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Abstract. Mitochondrial segregation and rearrange- 
ments were studied in regenerated somatic hybrids 
from seven different species combinations produced 
using reproducible and uniform methods. The inter- 
specific hybridizations were made between closely or 
more distantly related species within the Brassicaceae 
and were exemplified by three intrageneric, two inter- 
generic and two intertribal species combinations. The 
intrageneric combinations were represented by Brass- 
ica campestris (+) B. oleracea, B. napus (+) B. nigra 
and B. napus (+) B. juncea (tournefortii) hybrids, the 
intergeneric combinations by B. napus (+) Raphanus 
sativus and B. napus (+) Eruca sativa hybrids, and the 
intertribal combinations by B. napus (+) Thlaspi per- 
foliatum and B. napus (+) Arabidopsis thaliana hybrids. 
In each species combination, one of the two mitochon- 
drial genotypes was B. campestris since the B. napus 
cultivar used in the fusions contained this cytoplasm. 
Mitochondrial DNA (mtDNA) analyses were per- 
formed using DNA hybridization with nine different 
mitochondrial genes as probes. Among the various 
species combinations, 43-95% of the hybrids demon- 
strated mtDNA rearrangements. All examined B. 
campestris mtDNA regions could undergo inter- 
genomic recombination since hybrid-specific frag- 
ments were found for all of the mtDNA probes ana- 
lysed. Furthermore, hybrids with identical hybrid- 
specific fragments were found for all probes except 
coxII and rrnl8/rrn5, supporting the suggestion that 
intergenomic recombination can involve specific se- 
quences. A strong bias of hybrids having new atpA- or 
atp9-associated fragments observed in the intra- and 
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intergeneric combinations could imply that these re- 
gions contain sequences that have a high reiteration 
number, which gives them a higher probability of 
recombining. A biased segregation of B. campestris- 
or B. campestris-like mitochondria was found in all 
combinations. A different degree of phylogenetic 
relatedness between the fusion partners did not have a 
significant influence on mitochondrial segregation in 
the hybrids in this study. 
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Introduction 

Biparental inheritance of organelles can be achieved by 
protoplast fusion, which has enabled the production of 
plants with new combinations of cytoplasmic or- 
ganelles. In view of the complex behaviour of plant 
mitochondrial genomes (reviewed by Lonsdale 1989) 
and the fact that in vitro-culture of plant cells may 
induce mitochondrial DNA (mtDNA) rearrangements 
(Gengenbach et al. 1981; Kemble and Shepard 1984; 
Morgan and Maliga 1987), it can be difficult to inter- 
pret mtDNA alterations detected in somatic hybrids. 
Even though mtDNA alterations frequently have been 
found in somatic hybrids (reviewed by Kumar and 
Cocking 1987), the knowledge regarding mitochon- 
drial segregation and intergenomic recombination 
processes in biparental cytoplasms is rather limited. 
This can partly be explained by the fact that the popu- 
lation of hybrids obtained often has been too small to 
allow segregation patterns or features important for 



intergenomic recombinat ion to be characterized. Fur-  
thermore,  comparat ive  analyses of hybrids from differ- 
ent fusion experiments have been difficult to perform, 
owing to large differences in methods used for fusion 
procedures, in vitro-culture, and m t D N A  analysis. 

Somatic hybridizat ion within the Brassicaceae has 
been one of the major  research areas at our  laboratory.  
Dur ing recent years, large numbers  of somatic hybrids 
have been produced by uniform and reproducible 
methods (Glimelius et al. 1991). In the present study 
m t D N A  analysis of a comparat ively large number  of 
somatic hybrids f rom seven different species combina-  
tions was performed. The interspecific hybridizations 
were made between closely or more  distantly related 
species within the Brassicaceae and were exemplified 
by three intrageneric, two intergeneric and two inter- 
tribal species combinations.  The intrageneric combina-  
tions were represented by Brassica campestris (+) B. 
oleracea, B. napus (+) B. nigra, and B. napus (+) B. 
juncea(tournefortii) hybrids, the intergeneric combina-  
tions by B. napus (+)  Raphanus sativus and B. napus 
(+)  Eruca sativa hybrids, and the intertribal combina-  
tions by B. napus (+) Thlaspi perfoliatum and B. 
napus (+)  Arabidopsis thaliana hybrids. Furthermore,  
one of the two mitochondria l  genotypes in each species 
combina t ion  was B. campestris since the B. napus cul- 
tivar used in the fusions contained this cytoplasm. A 
comparat ive  study of m t D N A  segregation and alter- 
ations in these hybrids was carried out in order to 
investigate whether the different degree of phylogenetic 
relatedness between the fusion partners was a major  
factor influencing mitochondria l  segregation in bi- 
parental  cytoplasms. Furthermore,  a comparat ive 
analysis of this relatively large hybrid material would 
more  evidently demonstra te  whether specific mito- 
chondrial  regions were involved in intergenomic re- 
combinat ion.  

