
Theor Appl Genet (1989) 78:445-455 

�9 Springer-Verlag 1989 

Synthesis of male sterile, triazine-resistant Brassica napus by 
somatic hybridization between cytoplasmic male sterile B. oleracea 
and atrazine-resistant B. campestris 

P.S.  Jourdan *, E.D.  Earle and M.A.  Mutsehler 
Department of Plant Breeding and Biometry, Cornell University, 252 Emerson Hall, Ithaca, NY 14853, USA 

Received September 26, 1988; Accepted March 29, 1989 
Communicated by P. Maliga 

Summary. Fusion of leaf protoplasts from an inbred line 
of Brassica oleracea ssp. botrytis (cauliflower, n = 9) car- 
rying the Ogura (R1) male sterile cytoplasm with 
hypocotyl protoplasts of B. campestris ssp. oleifera (cv 
"Candle", n =  10) carrying an atrazine-resistant (ATR) 
cytoplasm resulted in the production of synthetic B. na- 
pus (n = 19). Thirty-four somatic hybrids were produced; 
they were characterized for morphology, phosphoglu- 
cose isomerase isoenzymes, ribosomal DNA hybridiza- 
tion patterns, chromosome numbers, and organelle com- 
position. All somatic hybrids carried atrazine-resistant 
chloroplasts derived from B. campestris. The mitochon- 
drial genomes in 19 hybrids were examined by restriction 
endonuclease and Southern blot analyses. Twelve of the 
19 hybrids contained mitochondria showing novel DNA 
restriction patterns; of these 12 hybrids, 5 were male 
sterile and 7 were male fertile. The remaining hybrids 
contained mitochondrial D N A  that was identical to that 
of the ATR parent and all were male fertile. 

Key words: Brassica napus - Protoplast fusion - Triazine 
resistance - Cytoplasmic male sterility - Mitochondrial 
D N A  

Introduction 

Protoplast fusion provides a method to overcome natural 
barriers to genetic exchange between plant species. It 
permits the mixing and recombination of cytoplasms in 
species that normally exhibit uniparental inheritance of 
organelles and allows nuclear hybridization in sexually 
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incompatibe individuals. From numerous experiments 
conducted over the last 15 years, a few generalizations 
describing the consequence of fusing two somatic cells 
have emerged (reviewed in Harms 1983; Kumar  and 
Cocking 1987; Pelletier 1986): (i) Although it is possible 
to fuse any two cells, the resulting fusion product is likely 
to develop into normal, fertile plants only in cases where 
the fusion partners are closely related species. However, 
even in such cases, the somatic hybrid plants may be 
sterile because of genetic incompatibilities (O'Connell 
and Hanson 1986; Gleddie et al. 1986). (2) After fusion, 
the cytoplasms of both cells may actually mix in the 
heterokaryon, but this mixture is likely to be unstable. 
For example: (a) the plastids rapidly sort out during 
subsequent cell divisions at the callus stage so that plants 
regenerated from such calli generally contain only one of 
the parental types of plastid (Clark et al. 1985, 1986; 
Fluhr et al. 1983 a). (b) Plastids and mitochondria gener- 
ally seem to sort out independently and the overall pro- 
cess appears to be random. Sorting out can lead, there- 
fore, to new combinations of organelles (Barsby et al. 
1987a; Menczel et al. 1987). (c) The mitochondria of the 
two cells appear to interact with each other and give rise 
to novel mitochondrial genomes by intermolecular re- 
combination (Rothenberg et al. 1985; Vedel et al. 1986). 
Mitochondria also sort out during subsequent divisions 
and regenerated plants may contain either of  the parental 
types o f m t D N A  or novel mtDNA (Boeshore et al. 1985; 
Chetrit et al. 1985). (d) Intermolecular recombination 
can also occur between plastid genomes, but it appears to 
be an extremely rare event (Fluhr et al. 1983 b; Medgyesy 
et al. 1985). 

These generalizations have emerged primarily from 
studies with members of the Solanaceae, but recent pro- 
gress in the protoplast culture and plant regeneration of 
B. oleraeea and B. napus has led to increased application 
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of somatic hybridization for the agronomic improvement 
of these important  members of the Brassicaceae (Pelletier 
et al. 1983; Schenck and R6bbelen 1982; Sundberg and 
Glimelius 1986; Taguchi and Kameya 1986; Terada et al. 
1987). 

A particularly useful application of protoplast fusion 
in Brassica is to manipulate  traits such as cytoplasmic 
male sterility (cms), which is controlled by mitochondria,  
and photosynthetic herbicide resistance, which is con- 
trolled by chloroplasts (Barsby et al. 1987a, b; Menczel 
et al. 1987; Yarrow et al. 1986). A very stable and easily 
maintained form of cytoplasmic male sterility was dis- 
covered by Ogura (1968; designated " R I "  by the Cruci- 
fer Genetics Cooperative) in radish and transferred to 
B. oleracea. This R1 cms cannot  be used in commercial 
hybrid seed production of B. oleracea vegetables because 
the substi tution of Brassica for Raphanus nuclei results in 
a temperature-sensitive chlorophyll deficiency (Bannerot 
et al. 1977). At temperatures below 12 ~ plants carrying 
the R1 cytoplasm become chlorotic, and although the 
chlorosis is reversed by a return to higher temperatures, 
the ensuing yield penalty is unacceptable. Attempts to 
eliminate this chlorois by conventional breeding have 
been unsuccessful. As a result, other types of cms for use 
in B. oleracea have been under development for some 
time (Bartkowiak-Broda et al. 1979; Chiang and Cr6te 
1985; McCollum 1981; Pearson 1972), but  so far none 
seems to match both the stability and simple nuclear 
genetic maintenance of R1. 

Experiments by Pelletier et al. (1983) and Menczel 
et al. (1987) have demonstrated that it is possible to cor- 
rect the low temperature chlorosis in cms B. napus by 
introducing Brassica chloroplasts into the R1 cytoplasm 
via protoplast fusion. Similar experiments were under- 
taken in our laboratory to modify the R1 cytoplasm in 
B. oleracea (broccoli) by fusion with atrazine-resistant 
B. campestris, but only a single somatic hybrid was ob- 
tained (Robertson et al. 1987). To further examine cyto- 
plasmic interactions between these two species, we have 
produced additional somatic hybrids using a similar 
combination of R1-B. oleracea (cauliflower) and atrazine- 
resistant B. campestris. 

Materials and methods 

Plant material 

The Brassiea oleracea ssp. botrytis used in these experiments was 
an inbred line (cauliflower, 7642A) carrying the R1 cms cyto- 
plasm (Dickson 1985). The B. campestris ssp. oleifera line (cv 
"Candle") carried an atrazine-resistant cytoplasm (ATR) that 
had been backcrossed into the cultivar from wild bird's rape by 
Dr. W. Beversdorf, University of Guelph, Ontario, Canada. 

Protoplast isolation 

Cauliflower leaf protoplasts were isolated from in vitro grown 
plants as described (Jourdan 1988). Etiolated hypocotyl proto- 

plasts of B. campestris were isolated from 4-day-old seedlings 
grown at 25 ~ in the dark on LS medium (Linsmaier and Skoog 
1965) without plant growth regulators, supplemented with 2% 
(w/v) sucrose, and solidified with 1% (w/v) agar. The enzyme 
mixture was the same as used for cauliflower, but W5 solution 
(Menczel et al. 1981) was used instead of SCM (0.5 M Sorbitol, 
10 mM CaC12, 1 mM MES pH 5.8) throughout the washing 
procedure. The pelleted hypocotyl protoplasts were resuspended 
in a minimum volume of W5 solution. 

