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A b s t r a c t  In a previous report, intergeneric somatic hy- 
brids between red cabbage (Brassica oleracea L. var. ca- 
pitata) and radish (Raphanus sativus L. cv. Shougoin) were 
produced by protoplast fusion. Plant morphology, chromo- 
some number, isozyme patterns, and SmaI cleavage pat- 
tern of chloroplast DNA indicated that the hybrid plants 
have the red cabbage nucleus and the radish chloroplasts. 
In this report, we analyzed the organization of chloroplast 
and mitochondrial DNAs from this hybrid using Southern 
hybridization. The restriction patterns of almost all regions 
of the chloroplast DNA from the hybrid were similar to 
that of radish, except for one region near the rps16 gene, 
which encodes the chloroplast ribosomal protein S 16. In 
contrast to chloroplast DNA, the restriction pattern of mit- 
ochondrial DNA from the hybrid was quite different from 
that of the parents. 

A b b r e v i a t i o n s  CMS cytoplasmic male-sterility • 

ctDNA chloroplast DNA - mtDNA mitochondrial DNA 

Introduction 

The production of somatic hybrid plants by protoplast fu- 
sion provides a means of increasing genetic variability and 
overcoming sexual cross-incompatibility for plant breed- 
ing (Glimelius et al. 1991). 

Evidence for genetic recombination and rearrangement 
of organelle DNA has been obtained in some somatic hy- 
brid plants. For chloroplast DNA (ctDNA), there is not 
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much evidence; however, a somatic hybrid between Nico- 
tiana tabacum and N. pIumbaginifoIia was shown to be a 
product of interspecific ctDNA recombination (Medgyesy 
et al. 1985). Sequencing of the junction fragment showed 
homologous recombination between the two parental chlo- 
roplast genomes (Fejes et al. 1990). Additional evidence 
for recombination of ctDNA was obtained in somatic hy- 
brids between N. tabacum and Solanum tuberosum (Thanh 
and Medgyesy 1989), N. tabacum and N. debneyi (Sproule 
et al. 1991), and within Solanum species (Sidirov et al. 
1987). On the other hand, there are many reports of the re- 
combination of mitochondrial DNA (mtDNA) in somatic 
hybrid plants. This was first suggested by Belliard et al. 
(1979) with two varieties ofN. tabacum with different cy- 
toplasms, mtDNAs from somatic hybrids have been char- 
acterized in Nicotiana (Nagy et al. 1981; 1983; Galun et 
al. 1982; Aviv et al. 1984), Petunia (Boeshore et al. 1983, 
1985; Rothenberg et al. 1985; Rothenberg and Hanson 
1987; Clark et al. 1986), Solanum (Kemble et al. 1986), 
Daucus (Matthews and Widholm 1985), Brassicaceae 
(Chetrit et al. 1985; Vedel et al. 1986; Landgren and Gli- 
melius 1994), and Poaceae (Ozias-Atkins et al. 1987). Fur- 
thermore, evidence for the presence of rearranged or re- 
combinant mtDNA in interfamilial somatic hybrids was 
obtained from hybrids between N. tabacum and Daucus 
carota (Smith et al. 1989) and between Oryza sativa and 
Daucus carota (Kisaka et al. 1994). 

In our previous report (Kameya et al. 1989), interge- 
neric hybrid plants were obtained through protoplast fu- 
sion between red cabbage (Brassica oleracea L. var. ca- 
pitata) and radish (Raphanus sativus L. cv. Shougoin). The 
plant morphology, chromosome number, isozyme patterns 
and the Sinai cleavage pattern of ctDNA indicated that the 
hybrid plants have the red cabbage nucleus and radish chlo- 
roplasts. These hybrids developed to the flowering stage 
and formed male-sterile flowers, which interestingly 
showed cytoplasmic inheritance. To verify the mechanism 
of the male sterility, we have analyzed in detail the organ- 
ization of ctDNA and mtDNA from the intergeneric so- 
matic hybrid plants between radish and red cabbage using 
Southern hybridization. 
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Materials and methods 

Plant material 

Intergeneric hybrid plants were obtained through protoplast fusion 
between red cabbage (B. oleracea L. var. capitata) and radish (Raph- 
anus sativus L. cv. Shougoin) as described by Kameya et al. (1989). 
Only two plantlets were regenerated and developed to the flowering 
stage. The morphology of these hybrid plants was very similar to that 
of red cabbage; however, these hybrid plants were male sterile. Since 
the isozyme patterns and the restriction patterns of ctDNA of the two 
hybrids were identical, we used only one hybrid line in the follow- 
ing experiments. 

