotide sequences of the remaining

coding regions are highly conserved.
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Transcriptional analysis revealed that two transcription initiation sites (a
possible consensus sequence is 'CATAGNRAA’) exist for the rice rrni8/rrn5 genes
within the triplicated region, indicating equivalent contribution of the three copied

rRNA genes to TRNA production.

Chapter 3

The phylogenetic relationship of rice, wheat and maize not yet have been clarified.
The relationship among the flanking regions of the rrn/8 and rrn5 genes in rice,
wheat, rye, and maize was studied in detail, and the results, interpreted in the
simplest way, implied that the phylogenetic divergence of maize was earlier than

that of rice from wheat and rye.
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