Treatment with Rhodamine 6-G and iodoacetate 

Prior to fusion, hypocotyl protoplasts of B. campestris were 
treated with Rhodamine 6G (Kodak, R6G)just after filtration 
through an 80 ~tm mesh nylon filter and before centrifugation. 
To the filtered mixture was added enough R6G (1 mg/ml stock 
in 10% DMSO) to give a final concentration of 10 gg/ml; the 
mixture was incubated at room temperature for 15-20 min. The 
treated protoplasts were then processed as described (Jourdan 
1988). In the second of two fusion experiments (see below), leaf 
protoplasts were treated for 20 min with enough 10 mM iodoac- 
etate (Sigma) in SCM to give a final concentration of 2.5 mM. 
After treatment, the protoplasts were processed as usual. 

Protoplast fusion and culture 

Two different fusion protocols were followed. In the first fusion 
experiment, protoplasts were fused by the plate method. Briefly, 
3.8 x 105 leaf protoplasts were mixed with 7.5 x 105 hypocotyl 
protoplasts in a final volume of ca. 1.5 ml. The suspension was 
aliquoted as individual drops onto 6-cm culture plates (5 drops 
per plate) and the protoplasts were allowed to settle for 10 min. 
Five small drops of sterile 33% (w/v) polyethylene glycol 6000 
(PEG) in 0.2 M glucose, 10 mM CaC12, and 0.7 mM KH2PO 4 
(Robertson et al. 1987) were added around the perimeter of each 
settled protoplast mixture and the PEG was allowed to move in. 
After 20 min, five drops of $5 x CM (0.5 M sorbitol, 50 mM 
CaCI2, 1 mM MES pH 6.5, filter-sterilized) were added in a 
similar fashion and the dilution process was repeated every 5-  
l 0 min, each time doubling the number of drops of diluent until 
the bottom of the plate was completely covered. Five ml of 
$5 x CM were then added to the culture plate and gently swirled. 
Seven ml of the PEG/S5 x CM mixture were then removed and 
twice replaced with 10 ml of $5 x CM. Finally, five similar 
washes were done with culture medium B (Pelletier et al. 1983). 
After the last wash, the protoplasts were incubated in 5 ml of 
medium B for 6 days in the dark; the remainder of the culture 
procedure was as described for cauliflower leaf protoplasts 
(Jourdan 1988). 

In the second fusion experiment, a tube fusion procedure as 
described by Robertson et al. (1987) was followed. After fusion, 
protoplasts were plated either on medium B or on medium 8p of 
Glimelius (1984). 

Plant regeneration 

Colonies derived from both fusion experiments were placed on 
medium E solidified with 0.22% Gelrite (Jourdan 1988), to 
which either no or 50 ~tM atrazine was added. For the second 
fusion experiment, medium E was modified further by reducing 
the level of sucrose from 1% to 0.5%, and increasing the level 
of mannitol by an equivalent amount. Calluses selected for vig- 
orous growth and greening in atrazine-containing medium were 
subcultured in the same medium to promote regeneration. Cal- 
luses that developed shoot buds were then cultured on medium 
F (Pelletier et al. 1983) lacking atrazine, to promote shoot devel- 
opment. Regenerated plantlets were hardened and transferred 
to soil. 



Isoenzymes 

Approximately 100 mg of young leaf tissue or callus were used 
to assay for various isoenzymes after starch gel electrophoresis. 
The procedures for tissue preparation, electrophoresis, and 
staining for enzyme activity were exactly as described by Tanks- 
Icy (1979, 1980). 

Chromosome counts 

Flower buds of ca. 1-2 mm in length were fixed in 3:1 ferric- 
propionic acid for 2 days at room temperature. Immature an- 
thers were removed, squashed in 2% aceto-carmine, and exam- 
ined under 1000 x magnification. 

DNA isolation, restriction, Southern transfer and hybridization 

Total cellular DNA isolated from leaf blade tissue was examined 
by restriction endonuclease and hybridization analyses as de- 
scribed (Jourdan 1988). 

Molecular probes 

The nuclear probe, pHA2, was derived from plasmid pHA1 
described in Robertson et al. (1987). pHA2 contains a HindIII- 
derived monomer length fragment of nuclear ribosomal DNA 
from Pisum sativum. The chloroplast probe, s8, is a cloned 21-kb 
fragment obtained after digestion of the Petunia chloroplast 
genome with PstI; the probe hybridizes to different size frag- 
ments in BglI digests of chloroplast DNA from B. campestris 
and R. sativus (Palmer et al. 1983). The mitochondrial probes 
were derived from the B. campestris mitochondrial genome 
(Palmer and Shields 1984); probes p5.2, p7.5, p10.2 and p12.4 
were obtained from PstI digests, and probe sl0.1 was obtained 
from SalI digests. All probes were a kind gift of Dr. J. Palmer, 
University of Michigan. 

Determination of atrazine resistance 

Resistance to atrazine in regenerated plants was determined by 
the tetrazolium blue assay (Robertson and Earle 1987) or by 
direct application of a 4.8 g/1 solution of atrazine (Ciba-Geigy) 
to the plants. 

Results 

Selection o f fusion products 

The overall strategy in these fusions was based on a 
two-tier selection system: first, unfused parental proto- 
plasts were treated with either iodoacetate or Rhodamine 
6G (R6G) to prevent divisions and colony formation. 
Second, colonies obtained after fusion were exposed to 
atrazine to select for calluses which could grow in the 
presence of  the herbicide. 

Treatment with R6G selectively inhibits the mito- 
chondria of  animal cells (Gear 1974). We reasoned that 
if a similar effect were possible with plant cells, this dye 
could be used to inactivate the mitochondria of  the male 
fertile fusion partner. To this end, we first examined the 
effect of  R6G on the culture of  hypocotyl  protoplasts 
and found that exposure to 10 ~tg/ml of  R6G for 15 min 
resulted in the collapse o f  protoplasts after 3 - 4  days, 
whereas untreated protoplasts regenerated walls and re- 
mained alive for up to 2 - 3  weeks (data not shown). 
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Treatment o f  leaf protoplasts with iodoacetate was 
only done in the second fusion experiment because, in the 
absence of  this treatment, we observed that the tube-fu- 
sion procedure permitted the development o f  many un- 
fused leaf protoplasts. In contrast, the plate fusion meth- 
od used in the first experiment seemed to inhibit the 
development of  unfused leaf protoplasts; in control ex- 
periments where leaf protoplasts alone were treated with 
PEG, we saw no development of  colonies (data not 
shown). 

Culture of  protoplast-derived cauliflower calluses in 
the light on medium E containing 50 m M  atrazine result- 
ed in ca. 67% decrease in fresh weight after 47 days. This 
treatment also prevented greening of  the calluses, partic- 
ularly at the reduced levels of  sucrose which otherwise 
lead to significant greening. Although it is expected that 
B. campestris calluses would grow on atrazine-containing 
medium, such evaluations could not be carried out, be- 
cause hypocotyl  protoplasts of  B. campestris rarely devel- 
oped into colonies on medium B and, when those rare 
calluses were obtained, plant regeneration occurred even 
more sporadically. 