Material and methods 

Plant material 

The investigation was performed on somatic hybrids obtained 
from seven different species combinations: B. campestris (+) B. 
oleracea (Sundberg et al. 1987), B. napus (+) B. nigra (Sj6din and 
Glimelius 1989), B. napus (+) B. juneea(tournefortii) (Szasz et al. 
1991), B. napus (+) Raphanus sativus (Sundberg and Glimelius 
1991 a), B. napus (+) Eruca sativa (Fahleson et al. 1988), B. napus 
(+) Thlaspi perfoliatum (Fahleson et al. 1994 ), and B. napus (+) 
Arabidopsis thaliana (Forsberg et al. 1994). Descriptions of the 
parental material used for the somatic hybrids can be found in 
the above-listed references. B. napus cv 'Hanna' contained the B. 
eampestris cytoplasm and R. sativus the male-sterility-inducing 
'Ogura' cytoplasm (Ogura 1968), which is derived from R. sativus 
(Makaroffand Palmer 1988). The B.juncea cultivar referred to in 
this study represents a male-sterile, alloplasmic cultivar with the 
male-sterility-inducing 'Anand' cytoplasm (Rawat and Anand 
1979), which originates from B. tournefortii (Pradhan et al. 1991; 
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Szasz et al. 1991). Therefore, the B. juncea cultivar is designated 
B. juncea(tournefortii). 

Uniform procedures were used for protoplast isolation and 
for the fusion and culture of hybrid cells (Sundberg et al. 1987). 
Protoplasts isolated from hypocotyls and leaves were fused using 
polyethylene glycol. Heterokaryons were enriched by flow 
cytometry and cell sorting (Glimelius et al. 1986) except for the B. 
campestris (+) B. oleraeea combination, where mechanical isola- 
tion of hybrid cells was used. A culture and regeneration system 
initially developed for B. napus protoplasts was slightly modified 
so that it could be used for the regeneration of hybrids in all 
combinations (Glimelius 1984). 

The mtDNA analyses were performed on original hybrid 
plants obtained from B. napus (+) B. juncea(tournefortii), B. 
napus (+) R. sativus, B. napus (+) A. thaliana, and the B. napus 
(+) T. perfoliatum combinations. In the other three combina- 
tions, plants obtained from the first backcross using B. napus cv 
'Hanna' as the pollinator were used for mtDNA analysis. All 
hybrids included in this comparative study were regenerated 
from different calli. 

An additional mtDNA study was performed to determine 
whether the mtDNA segregation process was completed in the 
original hybrids. For this study mtDNA analyses were per- 
formed on first-generation progenies from 15 B. napus (+) B. 
juncea(tournefortii) hybrid plants. Up to five plants from each 
hybrid, or a total of 31 plants, were compared in terms of the 
patterns of their progenitors. 

MitochondriaI DNA analysis 

Isolated mtDNA or total DI~A digested with BamHI and PstI, 
respectively, was separated in agarose gel and transferred to 
nylon filters according to Landgren and Glimelius (1990). Hy- 
bridizations were performed with eight heterologous gene 
probes (Table 1), which contained the atpA, atp6, atp9, nad5, 
coxI, coxII, cob, and rrnl8/rrn5 mitochondrial genes. The probes 
were kindly provided by Dr. M. R. Hanson, Cornell University 
and Dr. C.S. Levings III, North Carolina State University. 
Southern blots and hybridizations were carried out according to 
Landgren and Glimelius (1990) except that in the hybridization 
solution 40% formamide was substituted for 6 M urea. Chloro- 
plast DNA (cpDNA) isolated from B. napus, B. nigra, and E. 
sativa was also included in the hybridization experiments to test 
for cross-hybridization between the mitochondrial gene probes 
and cpDNA. CpDNA was isolated according to Sundberg et al. 
(1987). 

