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H. Yamagishi, T. Terachi

Department of Biotechnology, Faculty of Engineering, Kyoto Sangyo University, Motoyama, Kamigamo, Kita-ku, Kyoto 603, Japan

Received: 15 May 1993 / Accepted: 23 July 1993

Abstract. Ogura male-sterile cytoplasm was surveyed
in common Japanese radish cultivars and in wild rad-
ishes growing in various localities in Japan. Mitochon-
drial (mt) DNA rearrangement involving the atp6 gene
was used as a molecular marker. To detect the mtDNA
rearrangement, polymerase chain reactions (PCR) were
designed to amplify the upstream region of the atp6
gene. The oligonucleotides homologous to the follow-
ing three regions were synthesized: (1) trofM, (2)
ORF105 and (3) atp6. PCRs were conducted with a pair
of the first and the third primers to detect normal
mtDNA, and with the second and the third primers for
Ogura-type mtDNA. All 15 Japanese cultivars yielded
an amplification product which was the same as that of
normal mtDNA, whereas some wild radishes gave the
product specific to Ogura mtDNA. Twenty-four popu-
lations of wild radish were classified into three groups
according to the frequency of Ogura-type mtDNA: (1)
in ten populations, all four plants analyzed per popula-
tion had normal type mtDNA, (2) in five populations,
only plants with Ogura-type mtDNA were found, and
(3) nine populations included both normal and Ogura-
type mtDNAs. There were no geographical restrictions
and no cline in the distribution of the plants with
Ogura-type mtDNA. These results suggested that the
Ogura-type male-sterile cytoplasm originated in wild
radishes. .
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Introduction

Although self-incompatibility is mainly employed in
Cruciferous crops for F, hybrid production, several
male-sterility systems have been explored for practical
use (Shiga 1980). Among them, the cytoplasmic male
sterility based on Ogura cytoplasm (Ogura 1968) has
been used in the radish (Bonnet 1977), as well as in
Brassica crops to which Ogura cytoplasm was intro-
duced by intergeneric hybridization or cell fusion (Ban-
nerot et al. 1977; Pelletier et al. 1983; Kao et al. 1991).
In his original publication Ogura (1968) described the
origin of the cytoplasm as follows: ‘a male-sterile radish
strain obtained from an unidentified variety, at
Onejime, Kagoshima prefecture’. Thus in a strict sense,
the origin and distribution of this cytoplasm remain
poorly understood, despite its world-wide use.

Recently, Makaroff and Palmer (1988) compared
the organization of mitochondrial (mt) DNA from
Ogura cytoplasm with that from normal cytoplasm,
and found that rearrangements, including each of the
atpA, atp6 and coxl genes, occurred between Ogura
and normal mtDNAs (Makarofl et al. 1989, 1990,
1991). Their findings of mtDNA rearrangements be-
tween Ogura and normal cytoplasm led us to investi-
gate the origin and distribution of Ogura cytoplasm in
Japan, since the two types of cytoplasm are distinguish-
able using the rearrangements as molecular markers.
The polymerase chain reaction (PCR) (Saiki et al. 1985)
is the method of choice for the purpose; using a pair of
primers specific to Ogura and normal mtDNA, a large
number of plant samples can be analyzed individually
without either labor-intensive test crosses or pheno-
typic observations of fertility.

Wild radishes grow spontaneously in various areas
of Japan, especially along the coast. If an Ogura-speci-



Table 1. Radish cultivars used in the present analysis
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Code Cultivar name Source® Code Cultivar name Source?
C-01 Awa-shin-bansei A C-10 Akita B