Given all these culture manipulations, we expected 
that in the first experiment, only fusion products or 
parental cauliflower leaf protoplasts would develop into 
colonies, and that the latter would then be inhibited by 
the herbicide on medium E. In the second experiment, we 
expected only fusion products and no parental proto- 
plasts to form callus and regenerate plants. 

Plant regeneration 

In the first experiment, 136 calluses developed after fu- 
sion, but only 31 grew vigorously and turned green in the 
presence of  atrazine; of  these, 7 calluses regenerated 
shoots. In the second experiment, about 1,000 calluses 
were obtained after fusion, but only 24 showed sustained 
growth on atrazine-containing medium and, of  these, 21 
calluses regenerated shoots. In the end, about 100 shoots 
were regenerated from 28 calluses selected for vigor on 
atrazine-containing medium in both experiments, and 
one-half of  these shoots grew into plants that were then 
characterized for nuclear traits and for composition of  
the cytoplasm. 

Characterization of fusion products 

Vegetative morphology. Among  the 50 plants examined, 
there were two broad morphological  types, distinguished 
primarily by the presence of  trichomes in young leaves 
and stems, the color of  the leaves, and the overall growth 
habit. The cauliflower plants used as source of  proto- 
plasts are glabrous; they have short internodes and some- 
what light-green leaves. This light-green color is proba- 
bly a result of  the RI  cytoplasm they carry. The atrazine- 
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Fig. I a-d. Morphological characteristics of fusion products, a Comparison of parents and hybrid FP-6 obtained in the first fusion 
experiment; R1, B. oleracea cms cauliflower line 7642A regenerated from leaf protoplasts; A, B. campestris cv "Candle'-ATR 
regenerated from hypocotyl protoplasts, b Typical morphology of hybrids FP-I to FP-5 in the first experiment, e Leaf morphology 
of the parents and of one hybrid (FP-I). d Flower morphology for the parents and a normal, fertile hybrid 

resistant B. campestris plants have longer internodes, are 
hirsute and darker green than the cauliflower, but they 
are lighter green than B. napus plants which carry the 
same herbicide-resistant cytoplasm. 

In the first experiment, nine plants were regenerated 
from seven calli. Two plants exhibited the typical mor- 
phology of cauliflower: glabrous leaves, short internodes, 
and light-green color. Seven plants (FP-I to FP-7; c.f. 
Table 1) were morphologically similar to the B. campes- 
tris parent in that they were hirsute and had long in- 
ternodes, but differed in that the leaves were very dark 
green and some plants had a petite growth habit (Fig. I a 
and b). In the second experiment, all regenerated plants 
were hirsute; some had dark-green leaves while others 
had the typical light-green leaves of the herbicide-resis- 
tant parent. Although the overall growth habit of hirsute 
plants from both experiments was variable, the general 
morphology was consistent with the characteristics of 
rapeseed forms of B. napus. Many plants had leaves with 
morphology intermediate between the parents (Fig. 1 c). 
Some plants were tall, with large, crinkled, dark-green, 
and relatively thin leaves, whereas others were short and 

had small, thick leaves. Still other plants had crinkled, 
thin, and light-green leaves. One plant (FP-4) showed 
yellow and green leaf variegation. 

Floral morphology. All hirsute plants maintained in the 
greenhouse flowered within 3 -4  months of transfer to 
soil. Among these plants, there were two distinct flower 
morphologies: one consisted of relatively large flowers 
with wide, overlapping petals; the other consisted of 
smaller flowers with narrow, non-overlapping petals. All 
flowers in the latter group had normal stamens with 
anthers full of pollen that was readily shed; plants having 
these flowers also had light-green leaves. Among the for- 
mer group of flowers were some with normal stamens 
(Fig. I d) and others with various types of stamen abnor- 
malities such as short, shrivelled filaments, and thin, 
shrivelled anthers. Abnormal pistils were often seen in 
flowers with abnormal stamens; these pistils had wrin- 
kled styles or dried stigmas (not shown). In every case, 
each plant produced only one type of flower. The two 
glabrous plants obtained in the first experiment flowered 
much later, after producing a normal cauliflower head; 
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Table 1. Summary of the characteristics of fusion products. Plant: designation or number assigned to each regenerated plant. PGI: 
phosphoglucose isomerase isozyme forms. S - slow electromorph; F - fast electromorph; H - slow, intermediate and fast electro- 
morphs, rDNA: hybridization pattern of the nuclear rDNA probe, pHA2, with BstEII-restricted total cellular DNA samples, ol - 
B. oleracea pattern (9-kb fragment); cam - B. campestris pattern (3- and 6-kb fragments); nap - equivalent to the amphidiploid 
B. napus (3-, 6-, and 9-kb fragments). Chrm No.: haploid (n) chromosome number; 19+ indicates possible aneuploid, mtDNA: 
restriction pattern identified with various mtDNA probes; ogu - cms pattern; cam-  fertile, B. campestris pattern; new - novel pattern. 
Pollen: relative production of pollen in the flowers: ( + + +)  very abundant, ( + + ) moderately abundant, ( + ) very few and not readily 
shed, (--) no pollen; viability: percentage of total pollen that was stained with acetocarmine. Seed set: relative quantity of seed set 
after pollination with appropriate pollen. For most hybrid plants, B. napus "Tower"-ATR pollen was used. mod - moderate; vlow 
- very low 

Plant PGI rDNA Chrm No. mtDNA Pollen Seed set 

Production Viability 

Parents 
B. oleracea S ol 9 ogu - none mod 
B. campestris F cam 10 cam + + + > 95% high 

Fusion products 
FP-1 H nap 19 cam + + + 89% high 
FP-2 H nap 19 cam + + + 93% high 
FP-3 H nap 19 cam + + + 95% high 
FP-4 H nap 19 cam + + + 90% high 
FP-5 H nap 19 cam + + + 97% high 
FP-6 H nap 19 new + < 20% vlow 
FP-7 H nap 19 new + < 15 % vlow 
4402 H nap 19 new + + + 86%o low 
4406 H * 19 cam + + + 76% low 
4415 H nap 19 cam + + + 59% low 
4419 H nap 19 + new + 64% none 
4420 * nap 19 + new + 54% none 
4421 H nap * new - none none 
4422 H nap 19 + new + 78 % none 
4437 H nap 19 new -- none vlow 
4446 * * 19 new + + 72% none 
4450 H nap 19 + new + + 90% vtow 
4475 H nap 19 + new -- none none 
4506 H nap 19 + new + + 24% none 

* Means that no evaluation was made for that trait in the specific plant 

the flowers exhibited the typical floral abnormalit ies as- 
sociated with the R1 cytoplasm (c.f. Fig. 1 d). 

There was a wide range of pollen production and 
viability among the regenerated plants (Table 1). Some 
plants produced large quantities of viable pollen (e.g., 
FP-1, no. 4402), others produced smaller amounts  of 
pollen showing low viability (FP-6, FP-7, no. 4506); still 
other plants produced no pollen at all (nos. 4421, 4437, 
4475). A consistent finding was that plants with flowers 
which produced little pollen failed to shed it; the anthers 
had to be crushed before the individual pollen grains 
could be seen. Thus, among the regenerated hirsute 
plants there were some fully male fertile and some male 
sterile. Flowers of the two glabrous plants did not  pro- 
duce any pollen. 

