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Abstract New typesof cytoplasmic malesterility (CMS)
in Brassica oleracea would be useful for F; hybrid seed
production. The‘Anand’ cytoplasm derives from the wild
speciesB. tournefortii. Rapid cycling stocks of B. rapa and
B. oleracea were used in cybridization experiments as do-
nor and recipient of ‘Anand’ (='tour’) CMS, respectively.
Prior to fusion with PEG, donor protoplasts were inacti-
vated with 30 krad y~rays and recipient oneswith 3 mM io-
doacetate, respectively. No calli were obtained from the
pre-treated protoplasts. The frequency of shoot regenera-
tion was 21-43% in untreated B. oleracea controls, but
only 0-0.5%in‘Anand’ B. rapa. Putative cybridswerere-
generated from about 3% of the calli from fused proto-
plasts. Regenerated plants were analyzed for nuclear DNA
content, plant and flower morphology, pollen production,
femalefertility, cold tolerance, and organelle composition.
Eighty-one percent of the regenerated controls and 63% of
fusion-derived plants were diploid. The rest showed DNA
contents corresponding to 2x—4x, 4x, or higher ploidy lev-
els, presumably dueto somatic doubling in vitro and/or fu-
sionsin which the donor nucleuswas not completely elim-
inated. Sixty-four percent of the cybrids had stamens and
petalsvaryingin size and shapeand were mal e-sterile, with
indehiscent anthers. Their phenotype was otherwise simi-
lar to that of B. oleracea. The remaining plants had nor-
mal flowers and were male-fertile. Datafrom crosses with
fertile pollinators indicated good female fertility in some
of the sterile lines, both after hand and insect pollinations
incages. Mitochondrial (mt) segregationinthecybridswas
dlightly biased towards ‘Anand’ mitochondria, and the
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presence of ‘Anand’” mtDNA fragments was strongly as-
sociated with male sterility. Evidence of mtDNA rear-
rangements was obtained in some cybrids. Segregation of
chloroplasts was slightly biased towards B. oleracea. The
presence of ‘Anand’ chloroplasts with a B. oleracea nu-
cleus did not result in cold temperature chlorosis, as seen
in‘Ogura’ CMS plants.

Key words Brassica oleracea - Brassica tournefortii -
Anand - Cytoplasmic male sterility - Protoplast fusion

Introduction

The genus Brassica includes many important species used
foroil, condiment, forage, and food production. Most Bras-
sicavegetables, such ascauliflower, broccoli, cabbage, and
others, belong to the species B. oleracea, which is highly
polymorphic. In the latter species, as well asin other spe-
cieswithin the genus, the commercial production of F; hy-
brids has gained considerable importance in the past few
years. At present it generally relies on self-incompatibil-
ity systems that are genetically complex and difficult to
work with. The breeding of parental lines and production
of hybrid seed would both be simplified by using cytoplas-
mic male sterility (CMS) (Renard et al. 1992).

Several types of CMS are known in Brassica spp. and
related genera (Shiga 1980; Renard et al. 1992). Neverthe-
less, the preservation and the enlargement of genetic var-
iability at the cytoplasmic level are highly desirable objec-
tives to provide breeders with new and improved CMS
systems and reduce the danger of epidemic diseases such
as southern corn leaf blight in T-CMS maize (Levings
1990). In comparison with sexual hybridization, somatic
cell fusion is a much more powerful method for increas-
ing cytoplasmic diversity in a population: it is possible to
transfer chloroplasts and mitochondria in a single step,
even between incongruent species, and to obtain novel
combinations of nucleusand cytoplasm organelles (Kumar
and Cocking 1987; Earle et al. 1992).



The ‘Anand’ CMS was originally described in B. jun-
cea. Subsequently, B. tournefortii was identified as the
most likely donor of the cytoplasm, so themal e-sterile phe-
notype is probably due to alloplasmic relationships be-
tween mitochondrial genes of the wild and nuclear genes
of the recipient species (Rawat and Anand 1979; Pradhan
et al. 1991). Recently, B. tournefortii or other genotypes
with tournefortii cytoplasm have been used as donors of
nuclear and organelle genes in fusion experiments aimed
at the production of somatic hybrids and cybrids with
B. napus (Stiewe and Robbelen 1994; Landgren and Gli-
melius 1994; Liu et al. 1995, 1996) or hybrids with substi-
tution genomic configuration TCBB (M ukhopadhyay et al.
1994). After symmetric hybridization, however, analysis
of the effect of the new cytoplasm on plant morphology
and fertility is hindered by the higher ploidy levels and
chromosome compatibilities related to the bi-parental
transmission of nuclear genomes. Several generations of
backcross and selection are usually needed to return to the
cultivated phenotype. The production of cytoplasmic hy-
brids (cybrids) is particularly attractive when oneisinter-
ested in the transfer of cytoplasmic-encoded traits into a
particular genetic background. Although spontaneous
elimination has been reported in some instances (Earle et
al. 1992), donor parental protoplasts must usualy be
treated in some way to eliminate the nucleus (Kumar and
Cocking 1987).