C-02 Momoyama B C-11 Natumino B

C-03 Shinsyuu-Jidaikon B C-12 Houryou A

C-04 Minowase C C-13 Aonaga A

C-05 Qosaka-Shijuunichi B C-14 Shunjuu-Arutari B

C-06 Ookura A C-15 Icicle A

C-07 Shiroguki-Kameido B C-16 Uchiki-Gensuke A

C-08 Kibakei-Riso A C-17 MS-Gensuke D

C-09 Ninengo B

2 A, Takii Seed Co. Ltd.; B, NIVOT; C, Ochara Seed Co. Ltd.; D, Dr. M. Yamabe

fic mtDNA could be found among these Japanese
radishes by PCR, the distribution of that cytoplasm
would be clarified. In this report, as a first step toward a
full understanding of the origin and distribution of
Ogura cytoplasm, we surveyed Ogura-type mtDNA
both in cultivars and in Japanese wild radishes using
PCR-aided assays designed to amplify a rearranged
region including the atp6 gene as a target. The results
demonstrated that Ogura-type mtDNA is present in wild
radish populations of various areas of Japan, whereas
no cultivars studied here had Ogura-type mtDNA.

Materials and methods

Plant materials

Table 1 shows the 17 cultivars of Raphanus sativus L. analyzed in
this study. Most of them belong to main Japanese radish cultivar
groups. The cultivars were provided by NIVOT (National
Research Institute for Vegetables, Ornamentai Crops and Tea,
Japan) or else were purchased from private seed companies. As a
control for Ogura mtDNA, ‘MS-Gensuke’ was used; this was
bred by M. Yamabe, of Ishikawa Agricultural Research Institute,
by introducing Ogura male-sterile cytoplasm into ‘Uchiki-
Gensuke’.

Table 2 lists the 24 wild radish populations studied. Their
collection was made by O. Ohnishi, the Faculty. of Agriculture,
Kyoto University, Japan.

Four individual plants per cultivar or per population were
analyzed. These plants were sown in pots, grown in a greenhouse,
and the total DNA was then isolated.

DN A isolation and polymerase chain reaction (PCR)

From about 300 mg of young leaf, total DNA was isolated by the
method of Dellaporta et al. (1983), with slight modifications, and
used as a template for a subsequent PCR. Figure 1 shows the
three synthesized oligonucleotides and the target regions for
amplification employed in the present analysis. The oligonuc-
leotides were synthesized in an automated DNA synthesizer
(Model 391A, Applied Biosystems Inc., USA) following the
manufacturer’s instructions. Primers A, B and C correspond to
trnfM, ORF105 and atp6, respectively. The nucleotide sequences
are taken from Makaroff et al. (1989).

Table 2. The wild radishes used in the present analysis

Abbreviation Population Perfecture
Okn Okinoerabu Kagoshima
Tng Tanegashima Kagoshima
Ksk Kushikino Kagoshima
Tmk Tomioka Kumamoto
Fke .Fukue Nagasaki
Imj Imajuku Fukuoka
Ngt Nagato Yamaguchi
Nim Nima Shimane
Dai Daiei Tottori
Hms Hamasaka Hyogo

Hkt Hikatae Toyama
Kkz Kakizaki Niigata
Mjm Majima Niigata
Atm Atsumionsen Yamagata
Nkh Nikaho Akita

Iws Iwasaki Aomori
Kss Kasose Aomori
Srh Shirahama Miyazaki
Nth . Natahama Ooita

Mrt Muroto Kochi
Mhm Mihama Wakayama
Irk Irako Aichi

Int Inatori Shizuoka
Cts Chitose Chiba

PCR was performed using the primer pairs A and C (no. 1),
and B and C (no. 2). PCR with primers A and C should amplify a
331-bp DNA fragment in radishes with normal mtDNA. On the
other hand, PCR using primers B and C should yield both 546-
and 474-bp DNA fragments in a plant with Ogura-type mtDNA,
since the target sequence for primer B exists in duplication in
ORF105 (Fig. 1). Thirty PCR cycles were performed in a pro-
grammable incubator (Zymoreactor, Atto Co. Ltd., Japan). Each
cycle consisted of denaturation for 1 min at 94 °C, annealing for 2
min at 55 °C, and extension for 3 min at 72 °C. The 50-pl reaction
mixture contained 25 pmol of each primer and 1.0 unit of Tth
DNA polymerase (Toyobo Co. Ltd., Japan) in the manufac-
turer’s buffer system. After PCR, a DNA fragment was separated
by electrophoresis using a 4% Nusieve (FMC BioProducts,
USA) agarose gel.
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-224
' ~-AGAGGAATTGGTCAACTCATCA-3'