Isoenzyme analyses 

Of various isoenzyme loci examined in the parents and 
fusion products, only phosphoglucose isomerase (PGI) 

gave consistent results that could be used for ready iden- 
tification of hybrids (Fig. 2). PGI  is characterized by two 
activity zones in the starch gels. As described by Ar f s  
and Orton (1983) for B. oleracea, Pgi- 1 is the more 
anodal  band and shows no polymorphism between the 
species, whereas Pgi- 2 is polymorphic. B. oleracea is 
characterized by a slow-migrating band  (S) and B. 
campestris by a fast-migrating band (F). All regenerated 
hirsute plants with dark-green leaves and large flowers 
having overlapping petals exhibited an isoenzyme band- 
ing pattern consisting of the two parental  bands and the 
heterodimeric intermediate band  (lanes 1 - 6  in Fig. 2). 
These plants are somatic hybrids (Table 1). Some of the 
regenerated hirsute plants obtained in the second experi- 
ment, characterized by lighter green leaves and smaller 
flowers with non-overlapping petals, exhibited an isoen- 
zyme banding pattern identical to B. campestris. These 
plants appear to have regenerated from parental  B. 
campestris protoplasts. 
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B. campestris-specific (F) 
m Heterodimer 

B. oleracea-specific (S) 

Fig. 2. Phosphoglucose isomerase isoenzymes in parents and 
hybrids; the lower drawing is an interpretation of the gel pic- 
tured above it. Pgi-1 is the anodal, plastidic form of the enzyme 
that is not polymorphic between the species. Pgi-2 is the poly- 
morphic electromorph (Arfis and Orton 1983). Extracts of 
young leaf tissue were used for the analysis. R1, cauliflower 
parent; 1, FP-1; 2, FP-2; 3, FP-3; 4, FP-4; 5, FP-5; 6, FP-6; 
A, B. campestris parent 

rDNA analyses 

The preliminary identification of  regenerated plants as 
somatic hybrids by isoenzyme data was confirmed by 
analysis of  r D N A  sequences. Southern blot analysis of  
BstEII digests of  D N A  from B. oleracea yields a single 
band of  approximately 9 kb after hybridization with 
probe pHA2. B. campestris D N A  hybridizes primarily to 
two bands of  ca. 6 and 3 kb with the same probe (Fig. 3). 
Somatic hybrids would be expected to contain all three 
bands and, indeed, many regenerated plants exhibited 
this pattern. In every case where the PGI  data had indi- 
cated either a hybrid or a parental line, the diagnosis was 
supported by the r D N A  analysis (e.g., lanes 12, 13, 14, 
and 16 in Fig. 3). 

Chromosome numbers 

A majority of  somatic hybrids identified by isoenzyme 
and r D N A  markers exhibited the expected addition 
chromosome number of  the parents (B. oleracea n = 9, 
B. campestris n =  10, hybrids n =  19) (Table 1). In a few 
instances, a consistent count was not possible because the 
chromosome number varied between 18 and 29; e.g., 
hybrid nos. 4419, 4450, 4475, 4506. These plants are pre- 
sumed aneuploids, but analyses of  many more metaphase 
plates will be necessary before an accurate chromosome 
count is established. 

Fig. 3. Characterization of nuclear DNA in plants regenerated 
from the second fusion experiment, rDNA composition of the fu- 
sion products in Exp. 2 as determined by restriction of total 
DNA with BstEII and hybridization with probe pHA2. R1, 
cauliflower; 1, 4402; 2, 4406; 3, 4407; 4, 4415; 5, 4419; 6, 4420; 
7, 4421; 8, 4422; 9, 4437; 10, 4446; 11, 4450; 12, 4405; 13, 4467; 
14, 4469; 15, 4475; 16, 4477; 17, 4506; A, B. campestris. Lanes 12, 
13, 14 and 16 represent B. campestris plants regenerated from 
unfused protoplasts 

Cytoplasmic composition o f  regenerated plants 

Chloroplasts 

Low temperature-induced chlorosis. All regenerated 
plants transferred to soil were incubated at 10~ for 
2 weeks to determine if the susceptibility to low tempera- 
ture typical of  R1 chloroplasts in Brassica nuclear back- 
grounds was expressed in any of  the fusion products. The 
somatic hybrids and the regenerated B. campestris plants 
(i.e., all hirsute regenerated plants) remained green, 
whereas the two regenerated cauliflower plants turned 
pale yellow. 

Atrazine resistance. The presence of  ATR chloroplasts in 
all hybrids was first established by evaluating herbicide 
resistance with the nitroblue tetrazolium test (Robertson 
and Earle 1987). Mesophyll protoplasts from all hybrids 
were able to reduce the tetrazolium dye in the presence of  
atrazine. This evaluation was confirmed by spraying 
propagules of  the plants with atrazine. Only the suspect- 
ed parental cauliflower plants became bleached. Thus, all 
hybrids were fully resistant to atrazine. 

cpDNA. A probe from the Petunia c p D N A  was used to 
distinguish the Raphanus sativus chloroplast genome (in 
R I c m s  cytoplasm of  cauliflower) from the B. campestris 
chloroplasts, after restriction of  total D N A  with BglI 
(Palmer et al. 1983). Figure 4 shows the pattern of  
c p D N A  hybridization in the parents and in hybrids from 
the first experiment; identical results were obtained for 
the plants regenerated in the second experiment. All hir- 
sute plants exhibited a c p D N A  hybridization pattern 
that was identical to the ATR-B.  campestris pattern. 
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Fig, 4. Organelle composition of hybrids 
obtained in the first fusion experiment. To- 
tal leaf DNA was restricted with the indi- 
cated enzymes (PstI or BglI) and probed 
with the indicated cloned fragments, p5.2 
and sl0.1 are mitochondrial probes; sl0.1 
also hybridizes to chloroplast DNA (frag- 
ment present in all five samples), s8 is a 
Petunia chloroplast probe. R1, cauliflower 
parent; 1, FP-1; 2, FP-6; 3, FP-7; A, B. 
campestris parent. Molecular weight mak- 
ers (in kb) are indicated at left; they are 
derived from a HindlII digest of Lambda 
DNA 

Fig. 5. Characterization of mitochondrial DNA in fusion prod- 
ucts regenerated in the second fusion experiment. DNA was cut 
with PstI. On the right is indicated the mitochondrial DNA 
clone used as probe. The arrows indicate chloroplast DNA that 
hybridize to probes s10.1 and p7.5. MW, Lambda DNA cut with 
HindIII; cp, chloroplast DNA from cms cauliflower carrying the 
R. sativus cytoplasm. R1, cauliflower parent; 1, 4402; 2, 4419; 
3, 4420; 4, 4421; 5, 4422; 6, 4437; 7, 4446; 8, 4450; 9, 4475; 10, 
4477; 11, 4506; A, B. campestris 

Mitochondria 

To determine if the occurrence of floral abnormalities 
and reduced pollen production in some somatic hybrids 
.was associated with the mitochondria of the cms parent, 
total cellular DNA was digested with different restriction 
enzymes, electrophoresed, transferred to nylon mem- 
branes, and probed with cloned fragments of the B. 
campestris mitochondrial genome (Palmer and Shields 
1984). Figures 4 and 5 show the mtDNA composition of 
hybrids from the first and second experiment, respective- 
ly. In contrast to the consistent restriction pattern seen 

for cpDNA, the mtDNA of somatic hybrids proved to be 
quite variable. 