Rapid cycling (RC) Brassica stocks have been devel-
oped recently (Williams 1985). They show a considerably
shortened life-cycleand henceall ow much easi er and faster
study of the genetics of new traits. Subsequently, crosses
with cultivated Brassica spp. can be easily performed to
transfer traits of interest.

This paper describes the transfer of the sterile * Anand’
cytoplasm from RC B. rapa to RC B. oleracea by proto-
plast fusion. Cybrids were obtained after inactivation of
recipient and donor parental lines by iodoacetate and
yirradiation, respectively. Regenerated plants have been
characterized for plant and floral morphology, male and
femalefertility (after crosses with fertile B. oleracea), nu-
clear DNA content, cold tolerance, and organelle compo-
sition.

Materials and methods
Plant material

Rapid cycling stocks of B. oleracea with fertile oleracea cytoplasm
(CrGC #3-1) and B. rapa with sterile ‘Anand’ cytoplasm (CrGC
#1-31) were obtained from the Crucifer Genetics Cooperative (Uni-
versity of Wisconsin-Madison, USA) (Williams 1985).

Seedswere surface sterilized by a5-min incubation in 70% ethyl
alcohol followed by 10 minin 30% Clorox bleach + 0.5% (w/v) PEX
detergent. The sterilized seeds were placed in LS medium (Lins-
maier and Skoog 1965) supplemented with 3% sucrose and solidi-
fied with Bacto-Agar, Gelrite, or Phytagar (L S30 medium). Jarswere
incubated at 25°C, 16 h light, 60-80 UE m™ sL. Plants were propa-
gated in vitro under the same conditions by making nodal or shoot-
tip cuttings every 1-2 months.
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Protoplast isolation and culture

Either seedlings or shoot cultures were used for protoplast isolation.
Mesophyl| protoplasts were isolated and cultured according to Han-
sen and Earle (1994) with the following modifications. The enzyme
solution was diluted 1 to 4 with W5 instead of SCM medium. Phy-
tagar (7 g I™%) was used for solidifying media B, C, and F, whereas
agarose (Typel, Sigma, 8 g17) was used for regeneration medium E.
The feeder layer (Walters and Earle 1990) consisted of Brassica ha-
pus cells and was used only on medium B. Protoplasts were plated
at 8-10x10* ml~* in 200-pl aiquots. The plating efficiency of the
protoplasts was estimated as the ratio between the number of calli
recovered and the number of protoplasts plated in medium B (x 100).

Protoplast fusion

About 2 h after the start of enzyme digestion, donor B. rapa proto-
plastswereirradiated with 30 krad y-rays from a[**”Cs] source. Re-
cipient B. oleracea protoplasts were treated for 20-30 min at 30°C
with 3-5 mM iodoacetate; a concentrated solution of the latter was
freshly prepared in W5 medium and added to the protoplastsin en-
zyme solution to givethefinal concentration. Protoplasts werefused
following the procedure of Thomzik and Hain (1988), as modified
by Walters et al. (1992), either at 1 or 2x10° ml~* using PEG 8000
(Aldrich) asthefusogenic agent. Both the unfused and the fused mix-
ture were plated together with controls (untreated and treated par-
ents) at twice the plating density used for the latter.

Plant analyses

Regenerated shoots (1-2 cm long) were transferred to LS30 medi-
umfor rooting and incubated asdescribed before. Rooted shootswere
propagated in vitro by tip culture, while clonal copies were trans-
ferred to a growth chamber (24°C, 24 h light, 180-220 pE m2 s%)
for further analyses. Control plants grown from seeds were incubat-
ed under the same conditions. Subsequently, another set of regener-
ated shoots, including clonal copies of plantsalready analyzed in the
growth chamber plus some other regenerants not previously exam-
ined, was transferred into a greenhouse.

Thenuclear DNA content of young leaves was evaluated by flow
cytometry using the procedure described by Arumuganathan and
Earle (1991). Chicken red blood cells were used as standard.

Control and regenerated plants were analyzed at maturity for
plant and flower morphology, and flowering date. Male fertility was
evaluated by examining anthers for pollen production and by stain-
ing pollen with acetocarmine. To estimate female fertility, we either
backcrossed male-sterile plants grown in the greenhouse to fertile
RC B. oleracea by hand pollinations or crossed them to broccoli by
insect pollinations. Inthelatter case, the plantswere caged with flies.

Cold tolerance tests were carried out by incubating potted plants
at 12°C for 5 weeks.