Primer A
atp6

Normal
trnfM
Primer C
3 ' -TAAAGAGTAAGTGTTTAGGTAG-5"'
-439 or -367 +107
5'-GAACTGCGAGTCAATCCACG-3"

me

Ogura =722

ORF105 / \
Primer C

3'~TAAAGAGTAAGTGTTTAGGTAG-5"
+107

atp6

—
200bp

Fig. 1. Oligonucleotides used as PCR primers to amplify the
upstream regions of the mitochondrial atp6 gene. The nucleo-
tides are numbered from the predicted translation start site of an
atp6 gene (Makaroff et al. 1989)

Results

Distinction between normal and Ogura-type
mtDN As by PCR

Figure 2 shows the amplification products of “‘Uchiki-
Gensuke’ and ‘MS-Gensuke’ after the two PCR pro-
cedures. In ‘Uchiki-Gensuke’, which is a maintainer of
Ogura male-sterile cytoplasm, a 331-bp DNA frag-
ment of normal mtDNA was amplified by PCR no. 1,
and no DNA fragment was amplified by PCR no. 2. On
the other hand, ‘MS-Gensuke’ showed a 546-bp frag-
ment of Ogura mtDNA after PCR no. 2, whereas no
product appeared after PCR no. 1. Although another
474-bp fragment in Ogura mtDNA should have ap-
peared with PCR no. 2, it was not observed under our
experimental conditions. However, these results dem-

<— 546bp
<— 331bp

Fig. 2. Amplification products after PCR using the total DNA
from MS-Gensuke (MS) and Uchiki-Gensuke (Uck) as a tem-
plate. Numbers I and 2indicate PCR no. 1 using primers A and C,
and PCR no. 2 using primers B and C (see Fig. 1). M: $X174
Haelll digest used as a molecular size standard

onstrated that the normal and Ogura mtDNA were
distinguishable by the combined PCR.

Mitochondrial type of cultivated radishes

All the cultivars analyzed here (Table 1) had a DNA
band specific to the normal mtDNA, while that ex-
pected in Ogura mtDNA was not observed (data not
shown). Four individual plants were analyzed per cul-
tivar, and there were no variations in the band posi-
tions within each. Thus, the mtDNAs of cultivars
belonging to the main Japanese radish cultivar groups
were regarded as the normal type.

Distribution of Ogura-type mtDN A in wild radish

Figure 3 shows examples of amplification products of
wild radish from the selected populations after the
PCR, whereas Fig. 4 summarizes mtDNA variations
among and within wild radish populations. As shown
in these figures, both normal and Ogura-type mtDNAs
are present in wild Japanese radishes. As described

Okn Tng Ksk Tmk Fke Imj Ngt Nim
M. 1.2 3 2 1. 2, 1.2 128 2. d el 2
bp
1351 »
603 »
310 > <€ 546bp  Fig. 3. Examples of amplification products of

<€ 331bp  Japanese wild radishes after PCRs nos. 1 and 2.

The abbreviation above the lane shows the popu-
lation from which the wild radishes were col-
lected (Table 2). M: ¢X174 Haelll digest used as a
molecular size standard



Fig. 4. The distribution and frequency of normai and Ogura-
type mtDNAs in Japanese wild radishes. White circles indicate
the populations in which all four plants had normal mtDNA;
black circles represent those with only Ogura-type mtDNA.
Gray circles indicate the populations containing both types of
mtDNA, and numerals in parentheses show the number having
Ogura-type mtDNA among the four plants analyzed

earlier, the original Ogura cytoplasm was found in the
Kagoshima prefecture (shown as a star in Fig. 4). All
four plants in the two populations near this site (Ksk
and Tng) show an Ogura-specific amplification pat-
tern. However, Ogura-type mtDNA was not restricted
to these areas, and was widely distributed in the other
12 populations. Furthermore, no geographic cline was
observed in the distribution pattern.