Three of the five mtDNA probes (p5.2, p7.5, sl0.1) 
produced different patterns of hybridization between 
parents and hybrids after restriction with various en- 
zymes. The other two probes (p10.2, p12.4) showed no 
differences in hybridization patterns either between the 
parents or among hybrids (data not shown). 

The five male fertile hybrids produced in the first 
experiment (FP-I to FP-5) appear to have a mtDNA 
organization identical to that of the fertile parent, be- 
cause for every enzyme and probe combination exam- 
ined, they revealed the same hybridization pattern as 
B. campestris (represented by lane 1 in Fig. 4). In con- 
trast, the two hybrids with reduced pollen production 
(FP-6 and FP-7) exhibited novel hybridization patterns 
with some of the probes, and parental hybridization pat- 
terns with other probes (lanes 2 and 3 in Fig. 4). For 
example, in PstI digests, probe p5.2 hybridizes to new 
fragments of 6.9 kb in hybrid FP-6, and 16.0 kb in hybrid 
FP-7. Probe s10.1 hybridizes to a fragment of 7.4 kb in 
both hybrids; this fragment is also found in the cms 
parent. 

The mitochondrial DNA of some hybrids obtained in 
the second experiment also show unique hybridization 
patterns (Fig. 5). Some of the mtDNA probes hybridized 
to species-specific bands, whereas others hybridized to 
unique bands. For example, DNA from hybrid no. 4422 
(lane 5 in Fig. 5) hybridized to two fragments with clone 
p5.2, one of them corresponding to the Rl-sized frag- 
ment and the other to a new fragment; to an R1 cyto- 
plasm-specific fragment with clone sl0.1; and to a B. 
campestris-specific fragment with clone p7.5. From anal- 
yses of mtDNA organization after restriction with PstI, 
BglI, and BstEII, two general hybridization patterns 
were discerned: (1) a pattern identical to the fertile parent 
(e.g., hybrids FP-1 - FP-5, 4406 and 4415; Fig. 4 and 
Table 1); and (2) a novel pattern that consisted of hy- 
bridization bands of either (a) new size categories (e.g., 
lanes 6 and 8, probe p5.2; Fig. 5) or (b) a combination of 
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one parental band with one probe and the other parental 
band with a different probe (e.g., lane 11, Fig. 5; probes 
p5.2 and sl0.1 resemble the cms parent). None of the 
regenerated plants showed an overall hybridization pat- 
tern that would be equivalent to the simple physical mix- 
ture of the two parental genomes. None of the hybrids so 
far analyzed exhibited an overall mtDNA restriction pat- 
tern identical to the cms parent. 

Discussion 

We have demonstrated that by protoplast fusion it is 
possible to combine the nuclear genomes of B. oleracea 
and B. campestris with chloroplasts from the latter spe- 
cies and mitochondria that contain D N A  sequences from 
both Raphanus sativus (RI cytoplasm) and B. campestris. 
Some of the synthetic amphidiploid B. napus established 
by these procedures carry atrazine resistance and male 
sterility. 

An important element in the success of these experi- 
ments was the use of a highly totipotent R1-B. oleracea 
line as one of the fusion partners; this resulted in the 
production of 34 somatic hybrids. Robertson et al. (1987) 
carried out fusions very similar to the ones reported here, 
but regenerated only one hybrid from 1,089 calli. This 
infrequent regeneration was attributed in part to low 
totipotency of the B. oleracea cms-"Green Comet" broc- 
coli parent used. The totipotency characteristic of the 
R1-B. oleracea cauliflower used in our experiments ap- 
pears to have been fully expressed in the synthetic am- 
phidiploid even in combination with a recalcitrant geno- 
type such as the B. campestris parent (Jourdan and Earle 
1989). The expression of totipotency in the hybrids repre- 
sents one of a series of interesting relationships that are 
established in these synthetic B. napus. For example, all 
hybrids resemble the B. campestris parent in overall 
growth habit, presence of trichomes, lack of central head, 
and short life cycle. The B. carnpestris morphology and 
life cycle are "dominant".  When two of the somatic hy- 
brids (FP-I and FP-5) were evaluated for leaf protoplast 
culture and plant regeneration, they showed an excellent 
response, with high rates of division and plant regenera- 
tion (data not shown). This response contrasts with the 
behavior of leaf protoplasts from B. campestris, which 
have repeatedly failed to develop in our culture medium. 

Thus, the B. oleracea totipotency trait could be de- 
scribed as "dominant"  in the hybrids, although no for- 
mal genetic tests have yet been carried out. Terada et al. 
(1987) have made use of the expected regenerability of 
hybrids to resynthesize B. napus by fusion, and it is be- 
lieved that totipotency of one fusion partner can, in fact, 
be used as a selection criterion in various fusion combi- 
nations (Harms 1983). It may be an oversimplification, 
however, to assume that the dominant expression of 

B. oleracea-derived totipotency would occur in all hy- 
brids involving this species. Sundberg and Glimelius 
(1986), in a resynthesis of B. napus by fusion, manually 
selected the heterokaryons and obtained 450 hybrid calli, 
but only 4 regenerated shoots. This low frequency of 
regeneration, which contrasted with the ten-fold higher 
frequency characteristic of natural B. napus, was attrib- 
uted to deleterious effects caused by prolonged culture of 
the hybrid calli, but it may also be caused by incompat- 
ible interactions between the genomes in the hybrid. It is 
evident that somatic hybridization between various spe- 
cies in Brassica presents a unique opportunity to examine 
aspects of genomic relationships at the cell culture level. 

In the first experiment, 5 of 31 calli (16%) selected on 
atrazine-medium regenerated hybrids. This is a signifi- 
cantly higher frequency of regeneration than that ob- 
tained by Schenck and R6bbelen (1982), Sundberg and 
Glimelius (1986), or Robertson et al. (1987). In the sec- 
ond fusion experiment, 13 of 24 calli (54%) that showed 
sustained growth on atrazine-medium regenerated hy- 
brids. However, about 750 calli were initially obtained on 
atrazine-medium, so a more accurate estimate of regener- 
ation frequency might be 1.7%. We do not know how 
many of these 750 calli were fusion products. The fact 
that 8 of the 750 calli (1%) regenerated B. campestris 
plants suggests that many of the calli were derived from 
B. campestris hypocotyl protoplasts, since protoplasts of 
this species only rarely regenerate plants (Glimelius 1984; 
Jourdan and Earle 1989). Nevertheless, regeneration of 
B. campestris plants in the second experiment shows that 
this genotype does have some regenerative potential. In- 
terestingly, shoots from hypocotyl protoplasts of B. cam- 
pestris "Candle"-ATR have only been regenerated after 
fusion experiments. We have been unable to obtain many 
colonies or any shoot regeneration when the hypocotyl 
protoplasts are either cultured directly in medium B or 
8p or after mixed culture with leaf protoplasts of 
cauliflower. The reason for plant regeneration under this 
particular set of conditions remains unclear. 