Results 

The D N A  hybridization method was sensitive enough to 
allow mtD N A analysis of  hybrids in all species combina- 
tions, with the exception of the B. campestris (+) 
B. oleracea hybrids 

In  the present investigation eight probes, comprising 
nine mitochondria l  genes, were used for D N A  hybrid- 
ization analysis (Table 1). The results achieved using 
this procedure were compared  with those obtained 
from the analysis of isolated m t D N A  digested with 
BamHI and PstI, respectively, and stained with 
ethidium bromide (EtBr) (Landgren and Glimelius 
1990). In  total, m t D N A  of 10 B. campestris (+)  B. 
oleracea, 11 B. napus (+)  B. nigra, and 10 B. napus (+)  
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Table 1. Summary ofthe probes and enzymes (B = B a m H I ,  P = Ps t I )  u sed  for  m i t o c h o n d r i a l  D N A  ana lys i s  o f  sornat ic  h y b r i d s  in s e v e n  
different species combinations 

Hybrid combination MtDNA probes Total number 
atp9  a t p A  a tp6  c o x I  c o x I I  rrn 18/rrn5 cob nad5 of species- 
Enzyme specific probes 
B P B P B P B P B P B P B P B P B P 

Intrageneric hybrids 
B. c a m ( + ) B ,  ole s s s - - s 2 2 

B. nap a ( + ) B. nig s s s s s s s s s s s s s 6 7 

B. n a p a ( + ) B . j u n ( t o u r )  s s s s s s s s s s s s - s s s 7 8 

Intergeneric hybrids 
B. n a p " ( + ) R ,  sa t  s s s s s s "s s s s s s - s s s 7 8 

B. n a p " ( + ) E ,  sat  s s s s s s s s s s - s - s 5 7 

Intertribal hybrids 
B. n a p a ( + ) A ,  tha  s s s s s s s s s s s s - s s s 7 8 

B. n a p " ( + ) T ,  per  s s s s s s - s s s s s - s s s 6 8 

s indicates that the probes demonstrated a species-specific hybridization pattern while - indicates that no species-specific differences 
were found 

The B. napus  cultivar contained B. campes t r i s  cytoplasm 

Table 2. Frequencies (~) of somatic hybrids with parental and rearranged mtDNA patterns in seven different species combinations. 
Hybrids within group 1 had mtDNA patterns consisting of mtDNA fragments identical to both parents (A + B). None of the hybrids 
had a complete mixture of parental-specific fragments. Group 2 represents hybrids with an incomplete mixture of mtDNA fragments 
characteristic of both parents together with hybrid-specific fragments (A + B + H). Hybrids with mtDNA patterns containing 
hybrid-specific fragments together with fragments identical to one or the other parent belonged to group 3 (A + H) and 4 (B + H) 

Hybrid combination Number 
Parent of hybrids 
A B 

Frequency (~o) of hybrids with: 
Parent A or B specific Rearranged mtDNA patterns 
mtDNA pattern Group 

1 2 3 
A B A + B  A + B + H  A + H  

4 
B + H  

Sum: groups 
1-4 

Intrageneric hybrids 
B. cam ( + )  B. ole b 10 10 0 90 0 0 0 90 
B. nap a ( + )  B.  nigb 22 0 5 0 90 0 5 95 
B. nap a ( + )  B . j u n ( t o u r )  18 22 17 6 33 22 0 61 

Intergeneric hybrids 
B. nap ~ ( + )  R.  sa t  b 12 33 8 17 25 17 0 59 
B. nap" ( + )  E.  sa t  b 16 56 0 0 31 12.5 0 43.5 

Intertribal hybrids 
B. nap a ( + )  A.  tha  16 50 0 0 37.5 12.5 0 50 
B. nap ~ ( + )  T.  per  7 57 0 0 43 0 0 43 

a The B. napus  cultivar contained B. campes t r i s  cytoplasm 
b Combinations included in the study by Sundberg and Glimelius (1991) as referred to in the discussion 