For organellar restriction fragment length polymorphism (RFLP)
analysis, total DNA was isolated from a sample of 15 seed-derived
parental plants and 38 regenerants using the Dellaporta procedure
(Dellaporta et al. 1983) modified as follows. After the first precipi-
tation, the DNA pellet was resuspended in 500 ul TE buffer, treated
with RNAse, and consecutively purified with phenol:chloroform:iso-
amy!l alcohol (25:24:1) and with chloroform:isoamyl alcohol. Final-
ly, polysaccharides were removed from the aqueous phase by salt
precipitation (1 M NaCl) at 4°C. Five micrograms of purified DNA
was cut with restriction enzymes, runin a0.8% agarose gel, and trans-
ferred to nylon filters for Southern analysis. Coxl and coxll genes
from the maize mitochondrial (mt) genome (3.95-kb BamHI/EcoRI
and 2.4-kb EcoRl inserts, respectively), and the 12.3-kb BamHI frag-
ment from the potato chloroplast (cp) genome were kindly provided
by Prof. C.J. Leaver, Oxford University, U.K., and Dr. S. Heinhorst,
University of Southern Missouri, USA. They were labelled with
dUTP-digoxigenin (Boehringer Mannheim) and used as probes. Af-
ter overnight hybridization at 65°C, filters were washed sequentially
with 2xSSC, 0.1% SDS (2x5min, RT), 0.2xSSC, 0.1% SDS
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(2%x5 min, RT), 0.1xSSC, 0.1% SDS (2x 15 min, 65°C). Southern
blotting and detection were carried out as reported in Kreike et al.
(1990) with some minor modifications. CSPD (Tropix) was used as
the substrate for the chemiluminescent detection.

Results
Protoplast fusion and plant regeneration

The best growth of seedling or nodal cultures used for pro-
toplast isolation was obtained using Phytagar as the gell-
ing agent. On Bacto-Agar rootstended to become necraotic,
whereas on Gelrite shoots frequently became hyperhy-
drated. Protoplastyieldin RC B. oleraceawas3.1x10” pro-
toplasts per gram of fresh tissue (min. 0.7 —max. 5.3x107),
whilein RC ‘Anand’ B. rapa it was somewhat lower (av-
erage of 1.8x107; range from 0.3 to 3.1x10")

A few days after plating on medium B, control paren-
tal protoplasts started to divide and form small colonies.
After thetransfer of filters onto medium C and then to me-
dium E, both RC B. oleracea and ‘ Anand’ B. rapa showed
a layer of contiguous mini-calli. B. oleracea protoplasts
treated with iodoacetate usually did not show any division,
whereasin the y-rays-treated B. rapa protoplastsand inthe
unfused mixture of treated protoplasts, some colonieswere
observed, although they stopped growth after a few divi-
sions. In the fused mixture, coloniesthat showed sustained
growth could betransferred singly to regeneration medium
along with control parental calli.

Theaverage plating efficiency of protoplastswas0.15%
and 0.29% in parental B. oleracea and ‘Anand’ B. rapa,
respectively, whileinthefused mixtureit ranged from 0.01
t0 0.1% (Table 1). A total of 1551 calli derived from fused
protoplasts were transferred to regeneration medium. The
average regeneration frequency (percentage of calli that
regenerated at |east one shoot) was 3.4%; however, most
calli regenerated multiple shoots. I n the same experiments,
recipient untreated B. oleracea protoplasts showed an av-
erage regeneration frequency of 33.7% (20.543.2%),
whereas the untreated B. rapa protoplasts regenerated

hardly any shoots. No shoots were obtained from the few
calli derived from treated protoplasts. Almost all regener-
ated shoots could be rooted on propagation medium and
successfully transferred to in vivo conditions.

Ploidy level

On the basis of results of flow cytometric analysis, thedis-
tribution frequencies of individual plants for their DNA
content were plotted (Fig. 1). All plants from seeds of the
parental genotypeswere diploid, with mean DNA contents
equal to 1.32 (SD 0.14) and 1.22 (SD 0.13) pg/nucleus for
B. oleracea and ‘ Anand’ B. rapa, respectively. In regener-
ated control B. oleracea plants DNA content ranged from
1.23t0 3.67 pg/nucleus. Eighty-one percent were diploids
(average DNA content=1.39 pg+0.12) and 19% were tet-
raploids (average DNA content=3.35 pg+0.32). Sixty-
three percent of the fusion-derived plants (61% of calli)
had DNA contents similar to diploid B. oleracea (1.46
pg+0.13), whereastheremaining showed DNA valuescor-
responding to 2x—4x, 4x, or higher ploidy levels. Only one
callus produced two shoots with different ploidy levels.

Plant morphology and fertility

In the growth chamber, all B. oleracea plants grown from
seeds showed normal flower phenotype and weremale-fer-
tile (Table 2 and Fig. 2). Seed-grown ‘Anand’ B. rapa
plants showed some variation for pollen production and
anther dehiscence but generally had flowers with reduced
anthers that either contained pollen or were empty.