Identification of hybrids among regenerated plants 
relied not only on a characterization of morphological 
parameters, but also on an assessment of nuclear and 
organellar traits at the molecular level. We were able to 
characterize species-specific nuclear sequences with a 
probe for part of the rDNA region (Fig. 3). This analysis 
showed that the hybrids contained rDNA from both 
parents in approximately equal amounts, whereas the 
regenerated parental-type plants indeed contained only 
the corresponding parental rDNA sequences. Although 
the DNA hybridizations confirmed the presence of se- 
quences from both parents in the hybrids, this did not 
indicate whether these sequences were expressed. Analy- 
sis of isozymes permitted an evaluation of expressed 
genes from the parents; all hybrids contained, at least for 
the PGI locus, both parental activity zones in addition to 
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the heterodimer which consists of subunits derived from 
each parental genome. 

Chromosome counts in microsporocytes of regener- 
ated plants confirmed that the majority of hybrids con- 
tained a chromosome set from each parent. We cannot 
distinguish between the parental chromosomes by mor- 
phology, so at present we can only rely on their number. 
Schenck and Rrbbelen (1982) and Taguchi and Kameya 
(1986) also determined that the hybrids in their experi- 
ments contained the expected 2n = 38 chromosome num- 
ber. Terada et al. (1987) found a wide range of chromo- 
some numbers in their hybrids; 60% were polyploid (6/ 
10), possibly arising from the fusion of two B. oleracea 
with one B. campestris. Sundberg et al. (1987) also found 
wide variability in chromosome number of the hybrids; 
only 30% of the hybrids (7/23) had the simple addition 
number (2n=38). In our experiments, 63% of the hy- 
brids (12/19) had the diploid chromosome number. The 
remaining hybrids seemed to have only a few extra chro- 
mosomes and none were in the range of 2 n = 5 8 - 8 6  as 
reported by Sundberg et al. (1987). The basis for these 
differences may lie in unique experimental conditions 
such as the specific genotypes involved, the procedures 
used for fusion, and the time between fusion and shoot 
regeneration. The rapid regeneration of shoots in our 
procedure may account for the prevalence of diploid hy- 
brids in these experiments. However, a more exhaustive 
analysis of  chromosome numbers in various somatic hy- 
brids is undoubtedly necessary. 

Resistance to atrazine in the hybrids appears to have 
been derived from the ATR chloroplasts ofB. campestris. 
All hybrids contained cpDNA that had the same hy- 
bridization pattern with the 21-kb probe as the B. 
campestris parent (Fig. 4). These data suggest that herbi- 
cide resistance in the hybrids did not arise spontaneously 
in culture as a mutation within the R1 cpDNA or by 
modification of a nuclear gene (Csrpl6 et al. 1985). All 
hybrids were simultaneously resistant to the herbicide 
and remained green at low temperatures, suggesting that 
recombination between these two phenotypic markers 
had not occurred. However, because the analysis of 
cpDNA in our hybrids was rather limited, we cannot 
exclude the possibility that recombination may have oc- 
curred in other regions of the plastid genome. Recombi- 
nation between cpDNAs in somatic hybrids has been 
reported in only one instance (Medgyesy et al. 1985). 

Analyses of mtDNA in the hybrids showed that wide- 
spread interaction occurred between parental mitochon- 
drial genomes in some of the fusion products. The mtD- 
NA in 19 of the 34 hybrids regenerated in the two exper- 
iments has been partially characterized thus far. Seven 
hybrids had a mtDNA restriction pattern identical to the 
fertile parent. All seven also had an euploid set of chro- 
mosomes (2n = 38); they produced normal flowers with 
large quantities of pollen which was > 59% viable; they 

also set at least some selfed seed (Table 2). The evidence 
accumulated to date suggests that no interaction oc- 
curred between the two parental cytoplasms in these 
fusion products. The net effect has been that only the 
nucleus of B. oleracea was transferred to B. campestris 
protoplasts. It would appear as if the cytoplasms in these 
heterokaryons either failed to mix or, if they did, the 
organelle genomes did not recombine and sorted out to 
re-established the original combination of Brassica mito- 
chondria and ATR chloroplasts. 

Twelve of the 19 hybrids had novel m tDNA restric- 
tion patterns. Although it is well established that the 
tissue culture process itself can lead to mitochondrial 
genome alterations, particularly in longterm cell cultures 
(Chourey et al. 1986; Gengenbach et al. 1981; Grayburn 
and Bendich 1987; Kemble and Shepard 1984; Rode et al. 
1987; Shirzagedan et al. 1989), we previously did not 
detect any mtDNA rearrangements in RI  cms and fertile 
cauliflower plants regenerated from unfused leaf proto- 
plasts (Jourdan 1988). Morgan and Maliga (1987) ob- 
served rearranged mtDNA in calluses derived from R1- 
B. napus hypocotyl protoplasts. Such culture-induced re- 
arrangements complicated interpretation of a novel mi- 
tochondrial genome detected in a somatic hybrid of the 
same line (Menczel et al. 1987). Conclusive evidence for 
intergenomic mtDNA recombination in RI-B. napus cy- 
brids was presented by Vedel et al. (1986), and similar 
results were obtained by Robertson et al. (1987). In con- 
trast, Kemble et al. (1988) have found no indication of 
mtDNA recombination in 334 B. napus cybrids and their 
progeny obtained from fusions between the same ATR 
cytoplasm used in our experiments (labelled ctr by them) 
and either the pol or nap cms cytoplasms. These workers 
also examined three cybrids carrying R1 mitochondria 
and, again, found no evidence for mtDNA rearrange- 
ment. Kemble and co-workers suggest that the degree of 
mtDNA rearrangement is independent of cytoplasmic 
type and may be related to the tissue culture system 
employed. However, our results clearly demonstrate that 
both rearranged (recombined?) and parental mtDNA 
can be obtained in hybrids from a single experiment, and 
emphasize the importance of producing many indepen- 
dent hybrids in order to examine the factors that may 
influence interaction between organelle genomes. 

The association of male sterility with unique mito- 
chondrial genomes in regenerated plants can be compli- 
cated by the various processes that are known to affect 
pollen production in plants derived from fusion: alter- 
ations in chromosome structure caused by the culture 
process, aneuploidy derived from multiple fusions or 
partial loss of chromosomes, and mitochondrial assort- 
ment or mtDNA recombination. Many of the regenerat- 
ed hybrids had low levels of pollen production, viability, 
and subsequent seed set. Some of these plants also had 
novel mtDNA. Progeny studies with these plants are 
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underway to determine if the altered m t D N A  and steril- 
ity are inherited maternally.  Prel iminary results indicate 
that  the sterility in some of  the hybrids (e.g., FP-6 and 
FP-7) is indeed inherited through the maternal  parent  (P. 
Jourdan,  unpubl ished results). Such plants with altered 
m t D N A  and male sterility may  be very useful in studies 
of  the molecular  bases for cms in Brassica. 