The crosses undertaken and the morphology of the plants are 
schematized in Fig. 1. The hybrids were maintained by backcross- 
ing with B. oleracea pollen. The offspring (BCI) from this cross, 
which were also male sterile, were crossed with B. alboglabra pol- 
len twice. These offspring, which were also male sterile, and the par- 
ents of the hybrid, radish and red cabbage, were used for isolation 
of total DNA. 

Isolation of total DNA and Southern hybridization 

Total DNA was extracted from 1 g of mature green leaves using 
the method described by Honda and Hirai (1990). Total DNA 
was digested with restriction enzymes in accordance with the 
manufacturer's recommendations (Takara Shuzo Co., Kyoto, Japan). 
The DNA fragments were separated by electrophoresis on a 0.7% 
agarose gel and transferred to nylon membranes (MAGNA nylon 66, 
MSI). Southern hybridization analysis was carried out using a non- 
radioactive DNA labeling and detection kit (Boehringer Mannheim, 
Germany). 

We used the BamHI-1, -3, -8 and PstI-7 fragments from rice 
ctDNA and the mitochondrial genes for the ec-subnnit of the F 1-AT- 
Pase (atpA), 26S rRNA, 18S rRNA and the subunit of cytochrome c 
oxidase (coxII) from pea as probes. The chloroplast and mitochon- 
drial clones were kindly provided by Prof. A. Hirai (University of 
Tokyo, Japan) and Prof. K. Nakamura (Nagoya University, Japan), 
respectively. 

Results 

Genetic analysis of  the intergeneric hybrid plants 

As shown in Fig. la, the hybrids between red cabbage and 
radish (Kameya et al. 1989) were maintained by backcross-  

ing with B. oleracea pollen, and the offspring (BC]) were 
crossed with B. alboglabra pollen twice. The morphology  
of  the offspring of  the somatic hybrid is quite similar to 
that of  cabbage, one of  the parents of  the hybrid (Fig. lb). 
Because all of  these offspring were male sterile and did not 
show segregation, this trait was maternally inherited stably. 

c tDNA analysis o f  the offspring of  the somatic hybrid 

We compared the Sinai restriction pattern of  the c tDNA of  
radish and red cabbage in the previous report (Kameya et 
al. 1989). We could detect only one distinguishing band in 
the cabbage c tDNA and the intergeneric hybrid plants did 
not have this band. This suggested that this region of  the 
chloroplast  D N A  of  the hybrid was derived f rom radish. 

However,  this result is not sufficient to show that the 
entire hybrid c tDNA was derived f rom radish. Therefore, 
to analyze more completely the c tDNA from the somatic 
hybrid, we used three restriction enzymes,  and four c tDNA 
probes: BamHI-1, -3, -8 and Psd-7 fragments f rom rice 
c tDNA (Hirai et al. 1985). The restriction patterns o f  the 
c tDNA from radish and red cabbage were quite similar, 
but, some differences were found (Fig. 2). These results 
show that almost  all regions of  the c tDNA of  the somatic 
hybrid offspring are of  the radish type. Using the BamHI-3 
probe, however,  a novel 2.1-kb band was found in the off- 
spring of  the somatic hybrid. Since the band from the hy- 
brid was larger than that of  radish and cabbage, this sug- 
gested that the change was caused by D N A  recombinat ion 
and/or rearrangement.  The BamHI-3 D N A  fragment o f  rice 
c tDNA contains trnK, trnQ, and trnS, genes which encode 
tRNAs, rps16, which encodes a r ibosome protein, and the 
psbK operon (Hiratsuka et al. 1989) (Fig. 3a). For further 
analyses, we carried out Southern hybridizat ion with four 
shorter DNA fragments as probes (A-D,  Fig. 3). The 2.1-kb 
unique band was detected by three probes, A, B, and C, but 
not by probe D. This indicates that the recombinat ion 
and/or rearrangement site was near probe B, which covers 
the rpsl 6 gene that encodes the chloroplast  r ibosomal pro- 
tein S16. 