All but 2 (6%) of the regenerated control B. oleracea
had normal plant and flower phenotypes and were male
fertile. Tetraploids were generally similar to diploids, ex-
cept for reduced plant sizein afew cases. Tetraploid flow-
ershad anormal shape but were consistently bigger insize.
The phenotype of putative cybrids was similar to that of
B. oleracea, except for flower morphology and pollen pro-
duction (Fig. 2). Of 44 putative cybrids 28 (64%) were

Table 1 Plating efficiency and plant regeneration frequency in calli derived from parental protoplasts, and their unfused and fused mixture

Genotype Protoplast Protoplast Plating Calli on Cadlli regenerated®  Shoots
pre-treatments plated (no.)  efficiency (%)*®  regeneration —————————  recovered (no.)®
medium (no.) (no.) (%)
B. oleracea None 1.7x10° 0.15+0.07 255 86 33.7 86
B. rapa Anand None 1.7x10° 0.29+0.05 501 1 0.2 2
B. oleracea lodoacetate (IA)  1.7x10° 0.0006+0.0010 1 0 0 -
B. rapa Anand y-rays 1.7x10° 0.0024+0.0009 4 0 0 -
B.o. + B.r. Anand® IA+y 3.4x10° 0.0003+0.0005 1 0 0 -
B.o.(+)B.r. Anand’ 1A+y 2.7x10° 0.05+0.04 1551 52 34 201

& (No. of calli recovered/no. of protoplasts plated) x 100+ SD
b Average of three experiments
¢ Calli with at least one regenerated shoot

9 Total number of shoots recovered from regenerated calli and transferred on rooting medium. For control oleracea only one regenerated

shoot per callus was transferred
€ Pre-treated protopl asts were mixed but not fused
f Pre-treated protoplasts were mixed and fused



B. oleracea 'An." B. rapa

2
1
N I|
0“ 0 3 T T
1.0 1.5 2.0

1.0 1.5 20 25

74
6
54
3
2
14
] 1

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5

25

B. oleracea (reg.)

No. of plants
+

B. o. (+) 'An' B. r.

1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 5.5 6.0 6.5 7.0 7.5
DNA content (pg/nucleus)

Fig. 1 Distribution frequencies of DNA contents in seed-derived
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cea (reg.), and fusion products. Filled bars ploidy level =2x, stipp-
led bars ploidy level >2x
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male-sterile with rudimentary and empty anthers and an
array of flower malformations. Some flowerswere normal
in shape but smaller than in controls; their morphology was
rated as good. Others showed ruffled petals, sometimes
also funnel-shaped ones, and flowers not completely open
(flower morphology=fair). In the rest, petals were narrow
like stripsand/or funnel-shaped, and sometimesfewer than
four petals were present (flower morphology=poor). Se-
palsweregenerally normal, but in flowerswith major mal-
formations they were yellowish. Pistils were normal, but
sometimes bent and/or open longitudinally. Nectarieswere
usually normal. About two-thirds of the male-sterile plants
analyzed had either good or fair flower morphology. The
remaining 16 plants regenerated after fusions were male-
fertile with normal-looking flowers. In these plants pollen
stainability was around 100%, except in afew plants with
4x or higher ploidy levels, where it was about 50%.

Only 1 plant showed sterile flowers with different phe-
notypes on two branches. In all other casesthe flower phe-
notype was uniform on the plant. On the other hand, 7 out
of 20 calli with multiple shoots produced plants with dif-
ferent sterile, or even fertile and sterile, phenotypes.

Putativecybridsflowered 29.2 days(SD 3.4) after trans-
planting, which was not significantly different fromthere-
generated controls (29.7 days, SD 1.8). Timeto flowering
was generally similar in diploids and tetraploids and in
male-fertile and sterile plants. Four putative cybridsregen-
erated from 2 calli and showing 4x or intermediate ploidy
level flowered very early, even in vitro. Under the same
conditions, seed-grown parental B. oleracea and ‘ Anand’
B. rapa showed the first flowers 30.6 (SD 2.7) and 29.4
(SD 2.4) days after sowing, respectively.

In the greenhouse, 64% of the plants analyzed had in-
dehiscent anthers and were considered to be male-sterile,
but some variability was present among sterile plants (Ta-
ble 2). Sixty-three percent of them had empty anthers, as
previously observed in the growth chamber, whereas the
rest produced some stainable pollen. Only 2 plants were
mal e-sterilein the growth chamber and fertilein the green-
house, or vice versa. Seven of the sterile plants (23%) had
good flower morphology, 8 (27%) were rated as fair, and

Table2 Malefertility in seed-

derived and regenerated plants ~ Genotype/ Number of Number of plants with anthers
Environment plants analyzed
Dehiscent Indehiscent
with without Inter-
pollen pollen mediate®
Seedlings/GC
B. oleracea 15 15 (100)¢ 0 0 0
2 GC, growth chamber: B. rapa Anand 15 2 (13) 7 (47) 4(27) 2(13)
GH, greenhouse Regenerants/GC
b Plants showing variable pol- B. oleracea 34/34° 32 (949) 0 2 (6) 0
len production and pollen B. 0. (+) B. r. Anand 44/26 16 (36) 0 28 (64) 0
stainability . Regenerants/GH
- Number of plants/no. of calli B gleracea 22 2 (100) 0 0 0
from which plants were derived g ¢ (+) B. 1. Anand 47/32 17 (36) 6 (13) 19 (40)  5(11)

9 Percentages in parentheses
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15 (50%) were rated as poor. Ratings in the growth cham-
ber and in the greenhouse generally agreed well.