E .  s a t i v a  hybr ids  were studied,  bo th  by analysis  of  
E tBr -s ta ined  m t D N A  res t r ic t ion pa t t e rns  and  by  D N A  
hybr id iza t ion .  On ly  2 of 9 B .  c a m p e s t r i s  ( + )  B .  o l e r a c e a  

hybr ids  tha t  d e m o n s t r a t e d  r ea r r anged  m t D N A  ac- 
cord ing  to the E tBr -s ta ined  gels showed m t D N A  rear-  
rangements  with the D N A  hybr id i za t ion  method .  This 
large difference in reso lu t ion  between the me thods  was 
expected since for B .  c a m p e s t r i s  and  B .  o l e r a c e a  mt-  
D N A  only  a small  n u m b e r  of  m t D N A  res t r ic t ion 
f ragment  length  p o l y m o r p h i s m s  (RFLPs)  were found  

using the EtBr-s ta ined  gels. The l imited n u m b e r  of  
p robes  used further  res t r ic ted the possibi l i t ies  to find 
these species-specific m t D N A  differences. Therefore,  
the results ob ta ined  f rom EtBr-s ta ined  m t D N A  restric- 
t ion profiles of the 10 B .  c a m p e s t r i s  ( + )  B .  o l e r a c e a  

hybr ids  were inc luded in this invest igat ion.  
In  contrast ,  all B .  n a p u s  ( + )  B .  n i g r a  and B .  n a p u s  

( + )  E .  s a t i v a  hybr ids  for which evidence of r ea r r anged  
m t D N A  was ob ta ined  using the EtBr-s ta ined  gels 
were also de mons t r a t e d  to con ta in  m t D N A  a l te ra t ions  



using DNA hybridization. Since the methods had the 
same resolution for the B. napus (+) B. nigra and B. 
napus (+) E. sativa combinations, we assumed that the 
DNA hybridization method would be sufficiently sen- 
sitive for mtDNA analysis of B. napus (+) B. junc- 
ea(tournefortii), B. napus (+) R. sativus, B. napus (+) T. 
perfoliatum, and B. napus (+) A. thaliana hybrids, 
because the numbers of probes showing species-spe- 
cific differences were about the same in these combina- 
tions (Table 1). 

None of the mtDNA probes cross-hybridized with 
cpDNA, except for the rrnl8/rrn5 probe; this probe 
hybridized with cpDNA-specific fragments. However, 
these fragments did not show species-specific differ- 
ences in any of the combinations (data not shown). 

Hybrids with mtDN A rearrangements were found 
in all species combinations 

Analysis of the EtBr-stained gels and DNA hybridi- 
zation patterns revealed that hybrids with mtDNA 
rearrangements :occurred in all species combinations. 
The rearranged hybrids were divided into four groups 
according to their mtDNA patterns (Fig. 1, Table 2). 
The mtDNA of hybrids placed in group 1 contained 
fragments charaCteristic of both parents, although they 
were not the sum of parental-specific fragments. All 
rearranged B. campestris (+) B. oleracea hybrids be- 
longed to this group. In contrast, hybrids with a group- 
1 pattern were absent or uncommon (0-17~) in the 
other species combinations. Hybrids in group 2 con- 
tained an incomplete mix of fragments characteristic of 
both parents together with new, hybrid-specific frag- 
ments. Most of the hybrids (25-90~o) with mtDNA 
alterations were placed in group 2 in all species combi- 
nations except for B. campestris (+) B. oleracea. All 
hybrids in groups 1 and 2 contained mixtures of frag- 
ments characteristic of both parents, although the 
overall hybridization pattern of each hybrid always 
resembled one of the parents more than the other. 
Group 3 and 4 represent hybrids with mtDNA patterns 
containing fragments identical to B. campestris (group 
3) or one of the other parents (group 4), together with 
new, hybrid-specific fragments. Such hybrids were 
either absent or present at low frequencies (0-22~o) in 
the different combinations. The total frequency 
(groups 1-4) of hybrids with mtDNA alterations var- 
ied between 43~ and 95~o among the various species 
combinations. 