R. sativus + B. oleracea 

I Hybrid X B. oleracea 
(MS) I 

Hybrid X B. alboglabra 
(Ms) I 

Hybrid X B. alboglabra 
(MS) I 

b Radish 

Fig. 1 a Schematic representation of the steps involved in produc- 
ing the offspring of the somatic hybrid generated by protoplast fu- 
sion between radish and cabbage, b Morphology of the offspring of 

Hybrid Cabbage 

the somatic hybrid, and the parents of the protoplast fusion - radish 
(Raphanus sativus L. cv. Shougoin) and cabbage (Brassica oleracea 
L. var. capitata) 



Fig. 2 Southern hybridization 
of total DNA from radish (R), 
the offspring of the somatic hy- 
brid (/4), and red cabbage (C). 
Total DNA was digested with 
EcoRI and hybridized with 
BamHl-1, -3, -8, and PstI-7 
DNA fragments of rice chloro- 
plast DNA (ctDNA) as probes 
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Fig. 3a Genetic map near BamHI-3 DNA fragment of rice ctDNA. 
the location of the recombination and/or rearrangement site is indi- 
cated by the arrow, b Southern hybridization of total DNA from rad- 
ish (R), the offspring of the somatic hybrid (/4), and red cabbage (C). 
Total DNA was digested with EcoRI and hybridized with probes A, 
B, and C 

and coxlIgenes. Some novel DNA fragments were detected 
in the offspring of the hybrid by probes atpA and 26S and 
18S rRNA genes. The pattern of the offspring of the hy- 
brid using the atpA probe was considerably different from 
that of the parents. To determine the sites of mtDNA re- 
combinations and/or rearrangements, further Southern hy- 
bridizations were carried out using three mitochondrial 
probes, atpA and 26S and 18S rRNA genes, and three re- 
striction enzymes, BamHI, EcoRI and HindIII. However, 
we could not determine the sites of recombination and/or 
rearrangement (data not shown). 

In contrast, the hybridization pattern of the offspring of 
the somatic hybrid obtained with the coxH probe was of 
the radish type. Other experiments showed that cabbage 
has two copies of the coxII gene and one of them gave a 
pattern identical to that of radish (data not shown). Thus, 
we cannot identify the origin of the coxII gene of the so- 
matic hybrid. 

Since Sakai and Imamura (1992; 1993) reported that cy- 
brid progeny have different mtDNA patterns caused by the 
mitochondrial subgenome, we analyzed the mtDNA re- 
striction pattern from individual plants of the offspring of 
the somatic hybrids. Total DNA was prepared from six in- 
dependent plants and Southern hybridizations were carried 
out using mtDNA probes (Fig. 5). These results showed 
that there were no differences in the restriction patterns of 
mtDNA among the individual offspring. 

mtDNA analysis of the offspring of the somatic hybrid 

To identify the restriction pattern of the mtDNA from the 
offspring of the somatic hybrid, Southern hybridization 
was carried out using mitochondrial genes as probes 
(Fig. 4). We used four probes: atpA, 26S and 18S rRNA, 