After hand pollinations, all plantsexcept 1 set pods, and
no clear effects of flower morphology were detectable for
femalefertility, based on pod and seed set (Table 3). When
insect pollinations were carried out, the flower morphol-
ogy of the female parents strongly influenced the results.
Plants with limited flower malformations had a good seed
set, whereas those with extensive malformations generally
showed a poor or fair seed set. Plants with intermediate
flower morphology had an intermediate attractiveness to-
ward insects.

Cold tolerance

After 5weeks at 12°C fertile B. oleracea and ‘ Anand’ cy-
brids remained green, whilethe*Ogura CMSB. oleracea
used as control showed the typical cold temperature-in-
duced chlorosis (Fig. 3).

Fig. 2 Plant and flower morphology in seed-derived and regene-
rated plants. a Left B. oleracea, Right CMS B. rapa; b sterile fu-
sion product; c—f flowers of fertile B. oleracea and sterile fusion
products with good, fair, and poor morphology, respectively

Organellar DNA analysis

After hybridization with the chloroplast B153 probe, B. ol -
eracea and ‘Anand’ B. rapa showed three bands of about
5.3, 4.5, and 2.0, and 5.7, 5.2, and 4.8 kb, respectively
(Fig. 4a). The 5 regenerated control B. oleracea plants had
ole chloroplasts, while among the fusion-derived plants 15
had ole chloroplasts and 9 ‘ Anand’ ones. One out of nine
calli with multiple shoots regenerated 2 plants with differ-
ent chloroplast composition (Table 4).

B. oleracea displayed one band of about 6 kb after prob-
ing with coxl and four bands (7.8, 6.8, 5.7, 4.0 kb) with
coxll.'Anand’ B. rapa had two bands (14.0 and 7.7 kb) for
coxl and one (4.0 kb) for coxll (Fig. 4b, c). Since the coxl
14.0-kb band varied in intensity and presence both among
seed-derived ‘Anand’ and regenerated plants, only the
7.7-kb band was considered to be diagnostic for the pres-
ence of the ' Anand’ mtDNA sequencesin the regenerants.
All 5 control plants showed the B. oleracea hybridization
pattern with both probes, including 1 (F23-0-1A) that was



Table3 Seed set of diploid CMS cybrids after crosses with fertile
rapid cycling B. oleracea and broccoli
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Table 4 Organelle composition of asample of regenerantsbased on
Southern analyses with one chloroplast and two mitochondrial probes

Flower  Plant® Hand pollination® Insect

morphol- pollina-

ogy® Pod set Seeds/  tion®

———  pod (no.)
Number® (%)

Good F25-F-1A 60/176 34 23 Good
F25-F-4A 21/33 64 7.8 Good
F25-F-4B 71/128 55 85 Good

Fair F25-F-2E 26/61 43 5.19 Not tested
F25-F-3A 47/128 37 1.0 Not tested
F25-F-5B 24/73 33 3.8 Good
F25-F-6B 56/65 86 10.0 Fair-good
F25-F-13B 4/116 3 0.8 Not tested
F25-F-23D  27/75 36 5.0 Not tested
F28-F-18A  44/81 54 3.8 Not tested

Poor F23-F-1A 18/41 44 4.9 Not tested
F23-F-1B 13/32 41 3.8 Not tested
F25-F-5A 30/33 91 2.2 Not tested
F25-F-6C 71111 64 11.2 Fair-good
F25-F-12B  25/61 41 5.0 Fair
F25-F-13C  13/162 8 11 Very poor
F25-F-18C  24/37 73 45 Fair
F25-F-19A 0/47 0 - Not tested
F28-F-9A  126/251 50 5.9 Not tested
F28-F-11A  45/104 43 6.8 Not tested

& See text and Fig. 2

b Plants that differ only for the last letter were regenerated from the
same callus

¢ With rapid cycling B. oleracea

4 with broccoli (2403, SC). Plants were caged with flies

¢ Number of pods harvested/no. of flowers pollinated

Fig. 3a—d Leaves from plants grown at 12°C for 5 weeks. a Ferti-
le B. oleracea, b ‘Ogura CMS B. oleracea, c and d ‘Anand’ CMS
fusion products

mal e-sterile. Fertile putative cybridsal so generally showed
the B. oleracea pattern, except for 1 with‘ Anand’ coxl. On
the other hand, 13 and 15 sterile cybrids out of 16 analyzed
had the ‘Anand’ coxl and coxll fragments, respectively.
Onefertileand 2 mal e sterileplantsdisplayed mtDNA frag-
ments from different parents in the two loci. The 2 plants