Considerable variation was found in the frequency of 
hybrid-specific fragments associated with different 
mtDNA regions 

Among most of the hybrids showing new, hybrid- 
specific mtDNA fragments, these fragments were as- 
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Fig. 1A-C. MtDNA hybridization patterns of B. napus (B.n), 
R. sativus (R.s) and six somatic B. napus (+) R. sativus hybrids 
(I 6) with four different mitochondrial gene probes. A atp9, B 
coxI and cob, where cob was hybridized to the filter after coxI but 
without stripping of the coxI probe, C atpA. Atp9, coxI and cob 
were hybridized to PstI-digested DNA and atpA to DNA diges- 
ted with BarnHI. In B coxI-specific fragments are indicated by 
arrows and cob-specific fragments by asterisks in the lanes B.n 
and R.s. New hybrid-specific fragments are indicated with N. 
Hybrids 3 and 5 have hybridization patterns identical to that of 
B. napus. Hybrids 1 and 4 demonstrate rearranged mtDNA 
patterns consisting of fragments identical to B. napus together 
with hybrid-specific fragments and represent hybrids of group 3 
in Table 2. Hybrid 6 has fragments characteristic of both parents 
and belongs to hybrids of group l. Hybrid 2 has fragments 
identical to both parents together with a hybrid-specific frag- 
ment and represents a hybrid of group 2. The molecular weight 
standard lambda-DNA cut with EcoRI/HindIII is indicated at 
the right (kbp) 

sociated with the atp9 and atpA genes (Table 3). 
Between 40~o and 86~o of the intrageneric and inter- 
generic hybrids had hybrid-specific fragments that hy- 
bridized to the atp9 probe. Among these combinations, 
there were similar frequencies of hybrids with hybrid- 
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Table 3. Frequencies (~o) of somatic hybrids demonstrating hybrid-specific mtDNA fragments for each one of eight different probes 
comprising nine mitochondrial genes in seven different species combinations 

Hybrid combination Number of hybrids MtDNA probes 
with new hybrid- atp9 atpA 
specific fragments 

coxI coxII rrnl8/rrn5 cob had5 atp6 

Intrageneric hybrids 
B. cam (+)B. oIe 0 
B. nap a (+) B. ni9 21 
B. nap" (+) B.jun(tour) 10 

Intergeneric hybrids 
B. nap a (+) R. sat 5 
B. nap" ( + ) E. sat 7 

Intertribal hybrids 
B. nap" (+) A. tha 8 
B. nap" (+) T. per 3 

0 0 0 0 0 0 0 0 
86 29 5 0 5 0 0 0 
40 80 0 0 0 0 10 40 

40 60 60 0 0 0 0 0 
43 71 0 0 0 0 29 0 

12.5 12.5 62.5 12.5 25 37.5 25 0 
100 67 100 0 0 67 67 67 

" The B. napus cultivar contained B. campestris cytoplasm 

specific fragments related to atpA (29-80~). None of 
the hybrid-specific fragments within the intrageneric or 
intergeneric species combinations were associated with 
the coxII or the cob genes. Similarly only 1 B. napus (+)  
B. nigra hybrid had a hybrid-specific fragment related 
to the rrnl8/rrn5 probe. 

The distribution of hybrid-specific fragments asso- 
ciated to the different gene probes was more skewed in 
the intrageneric and intergeneric species combinations 
than in the intertribal hybrids. In the B. napus (+)  A. 
thaliana combination, we found hybrid-specific frag- 
ments related to all probes except atp6-associated frag- 
ments. A similar distribution was found in the B. napus 
(+)  T. perfoliatum combination, where hybrid-specific 
fragments related to coxII and rrnl8/rrn5 were absent. 
Furthermore, as shown in Fig. 1, hybrids with identical 
mtDNA rearrangements were found in all combina- 
tions. Within each combination, between 2 and 15 
hybrids had identical hybrid-specific fragments for at 
least one of the probes. Hybrids with identical hybrid- 
specific fragments were found for all probes except 
coxII and rrnlS/rrn5. 

M t D N A  analysis of  original B. napus ( + )  B. junc- 
ea( tournefortii ) hybrids and their progenies 

The hybrids investigated in the present study were 
either original hybrid plants or first-generation hybrid 
progenies. In order to be able to study reasonably large 
hybrid populations, we performed mtDNA analyses 
on original hybrid plants in combinations of distantly 
related species since these hybrids often had reduced 
fertility or were sterile. Provided that the mtDNA 
segregation process had been completed in the original 
hybrid plants a comparative study could be made of 

mtDNA segregation and alterations in the different 
hybrid combinations. MtDNA analyses were therefore 
performed on 15 original B. napus (+)  B. juncea(tour- 
nefortii) hybrids and their progenies. Only 1 out of 31 of 
the B. napus (+)  B. juncea(tournefortii) hybrid progen- 
ies had a mtDNA pattern that deviated from that of the 
original hybrid parent presented in Table 2 (data not 
shown). This highly stable inheritance of mtDNA pat- 
terns made comparisons of mtDNA segregation and 
alterations among the different hybrid combinations 
possible. 