With regard to the variation of mtDNA type, the 24
populations analyzed here were classified into three
groups. Among ten populations, all four plants had
normal mtDNA, whereas five populations showed
only the Ogura-type mtDNA. The other nine popula-
tions included both normal and Ogura-type mtDNAs
in each. These results are the first demonstration that
the mtDNAs of Japanese wild radishes are differenti-
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ated both among allopatric populations and among
plants growing sympatrically.

Discussion

Possible origin of Ogura male-sterile cytoplasm

In Japan, wild radishes mainly grow along the coast,
and are called ‘Hamadaikon’, which medns ‘beach
radish’. These wild radishes belong taxonomically to R.
sativus, and there is no reproductive isolation with the
cultivated type despite considerable ecological and
morphological differences. We found here that the
Ogura-type mtDNA was distributed among the wild
radishes collected from various areas of Japan, in
contrast to the fact that none of the major cultivars
have Ogura-type mtDNA. Both the wild radishes with
Ogura-type mtDNA and the cultivar with normal
mtDNA have normal pollen fertility, and several major
Japanese cultivars lack restorer genes for Ogura male
sterility (Ogura 1968).

From these facts we deduced the origin of Ogura
male sterility as follows: natural hybridization initially
occurred between a female wild radish with Ogura
cytoplasm and a male cultivar without restorer genes.
Thereafter, in some progenies of this cross, male-sterile
mutant segregants were found by Ogura (1968).

Possible origin of Ogura-type mtDN A

The above scenario applies only to phenotypic expres-
sion of male sterility; the origin of the Ogura-type
mtDNA per se remains unresolved. Based on the
analysis of the organelle DNAs of normal and Ogura
male-sterile radishes, Makaroff and Palmer (1988) ar-
gued that Ogura mtDNA was derived from a normal
mtDNA of cultivated radish by a series of mutations
including the atp6 region analyzed here. However, we
found Ogura-type (mutated) mtDNA in Japanese wild
radish populations but not in the radish cultivars, and
currently there is no evidence showing the direction of
mutation. Although the mutations leading to the differ-
entiation between normal and Ogura-type mtDNA
could have occurred in a wild radish, the nature of
process involved is still unclear. In the present study,
we used only Japanese cultivars and wild radishes
grown in Japan and our analysis was limited to the
atp6 gene region of mtDNA. Therefore, to clarify this
issue, further analysis of wild material in continental
Asia is necessary. It is also necessary to study regions
other than atp6, since many variations between two
mtDNA types have been found (Makaroff and Palmer
1988; Makaroff et al. 1989, 1990, 1991). If a partially-
mutated mtDNA could be identified, the evolutionary
process of mutation from normal to Ogura-type, or vice
versa, mtDNA could be reconstructed. These studies
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may also allow the allopatric and sympatric mito-
chondrial differentiation in wild radishes to be resolved.

The potentiality of wild radish as breeding material

Although Ogura-type mtDNA can be found in more
than ten populations of wild radishes (Fig. 4) they them-
selves show normal polien fertility. In order to deter-
mine the effect of the mitochondrial genome on the
male sterility of radish, we are conducting hybridi-
zations between wild radishes with Ogura-type mtDNA
and several radish cultivars. If male sterility is induced
in the progenies of the crosses, the wild radishes could
be used as breeding material to introduce cytoplasmic
male sterility into cultivated radishes and other Cru-
ciferous crops. This would enlarge the range of the
genetic diversity among breeding material for Crucifer-
ous crops, since the wild radishes that are widely dis-
tributed in Japan contain far larger variations in eco-
logical characteristics than those that are cultivated.
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