Genotype Plant® Ploidg/ Male cpDNA mtDNA
level® fertil- B153
ity© coxl coxll
B. oleracea F23-0-1A 1 S ole® ole ole
F23-0-2A 2 F ole ole ole
F25-0-1A 1 F ole ole ole
F25-0-2A 1 F ole ole ole
F28-0-1A 1 F ole ole ole
B.o.(+)B.r. ‘An’ F23-F-1A 1 S ole An An
F25-F-1A 1 S An An An
F25-F-1B 1 S An An An
F25-F-2A 1 S ole ole An
F25-F-2E 1 S ole - -
F25-F-3A 1 S An An An
F25-F-3Db 1 S - An An
F25-F-4A 1 S - An An
F25-F-4B 1 S - An An
F25-F-5A 1 S - An An
F25-F-6B 1 S ole An An
F25-F-8A 2 S - ole An
F25-F-12A 1 S An - -
F25-F-12B 1 S An - -
F28-F-5A 1 S - An An
F28-F-9A 1 S An An An
F28-F-9B 1 S An An An
F28-F-11A 1 S An An An
F28-F-15D 2 S ole ole ole
B.o.(+)B.r. ‘An’ F28-F-2A 2 F ole ole ole
F28-F-2D 2 F ole - -
F28-F-3A 1 F ole ole ole
F28-F-3B 1 F ole ole ole
F28-F-5C 1 F An An ole
F28-F-8A 2 F - ole ole
F28-F-10A 1 F - ole ole
F28-F-11B 1 F ole - -
F28-F-12A 2 F ole ole ole
F28-F-12B 2 F ole ole ole
F28-F-13B 1 F ole ole ole
F28-F-13D 1 F ole - -
F28-F-14B 1 F - ole ole
F28-F-14D 1 F ole ole ole

& Plants that differ only for the last letter were regenerated from the
same callus

b1=2x, 2=>2x

¢ F, Fertile, S sterile

dole, B. oleracea; An, ‘Anand’

regenerated from callus F28-F-5 differed in fertility phe-
notype and in the origin of the coxl| region (Table 4).

Four cybrids (22%) showed the reassortment of mito-
chondria and chloroplasts. Three (F23-F-1A, F25-F-2A,
F25-F-6B) had B. oleracea chloroplasts and either one or
both * Anand’ mtDNA fragments; one (F28-F-5C) had the
‘Anand’ chloroplasts and coxl mtDNA fragment but the
B. oleracea coxll mtDNA fragments.

Discussion

After protoplast fusion of fertile B. oleracea and CMS
‘Anand’ B. rapa, approximately 200 plantletsfrom 52 calli



210
1234 5678 9101112131415161718 kb

- ~r
s B
...
‘.., 43
S "ol
- - e i Baoms |,
. - bl 20
bt <10
e -8
, «7
S ¥ - ‘ .." <6
¢ -5
- - ”C <9
-' -- -.' - -8
- w u, T R
“E ‘e wlenn [6
] 5 2 <5
- v"»-o LTI T I <4

Fig. 4a—c Southern analyses with a chloroplast (a) and two mito-
chondrial (b, c) probes. a pStB153/Bglll: 1 and 10 fertile B. olera-
cea, 2 and 11 ‘Anand’ CMS B. rapa, 3 and 12 fertile regenerated
B. oleracea, 4-8, 13, and 18 sterile fusion products, 9 and 14-17,
fertile fusion products. b coxl/Hindlll and ¢ coxII/HindIl1: 1-2 fer-
tile B. oleracea, 34 ‘Anand’ CMS B. rapa, 5-6 fertile regenerated
B. oleracea, 7-12 sterile fusion products, 13-18, fertile fusion pro-
ducts. (In c 18 is blank)

were regenerated in three fusion experiments. Overall, 17
of 41 (42%) fusion-derived plants scored both for malefer-
tility and ploidy level were diploid and male-sterile, sug-
gesting that the ‘Anand’ phenotype had been effectively
transferred into the B. oleracea nuclear background. Al-
though more investigations are needed to verify that these
plants do not contain nuclear DNA from donor B. rapa, on
the basis of nuclear DNA content and morphological, mo-
lecular, and genetic analyses we considered them to be pu-
tative cybrids. Crosses involving some of the putative cy-
brids showed maternal inheritance of male sterility in the
progenies (M.H. Dickson and E.D. Earle, unpublished).

Recipient RC B. oleracea showed plant regeneration
with an averagefrequency closeto that previously reported
by Hansen and Earle (1994), whereas donor RC B. rapa
with ‘Anand’ cytoplasm yielded many calli, but only
1 plant. Genotype is known to have a strong influence on
thein vitro response of Brassica genotypes (Loudon et al.
1989; Jourdan and Earle 1989; Jourdan et al. 1990; Kik
and Zaal 1993).