At present  we do not  have conclusive physical evi- 
dence for recombinat ion  between the parental  mitochon-  
drial  genomes in the hybrids; this must  await  more exten- 
sive restr ict ion site mapping.  However,  none of  the hy- 
brids having novel m t D N A  had a pat tern  that  could be 
explained by a simple addi t ion of  the parental  mtDNAs .  
Al though the probes used to analyze the m t D N A  ac- 
counted for only 25 % of  the total  mi tochondr ia l  genome, 
we found that  the region of  the D N A  contained in clone 
p5.2 had  a larger number  of  novel fragments than did the 
others. This p5.2 fragment  lies adjacent  to the atp9 gene 
in the B. campestris mitochondr ia l  genome (Makaro f f  
and Palmer  1987) and it may be significant that  this gene 
has been implicated in rearrangements  associated with 
cms in Petunia (Young and Hanson  1987). Whether  rear- 
rangements  in atp9 are definitely associated with the R1 
cms can now be explored.  

The practical  appl icat ion of  somatic hybridizat ion 
for specific manipula t ion  of  mi tochondr ia l  genomes 
would be facil i tated by the availabil i ty of  an agent that  
could selectively inactivate the mi tochondr ia  of  a fusion 
partner.  R6G was initially thought  to be such a com- 
pound.  Recent reports  f rom various laboratories  (Aviv 
and Ga lun  1986; Reich et al. 1986) indicate that  while 
R6G is indeed toxic to plant  cells, it does not  specifically 
interact  with mi tochondr ia .  Our  results suppor t  these 
conclusions because we obtained normal  ATR-B. cam- 
pestris plants  from treated hypocotyl  protoplasts  after 
fusion, and because seven somatic hybrids in the two 
experiments had mi tochondr ia l  genomes identical to that  
of  B. campestris. Thus, R6G does not  appear  at this time 
to be useful in specifically altering the mi tochondr ia l  
D N A  popula t ion  of  somatic hybrids.  

The results of  these experiments have clearly demon- 
strated the usefulness of  somatic hybridizat ion for the 
study of  organelle genetics as well as for manipula t ion  of  
desirable agronomic  traits. The somatic hybrids provide 
mater ial  that  could be useful for a more detailed study of  
the molecular  bases for cms in Brassica as well as for the 
agronomic  improvement  of  this impor tan t  group of  
plants.  

Acknowledgements. We thank E. Cobb and S. Jensen for excel- 
lent greenhouse support, M. Guttieri for valuable assistance in 
the molecular studies, F. Loaiza for advice and help with the 
isoenzyme analyses, and Dr. J. Palmer, University of Michigan, 
for the kind gift of cloned mtDNA fragments. This work was 
supported by grants from the USDA (No. 85-CRCR-l-1608) 
and NSF (DCB-8207701) to EDE and MAM. 

References 

Arfis P, Orton TJ (t 983) Inheritance and linkage relationships of 
isozyme loci in Brassica oleracea. J Hered 74:405-412 

Aviv D, Galun E (1986) Does pretreatment by rhodamine 6-G 
affect the mitochondrial composition of fusion-derived 
Nicotiana cybrids? Plant Cell Rep 3:227-230 

Bannerot H, Boilidard, Chupeau Y (1977) Unexpected diffi- 
culties met with the radish cytoplasm in Brassica oleracea. 
Eucarpia Cruciferae Newslett 2:16 

Barsby TL, Chuong PV, Yarrow SA, Wu S, Coumans M, Kem- 
ble R J, Powell AD, Beversdorf WD, Pauls KP (1987 a) The 
combination of Polima cms and cytoplasmic triazine resis- 
tance in Brassica napus. Theor Appl Gen 73:809-814 

Barsby TL, Yarrow SA, Kemble RJ, Grant I (1987b) The trans- 
fer of cytoplasmic male sterility to winter-type oilseed rape 
(Brassica napus L.) protoplast fusion. Plant Sci 53:243-248 

Bartkowiak-Broda I, Rousselle P, Renard M (1979) Investiga- 
tions of two kinds of cytoplasmic male sterility in rapeseed 
(Brassica napus L.). Genet Pol 20:487-497 

Boeshore ML, Lifshitz I, Hanson MR, Izhar S (1985) Novel 
composition of mitochondrial genomes in Petunia somatic 
hybrids derived from cytoplasmic male sterile and fertile 
plants. Mol Gen Genet 190:459-467 

Chetrit P, Mathieu C, Vedel F, Pelletier G, Primard C (1985) 
Mitochondrial DNA polymorphism induced by protoplast 
fusion in Cruciferae. Theor Appl Genet 69:361-366 

Chiang MS, Cr6te R (1985) Male fertile and male sterile cab- 
bage, broccoli, and cauliflower clubroot resistant breeding 
lines. Hort Science 20:457-458 

Chourey PS, Lloyd RE, Sharpe DZ, Isola NR (1986) Molecular 
analysis of hypervariability in the mitochondrial genome of 
tissue cultured cells of maize and sorghum. In: Mantell SH, 
Chapman GP, Street PFS (eds) The Chondriome-chloro- 
plast and mitochondrial genomes. Longman Scientific, Har- 
low, pp 177-191 

Clark EM, Izhar S, Hanson MR (1985) Independent segrega- 
tion of the plastid genome and cytoplasmic male sterility in 
Petunia somatic hybrids. Mol Gen Genet 199:440-445 

Clark E, Schnabelrauch L, Hanson MR, Sink KC (1986) Differ- 
ential fate of plastid and mitochondrial genomes in Petunia 
somatic hybrids. Theor Appl Genet 72:748-755 

Cs6pl6 A, Medgyesy P, Hideg E, Demeter S, Mfirton L, Maliga 
P (1985) Triazine-resistant Nicotiana mutants from photo- 
mixotrophic cell cultures. Mol Gen Genet 200:508-510 

Dickson MH (1985) Male sterile persistent white curd cauliflow- 
er NY7642A and its maintainer NY7642B. HortScience 
20:957 

Fluhr R, Aviv D, Edelman M, Galun E (1983a) Cybrids con- 
taining mixed and sorted-out chloroplasts following inter- 
specific somatic fusions in Nicotiana. Theor Appl Genet 
65:289-294 

Fluhr R, Aviv D, Edelman M, Galun E (1983 b) Generation of 
heteroplastidic Nicotiana cybrids by protoplast fusion analy- 
sis for plastid recombination. Theor Appl Genet 67:491 - 497 

Gear ARE (1974) Rhodamine 6G a potent inhibitor of mito- 
chondrial oxidative phosphorylation. J Biol Chem 249: 
3628 3637 

Gengenbach BG, Connelly JA, Pring DR, Conde MF (1981) 
Mitochondrial DNA variation in maize plants regenerated 
during tissue culture selection. Theor Appl Genet 59:161- 
167 

Gleddie S, Keller WA, Setterfield S (1986) Production and char- 
acterization of somatic hybrids between Solanum melongena 
L. and S. sisymbriifolium Lam. Theor Appl Genet 71:613- 
621 



455 

Glimelius K (1984) High growth rates and regeneration capacity 
of hypocotyl protoplasts in some Brassicaceae. Physiol Plant 
61:38-44 

Grayburn WS, Bendich A (1987) Variable abundance of a mito- 
chondrial DNA fragment in cultured tobacco cells. Curr 
Genet 12:257-261 

Harms CT (I 983) Somatic incompatibility in the development of 
higher plant somatic hybrids. Q Rev Biol 53:325-353 