Biased segregation of B. campestris mtDNA or 
mtDNA similar to B. campestris was found within 
all species combinations 

The segregation of parental genotypes was biased in 
both intergeneric and intertribal hybrid combinations, 
favouring the B. campestris type (Table 2). The frequen- 
cies of hybrids with parental mitochondria in these 
combinations varied between 41~o and 57~o, of which 
the majority (87-100~) represented hybrids with B. 
campestris mitochondria. Since only 5-39~o of the 
hybrids in the intrageneric combinations had mito- 
chondria of the parental type, it was not possible to 
distinguish any clear trends in mitochondrial segrega- 
tion patterns for parental types in these combinations. 

Biased segregation favouring mitochondria similar 
to B. campestris was found among all hybrids demon- 
strating mtDNA rearrangements. This becomes very 
clear if the grouping in Table 2 is altered. Among 
hybrids with mtDNA patterns containing an incom- 
plete mix of parental-specific fragments, with or 
without hybrid-specific fragments, i.e. groups 1 and 
2 in Table 2, two main types could be distinguished 
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Table 4. Frequencies (%) of somatic hybrids with rearranged mtDNA patterns similar to one (A) or the other (B) parent in seven 
different species combinations. The rearranged hybrids had either an incomplete mix of parental-specific fragments, with or without 
new hybrid-specific fragments (A + B + H or B + A + H), or fragments identical to one of the parents together with hybrid-specific 
fragments (A + H or B + H) 

Hybrid combination Number of 
Parent hybrids with 
A B mt DNA 

rearrangements 

Frequencies of hybrids with mtDNA rearrangements having a mtDNA similar to 
Parent A Parent B Sum of 
A + B + H  A +H  B + A + H  B+H  A + B + H  B + A + H  

and A + H and B + H 

Intrageneric hybrids 
B. cam (+) B. ole 9 
B. nap" ( + ) B. ni9 21 
B. nap" (+) B. jun(tour) 11 

Intergeneric hybrids 
B. nap" ( + ) R. sat 7 
B. nap a ( + ) E. sat 7 

Intertribal hybrids 
B. nap a (+) A. tha 8 
B. nap a (+) T. per 3 

67 0 33 0 67 33 
95 0 0 5 95 5 
45 36 18 0 81 18 

43 28 29 0 71 29 
71 29 0 0 100 0 

62.5 25 12.5 0 87.5 12.5 
67 0 33 0 67 33 

a The B. napus cultivar contained B. campestris cytoplasm 

(Table 4): those with recombined mtDNA similar to B. 
campestris (class A + B + H) and those with recom- 
bined mtDNA similar to the other parent (class 
B + A + H) (Table 4). An overview of the mtDNA 
patterns of the new groups, together with groups 3 and 
4 from Table 2, is presented in Table 4. Between 67% 
and 100% of the rearranged hybrids had a mtDNA 
similar to that of B. campestris. 

Discussion 

The mtDNA alterations recovered in the current study 
indicated that intergenomic recombination was in- 
duced by protoplast fusion. Besides the rearranged 
mtDNA patterns found in B. campestris ( + )  B. oleracea 
hybrids, most of the rearranged hybrids had mtDNA 
patterns containing new, hybrid-specific fragments to- 
gether with fragments characteristic of both parental 
species. The mtDNA rearrangements found in the 
hybrids were not due to in vitro-culture-induced alter- 
ations of the B. campestris mt genome. In a previous 
study, no mtDNA rearrangements were found in B. 
napus plants regenerated through protoplast culture 
(Landgren and Glimelius 1990). Neither can in vitro- 
culture-induced mtDNA rearrangements of the other 
parental genomes plausibly explain the alterations 
found in the hybrids since all rearranged hybrids con- 
tained mtDNA fragments identical to B. campestris, 
with the exception of one rearranged B. napus ( + )  B. 
nigra hybrid. It is unlikely that such culture-induced 
changes have led to the regeneration of fragments 
characteristic of B. campestris in all except 1 hybrid. 
Hence, the mtDNA rearrangements found in the 

hybrids were induced by the heteroplasmic stage fol- 
lowing protoplast fusion. 