The inability of the donor partner to regenerate helped
eliminate unfused escapes. In addition, callus formation
and plant regeneration in both parents were strongly inhib-
ited by pretreatments of protoplasts with either iodoacte-
tate or yrays. After fusion, complementation between the
treated protoplasts allowed callus growth and plant regen-
eration. However, as noted by Walterset al. (1992), regen-
eration frequency of calli coming from fused protoplasts
was significantly lower than that of control B. oleracea.
That could be due to: (1) aresidual effect of iodoacetate
only partially complemented by the donor genotype; (2) an
unbalanced chromosome number in fusion products de-
rived by multiple fusions and/or partial elimination of do-
nor nuclear DNA after irradiation treatment (Yamashita et
al. 1989); (3) anegative nuclear — cytoplasmic interaction
on in vitro performance, as previously shown in alloplas-
mic lines of B. oleracea and other species (Jourdan and
Earle 1989; Henry et al. 1994).

About 20% of the regenerated control RC B. oleracea
plants were tetraploid, as previously noted by Hansen and
Earle (1994). This may be due to the spontaneous fusion
of protoplasts induced by the enzyme Cellulysin, as dem-
onstrated in maize (Ye and Earle 1991), and/or somatic
doubling in culture (Karp and Bright 1985). Plants with
ploidy levels higher than 2x were regenerated from fusion-
derived calli at a frequency close to 40%. They may de-
rive from somatic doubling and/or from fusions in which
the donor nucleus was not completely eliminated after
yirradiation, even though 30 krad were sufficient to pre-
vent unfused protoplasts from forming calli. Similar re-
sultswith Brassica protoplasts have been obtained by other
investigators(Menczel etal. 1987; Yarrow et al. 1990; Wal -
terset al. 1992; Kao et al. 1992).

The transfer of ‘Anand’ mitochondria was confirmed
by the analysis of mtDNA in two loci. Although the data
obtained do not allow localization of a hypothetical locus
for ‘Anand’ CMS in either of the two mitochondrial re-
gions analyzed, the presence of ‘Anand’ fragments was
strongly correlated with male sterility. When the propor-
tion of sterile and fertile plants and the frequency of plants
with*Anand’ fragmentsin thetwo groupsisconsidered al -
together, it can be seen that the segregation of mitochon-
driaintheregenerated cybridswas slightly biased towards
the ‘Anand’ ones, as has been found by others as well
(Mukhopadyay et al. 1994; Liu et al. 1995, 1996). This
could be due to an inherent better ability of ‘ Anand’ mito-
chondria to replicate in the hybrid cytoplasm and/or to a
reduced contribution of the B. oleracea mitochondriaas a
conseguence of the iodoacetate treatment of the recipient
protoplasts. Previous reports, however, seem to indicate
such an effect of A only on hypocotyl protoplasts (Wal-
ters and Earle 1993). The male sterility observed in 2 re-
generated B. oleracea controls was very likely due to tis-
sue culture-induced changes (e.g. Menczel et al. 1987).

In al of the species and hybrids into which it has been
transferred, ‘ Anand’ CM Sisassociated with flower abnor-
malities (Rawat and Anand 1979; Mathias 1985; Stiewe
and Robbelen 1994; Liu et al. 1995, 1996). In somatic hy-
brids of B. napus (+) B. tournefortii, the sterility pheno-



type and abnormal flower morphol ogieswere attributed to
their high DNA content, nuclear incompatibilities between
the two parental species, or mitochondrial-nuclear interac-
tions (Liu et al. 1995). The latter two are likely the cause
of the phenotype of the diploid B. oleracea cybrids regen-
erated in this study, although the effect of small donor nu-
clear DNA fragmentscannot beruled out. It would beinter-
esting to correl ate the degree of flower malformationswith
the proportion of the donor mitochondrial genome trans-
ferred into the fusion-derived plants.

Indications of mtDNA rearrangementswereobtainedin
3 plants that showed B. oleracea-derived bands in one
locus and ‘ Anand’ -derived bands in the other one. Some
variability among cybridswas observed either for the pres-
ence or the intensity of the 14.0-kb coxl band from the
‘Anand’ parent; however, since similar variability was
found in seed-derived ‘ Anand’ B. rapa plants, it could not
be attributed to fusion-induced recombination of mtDNA.
Further, no novel hybrid-specific bands were detected in
either coxl or coxll loci, as generally reported in fusions
between parents with B. campestris and B. tournefortii cy-
toplasms (Stiewe and Robbelen 1994; Landgren and Gli-
melius 1994; Liu et al. 1995, 1996), suggesting that these
loci are not directly involved in fusion-induced recombi-
nation events. Other sites on the mitochondrial genome
seem to be preferentially involved in fusion-induced rear-
rangements of mtDNA in Brassica hy(cy)brids (Earle et
al. 1992; Temple et al. 1992; Stiewe and Robbelen 1994;
Landgren and Glimelius 1994; Liu et al. 1995, 1996).