Jourdan PS (1988) Manipulation of cytoplasmic traits in Brass# 
ca by somatic hybridization of male sterile B. oleracea with 
atrazine-resistant B. campestris and B. napus. PhD Thesis, 
Cornell University, Ithaca/NY 

Jourdan PS, Earle ED (1989) Genotypic variability in the fre- 
quency of plant regeneration from leaf protoplasts of four 
Brassiea ssp and of Raphanus sativus. J Am Soc Hortic Sci 
114:343 - 349 

Kemble RJ, Shepard JF (1984) Cytoplasmic DNA variation in 
a potato protoclonal population. Theor Appl Genet 69:211 - 
216 

Kemble RJ, Yarrow SA, Wu SC, Barsby TL (1988) Absence of 
mitochondrial and chloroplast DNA recombinations in 
Brassica napus plants regenerated from protoplasts, proto- 
plast fusions and anther culture. Theor Appl Genet 75:875 - 
881 

Kumar A, Cocking EC (1987) Protoplast fusion: a novel ap- 
proach to organelle genetics in higher plants. Am J Bot 
74:1289-1303 

Linsmaier M, Skoog F (1965) Organic growth factor require- 
ments of tobacco tissue culture. Physiol Plant 18:100-127 

Makaroff CA, Palmer JD (1987) Extensive mitochondrial 
specific transcription of the Brassiea campestris mitochon- 
drial genome. Nucleic Acids Res 15:5141-5156 

McCollum (1981) Induction of an alloplasmic male sterile Bras- 
siea oleraeea by substituting cytoplasm from 'Early Scarlet 
Globe' radish (Raphanus sativus). Euphytica 30:855-859 

Medgyesy P, Fejes E, Maliga P (1985) Interspecific chloroplast 
recombination in a Nieotiana somatic hybrid. Proc Natl 
Acad Sci USA 82:6960-6964 

Menczel L, Nagy F, Kiss ZS, Maliga P (1981) Streptomycin 
resistant and sensitive somatic hybrids of Nieotiana 
tabaeum + Nieotiana knightiana 1 :correlation of resistance to 
N. tabaeum plastids. Theor Appl Genet 59:191-195 

Menczel L, Morgan A, Brown S, Maliga P (1987) Fusion-medi- 
ated combination of Ogura-type cytoplasmic male sterility 
with Brassica napus plastids using X-irradiated cms proto- 
plasts. Plant Cell Rep 6:98-101 

Morgan A, Maliga P (1987) Rapid chloroplast segregation and 
recombination of mitochondrial DNA in Brassica cybrids. 
Mol Gen Genet 209:240-246 

O'Connell MA, Hanson MR (1986) Regeneration of somatic 
hybrid plants formed between Lycopersicon esculentum and 
Solanum rickii. Theor Appl Genet 72:59-65 

Ogura H (1968) Studies on the new male-sterility in Japanese 
radish, with special reference to the utilization of this sterility 
towards practical raising of hybrid seed. Mem Fac Agric 
Kagoshima Univ 6:39-78 

Palmer JD, Shields CR (1984) Tripartite structure of Brassica 
eampestris mitochondrial genome. Nature 307:437-440 

Palmer JD, Shields CR, Cohen DB, Orton TJ (1983) Chloro- 
plast DNA evolution and the origin of amphidiploid Brassi- 
ca species. Theor Appl Genet 65:181-189 

Pearson OH (1972) Cytoptasmically inherited male sterility 
characters and flavor components from the species cross 

Brassica nigra (L) Koch • B. oleracea L. J Am Soc Hortic 
Sci 97:397-402 

Pelletier G (1986) Plant organelle genetics through somatic hy- 
bridization. Oxford Surv Plant Mol Cell Biol 3:96-121 

Pelletier G, Primard C, Vedel F, Chetrit P, Remy R, Rouselle P, 
Renard M (1983) Intergeneric cytoplasmic hybridization in 
Cruciferae by protoplast fusion. Mol Gen Genet 191:244- 
252 

Reich TJ, Iyer VN, Haffner M, Holbrook LA, Miki BL (1986) 
The use of fluorescent dyes in the microinjection of alfalfa 
protoplasts. Can J Bot 64:1259-1267 

Robertson D, Earle ED (1987) Nitro-blue tetrazolium: a stain 
for photosynthesis in protoplasts. Plant Cell Rep 6:70-73 

Robertson D, Palmer JD, Earle ED, Mutschler MA (1987) 
Analysis of organelle genomes in a somatic hybrid derived 
from cytoplasmic male-sterile Brassica oleracea and 
atrazine-resistant B. campestris. Theor Appl Genet 74: 303- 
309 

Rode A, Hartmann C, Falconet D, Lejeune B, Qu~tier F, Bensli- 
mane A, Henry Y, Buyser J de (1987) Extensive mitochon- 
drial DNA variation in somatic tissue cultures initiated from 
wheat immature embryos. Curr Genet 12:369-376 

Rothenberg M, Boeshore ML, Hanson MR, Izhar S (1985) 
Intergenomic recombination of mitochondrial genomes in a 
somatic hybrid plant. Curt Genet 9:615-618 

Schenck HR, R6bbelen G (1982)Somatic hybrids by fusion of 
protoplasts from Brassica oleracea and B. carnpestris. Z 
Pflanzenzuecht 89:278-288 

Shirzagedan M, Christey M, Earle ED, Palmer JD (1989) Rear- 
rangement, amplification and assortment of mitochondrial 
DNA molecules in cultured cells of Brassica campestris. The- 
or Appl Genet 77:17-25 

Sundberg E, Glimelius K (1986) A method for production of 
interspecific hybrids within Brassiceae via somatic hy- 
bridization, using resynthesis of Brassica napus as a model. 
Plant Sci 43:155-162 

Sundberg E, Landgren M, Glimelius K (1987) Fertility and 
chromosome stability in Brassica napus resynthesized by 
protoplast fusion. Theor Appl Genet 75:96-104 

Taguchi T, Kameya T (1986) Production of somatic hybrid 
plants between cabbage and Chinese cabbage through proto- 
plast fusion. Jpn J Breed 36:185-189 

Tanksley SD (1979) An efficient and economical design for 
starch gel electrophoresis. Rep Tomato Genet Coorp 29: 37- 
38 

Tanksley SD (1980) Pgi-1, a single gene in tomato responsible 
for variable number ofisozymes. Can J Genet Cyto122:271 - 
278 

Terada R, Yamashita Y, Nishibayashi S, Shimamoto K (1987) 
Somatic hybrids between Brassica oleracea and B. campes- 
tris: selection by the use of iodoacetamide inactivation and 
regeneration ability. Theor Appl Genet 73:379-384 

Vedel F, Chetrit P, Mathieu C, Pelletier G, Primard C (1986) 
Several different mitochondrial DNA regions are involved in 
intergenomic recombination in Brassica napus cybrid plant. 
Curr Genet 11:17- 24 

Yarrow SA, Wu SC, Barsby TL, Kemble RJ, Shepard JF (1986) 
The introduction of CMS mitochondria to triazine-tolerant 
Brassica napus L., vat. "Regent", by micromanipulation of 
individual heterokaryons. Plant Cell Rep 5:415-418 

Young E, Hanson MR (1987) A fused mitochondrial gene asso- 
dated with cytoplasmic male sterility is developmentally reg- 
ulated. Cell 50:41-49 