Segregation analysis of parental and rearranged 
mitochondrial types clearly demonstrated a biased 
segregation that favoured B. campestris or B. campe- 
stris-like mitochondria in all combinations. B. campe- 
stris or B. campestris-like mitochondria was equally 
favoured in all combinations. In contrast, Sundberg 
and Glimelius (1991 b) found that when they compared 
six different fusion combinations (four of those are 
represented in this investigation see Table 2) chloro- 
plast segregation generally occurred more randomly in 
hybrid populations obtained from fusions of the more 
closely related species. It has also been recently demon- 
strated that chloroplast transmission in cybrids is in- 
fluenced by the degree of phylogenetic relatedness 
between the fusion partners (Perl et al. 1991). However, 
no notable difference regarding the mitochondrial seg- 
regation pattern was found in the present investigation. 
Thus, the different degree of phylogenetic relatedness 
between the fusion partners did not have a significant 
influence on mitochondrial segregation. 

The overall biased segregation of B. campestris or 
B. campestris-like mitochondria could be due to several 
factors. Differences in the input of mitochondrial 
genomes could influence the mitochondrial segrega- 
tion pattern. The fusions presented in this investigation 
were made between hypocotyl and mesophyll proto- 
plasts with B. campestris mitochondria exclusively do- 
nated from hypocotyl cells. The influence of cell type on 
organelle segregation has been studied in hypocotyl- 
mesophyll fusions by Walters et al. (1993). They found 
that both mitochondrial and chloroplast segregation 
were biased, but these biases were generally unaffected 
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by protoplast type. Similarly, Sundberg et al. (1991) 
found a biased segregation of B. napus (i.e.B. campe- 
stris) chloroplasts irrespective of from which cell type 
the chloroplasts were donated. Sundberg et al. (1991) 
proposed that the biased chloroplast segregation ob- 
tained in reciprocal hypocotyl-mesophyll fusions was 
an effect of ploidy differences between the fusion part- 
ners. Nuclear DNA content and cell size both influence 
plastid number and chloroplast DNA content (Butter- 
fass 1989). Consequently, differences in ploidy level 
between the fusion partners could cause an unequal 
input of chloroplasts in the biparental cytoplasm fol- 
lowing fusion. Similarly, the biased segregation of B. 
campestris or B. campestris-like mitochondria in this 
investigation could be an effect of ploidy differences 
between the fusion partners. Six out of the seven fusion 
combinations were combinations between the allo- 
tetraploid B. napus and diploid relatives to B. napus. 
However, the biased mitochondrial segregation pat- 
tern found among the B. campestris (+) B. oleracea 
hybrids does not fit into that explanation since these 
hybrids were made between two diploid species. 

Conditions which also might favour B. campestris 
or B. campestris-like mitochondria could be the cul- 
ture and regeneration system. No deliberate selection 
was made during the culture and regeneration of the 
hybrids in the present study. However the culture and 
regeneration media were developed for the B. napus 
cultivar, and it cannot be excluded that this influenced 
mitochondrial segregation. Another factor affecting 
mitochondrial segregation in biparental cytoplasms 
could be nuclear-mitochondrial interactions. Several 
examples of cytoplasmic male sterility is thought to be 
caused by nuclear-mitochondrial incompatibility (re- 
viewed by Braun et al. 1993). Extensive nuclear influ- 
ence on mitochondrial transcription and genome 
structure has also been demonstrated in alloplasmic 
Nicotiana cultivars (Hfikansson and Glimelius 1991). 
The biased segregation of the B. campestris or B. 
campestris-like mitochondria found in this study might 
indicate nuclear mitochondrial interactions favouring 
B. campestris mitochondria. During their study of 
chloroplast segregation, Sundberg and Glimelius 
(1991b) also investigated the nuclear composition of 
the hybrids. They found that chromosome elimination 
increased in the hybrids obtained from the most dis- 
tantly related species combinations and that the di- 
ploid genomes were preferentially eliminated while 
the nuclear genome of B. napus was retained. However, 
increasing frequencies of asymmetric hybrids in the 
combinations made between more distantly related 
species did not have a significant influence on 
mitochondrial segregation in the present investigation, 
which possibly indicates that neither of the mitochon- 
drial genomes are as competitive with their own nu- 
cleus as B. campestris is with the B. napus nucleus. The 