D i s c u s s i o n  

Chromosome elimination occurs during the regeneration 
of fused cells, (Shepard et al. 1983; Babiychuk et al. 1992). 
In addition, two different types of chloroplast may be 
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Fig. 4 Southern hybridization 
of total DNA from radish (R), 
the offspring of the somatic hy- 
brid (H), and red cabbage (C). 
Total DNA was digested with 
BamHI and hybridized with at- 
pA, 26 S and 18S rRNA, and 
coxII genes from pea mitochon- 
drial DNA as probes 
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Fig. 5 Southern hybridization 
of total DNA from radish (R), 
six independent offspring of kb 
the somatic hybrid (HI-H6), 23.1 
and red cabbage (C). The 
probe was the mitochondrial 
26S rRNA gene and the re- 9.4 -- 
striction enzyme was BamHI 
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mixed in a fused hybrid cell between two different species. 
However, the parental chloroplasts segregate during cal- 
lus development and, in most cases, the regenerated hy- 
brid plants have only one chloroplast type (Akada and Hi- 
rai 1986). Clear evidence for the recombination of ctDNA 
in higher plants is very limited; however, a somatic hybrid 
of N. tabacum and N. plumbaginifoIia was shown to be a 
product of homologous recombination of ctDNA (Med- 
gyesy et al. 1985; Fejes et al. 1990). As shown in Fig. 2, 
the restriction pattern of the ctDNA from the somatic hy- 
brid was quite similar to that from radish, except for one 
region. This suggests that the novel fragment of ctDNA 
from the hybrid has been constructed by recombination be- 

tween radish and cabbage ctDNA. As shown in Fig. 3, a 
novel DNA fragment was detected by probes A, B, and C 
in the hybrid, indicating that the rearrangement and/or re- 
combination site is near the rpsl6  gene. For a more pre- 
cise analysis, further investigations are necessary to deter- 
mine the sequence of the novel fragment. 

In contrast to ctDNA recombination and/or rearrange- 
ment of mtDNAs of somatic hybrids has been reported in 
many combinations between species among the Solana- 
ceae, Umbelliferae, Brassicaceae and Poaceae (Nagy et al. 
1983; Aviv et al. 1984; Boeshore et al. 1985; Matthews and 
Widholm 1985; Kemble et al. 1986; Ozias-Atkins et al. 
1987; Rothenberg and Hanson 1987; Landgren and Glime- 
lius 1994). As shown in Fig. 4, novel DNA fragments were 
detected in the mtDNA of the somatic hybrid by three of 
four probes. This indicates that rearrangements and/or re- 
combinations may be occurring in many regions of the 
mtDNA of the somatic hybrid. 

Sakai and Imamura (1992; 1993) have shown that cy- 
brid progeny have different mtDNA patterns caused by 
changes in the amounts of mitochondrial subgenomes. 
However, the offspring of the somatic hybrid in the present 
study have the same mtDNA pattern, as shown in Fig. 5, 
indicating that the mtDNAs of the somatic hybrid have 
been inherited stably. 

Genetic analysis of the intergeneric somatic hybrids 
shows that the male-sterile trait of the hybrids did not seg- 
regate but was inherited maternally. The generation of cy- 
toplasmic male sterility (CMS) by protoplast fusion has 
been reported for N. tabacum and N. africana (Kumashiro 
et al. 1988) and with tomato and SoIanum protoplasts 
(Melchers et al. 1992). However, the mechanism of gen- 
eration of cytoplasmic male-sterile plants by protoplast fu- 
sion is not known. Although the cause of CMS has not been 
clarified, reorganization of mtDNAs is closely correlated 
with the CMS character, and it is thought that reorganiza- 



t ion of  m t D N A s  results  in the const ruct ion  of  ch imer ic  
genes,  which  inhibi t  the express ion  of  normal  mi tochon-  
drial  genes (Newton  1988; Lev ings  1990; Hanson  1991). 
Therefore ,  the CMS trait  o f  the somat ic  hybr id  may  have 
been caused by  the r eo rgan iza t ion  o f  the pa ren ta l  m t D N A  
fo l l owing  cons t ruc t ion  of  ch imer i c  genes,  or  by  inhibi -  
t ion of  the t r ansc r ip t ion  of  no rma l  m i t o c h o n d r i a l  genes.  
To de t e rmine  a l te ra t ions  in the m i t o c h o n d r i a l  gene  prod-  
ucts,  we are now ca r ry ing  out  Nor the rn  h y b r i d i z a t i o n  us- 
ing m i t o c h o n d r i a l  genes  as p robes .  In addi t ion ,  s ince  we 
do not  exc lude  the p o s s i b i l i t y  that  the male  s te r i l i ty  was 
caused  by  n u c l e a r - m i t o c h o n d r i a l  incompa t ib i l i ty ,  we sti l l  
need to inves t iga te  whe the r  such i n c o m p a t i b i l i t y  is 
p resen t  or  not. 
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