replication and transmission rate of mitochondrial 
genomes from the different species could also differ due 
to inherent mitochondrial differences. In yeast, dif- 
ferences in mtDNA replication rates have been found 
between mitochondrial mutants (reviewed by Dujon 
1981). Some of the mutants which could replicate faster 
than their progenitors were found to contain a higher 
number of ori/rep sequences. In addition, intergenic 
sequences flanking the ori/rep sequences were also 
found to modulate the efficiency of mtDNA trans- 
mission to the progeny (Piskur 1988, 1989; Rayko et al. 
1988). The rapid change in the linear-sequence order in 
the Brassica mitochondrial genomes (Palmer and He- 
bron 1988) might have altered the number of origins of 
replication sequences (i.e. ori/rep sequences) or rear- 
ranged intergenic flanking sequences. These changes 
could result in inherent differences influencing the 
replication and transmission rate of the mitochondrial 
genomes from different species. 

High frequencies of somatic hybrids with mtDNA 
alterations were found in each of the different species 
combinations. In addition, hybrids with identical 
mtDNA rearrangements were found for all probes 
except coxII and rrnl 8/rrn5. Hybrids displaying identi- 
cal rearrangements have been reported in several stud- 
ies (Kemble et al. 1986; Kothari et al. 1986; Primard 
et al. 1988; Temple et al. 1992). It has been suggested, in 
accordance with the model of the organization of the 
mitochondrial genome that involves intramolecular 
recombination between repeated sequences, that sites 
involved in intergenomic recombination also might be 
limited to certain repeats (Clark et al. 1986). Recently 
Makaroff et al. (1991) showed that repeated mtDNA 
sequences, other than those involved in the in- 
tragenomic recombination, were associated with re- 
combination processes. However, the frequencies of 
somatic hybrids demonstrating hybrid-specific 
mtDNA fragments for each one of the eight different 
probes differed among the combinations (Table 3). 
Most of the intrageneric and intergeneric hybrids were 
found to have new, hybrid-specific fragments asso- 
ciated to the atp9 and atpA gene, respectively. In 
contrast, there was not such a strong bias towards 
hybrids having new atpA- or atp9-associated frag- 
ments in the intertribal combinations. Due to the rapid 
change in the linear-sequence order in the Brassica 
mitochondrial genomes (Palmer and Hebron 1988) 
recombination between more distantly related geno- 
mes might be more restricted to the coding sequences 
and their immediate flanking sequences. Recombina- 
tion can be expected to occur between any of the 
homologous sequences that correspond to the even 
distribution of hybrid-specific fragments found in the 
intertribal combinations. In contrast the strong bias of 
hybrids having new atpA- or atp9-associated frag- 
ments observed in the intra- and intergeneric combina- 
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t ions imply  tha t  these regions con ta in  sequences with a 
higher  p robab i l i t y  to recombine.  Recombina t i on  could  
preferent ial ly  occur  between regions conta in ing  a high 
number  of re i te ra ted  sequences. Ind iv idua l  repea ted  
sequences have been found near  several  m i tochondr i a l  
genes (reviewed by  Andr6 e ta l .  1992). However ,  
whether  any of these sequences or  o ther  repea ted  
sequences are also re i tera ted  in the atp9 and atpA 
regions s tudied  in this inves t igat ion remains  to be 
determined.  

To conclude,  an overal l  b iased  segregat ion of B. 
campestris or B. campestris-like m i t o c h o n d r i a  was 
found in all combina t ions .  However ,  the different de- 
gree of phylogenet ic  re la tedness  between the fusion 
par tners  did  no t  have a significant influence on 
mi tochond r i a l  segregat ion  in this study.  All of the 
examined  B. campestris m t D N A  regions were able to 
undergo  in te rgenomic  recombina t ion ,  and  hybr id-  
specific f ragments  were found  for all of the m t D N A  
probes  tested. The  fact tha t  hybr ids  with ident ical  
m t D N A  rear rangements  were observed  within all spe- 
cies' combina t ions  in this s tudy s t rengthens the sugges- 
t ion tha t  in te rgenomic  r ecombina t i on  involves repeat -  
ed sequences. Moreover ,  the results  of this s tudy imply  
tha t  the B, campestris mi tochondr i a l  genome conta ins  
such sequences within several  regions and  that  some of 
these sequences m a y  have a high re i te ra t ion  number .  
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