In the cybrids studied here, 63% of the plants showed
B. oleracea chloroplasts and 37% ‘Anand’ ones, but the
small number of plants analyzed did not permit statistical
rejection of the hypothesis that chloroplasts are randomly
transmitted. In contrast, a preferential retention of tour
chloroplasts has been found in somatic hybrids or cybrids
derived from partners with B. tournefortii and either
B. nigra or B. rapa cytoplasms (M ukhopadyay et a. 1994;
Landgren and Glimelius 1994; Liu et al. 1995, 1996). In
the present investigation, chloroplasts tended to co-segre-
gate with mitochondria, and no plants with B. oleracea
mitochondriaand‘ Anand’ chloroplastswere obtained. The
presence of ‘Anand’ chloroplasts seems to be fully com-
patible with normal plant development, since no cold sen-
sitivity or other negative interactions were observed. In
contrast, in hy(cy)brids with the *Ogura’ cytoplasm from
Raphanus sativus, nuclear-plastid incompatibilities deter-
mine a strong bias towards Brassica chloroplasts and, at
the plant level, a chlorosis at temperatures around 10°C
(Earle et al. 1992; Walters and Earle 1993).

For both types of organelles, variability between shoots
regenerated from the same calluswasvery rarely observed,
indicating that the sorting-out of parental typesis usually
complete at the time of regeneration.

The population of cybrids obtained in this study could
be used in more detailed analyses of the organization of
the mitochondrial genometo pinpoint the region(s) respon-
sible for ‘Anand’ CM S and regulation of flower develop-
ment in B. oleracea. In addition, these cybrids provide a
useful starting point for the development of new types of
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CMSB. oleracea vegetablelinesfor F, hybrid production.
Male-sterile cybrids sel ected for good flower morphology,
attractiveness to insects, and female fertility have been
crossed and back-crossed to cauliflower, broccoli, and cab-
bage genotypes. Selected progenies are currently being
evaluated in the field.

Acknowledgements Thanks are due to Ms. Lou Ann Batts (Cor-
nell University) for technical assistance, and to CNR-NATO for a
fellowship to T.C.

References

Arumuganathan K, Earle ED (1991) Estimation of nuclear DNA con-
tent of plants by flow cytometry. Plant Mol Biol Rep 9:229-241

Dellaporta SL, Wood J, Hicks JB (1983) A plant DNA miniprepar-
ation: version Il. Plant Mol Biol Rep 1:19-21

Earle ED, Temple M, Walters TW (1992) Organelle assortment and
mitochondrial DNA rearrangementsin Brassica somatic hybrids
and cybrids. Physiol Plant 85:325-333

Hansen LN, Earle ED (1994) Regeneration of plantsfrom protoplasts
of rapid cycling Brassica oleracea L. Plant Cell Rep 13:335-339

Henry Y, Vain P, De Buyser J(1994) Genetic analysisof invitro plant
tissue culture responses and regeneration capacities. Euphytica
79:45-58

Jourdan PS, Earle ED (1989) Genotypic variability in the frequency
of plant regeneration from leaf protoplasts of four Brassica spp.
and of Raphanus sativus. JAm Soc Hortic Sci 114:343-349

Jourdan PS, Earle ED, Mutschler MA (1990) Improved protoplast
culture and stability of cytoplasmic traits in plants regenerated
from leaf protoplasts of cauliflower (Brassica oleracea ssp. bot-
rytis). Plant Cell Tissue Organ Cult 21:227-236

Kao HM, Keller WA, Gleddie S, Brown GG (1992) Synthesis of
Brassica oleracea / Brassica napus somatic hybrid plants with
novel organelle DNA composition. Theor Appl Genet 83:313—
320

Karp A, Bright SWJ (1985) On the causes and origin of somaclonal
variation. Oxford Surv Plant Mol Cell Biol 2:199-234

Kik C, Zaal MACM (1993) Protoplast culture and regeneration from
Brassica oleracea ‘rapid cycling’ and other varieties. Plant Cell
Tissue Organ Cult 35:107-114

Kreike CM, de Koning JRA, Krens FA (1990) Non-radioactive de-
tection of single-copy DNA-DNA hybrids. Plant Mol Biol Rep
8:172-179

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

Landgren M, Glimelius K (1994) A high frequency of intergenom-
ic mitochondrial recombination and an overall biased segrega-
tion of B. campestris or recombined B. campestris mitochondria
were found in somatic hybrids made within Brassicaceae. Theor
Appl Genet 87:854-862

Levings CS 111 (1990) The Texas cytoplasm of maize: cytoplasmic
male sterility and disease susceptibility. Science 250:942—
947

Linsmaier EM, Skoog F (1965) Organic growth factor requirements
of tobacco tissue cultures. Physiol Plant 18:100-127

Liu JH, Dixelius C, Erikson I, Glimelius K (1995) Brassica napus
(+) B. tournefortii, asomatic hybrid containing traits of agronom-
ic importance for rapeseed breeding. Plant Sci 109:75-86

Liu JH, Landgren M, Glimelius K (1996) Transfer of the Brassica
tournefortii cytoplasm to B. napusfor the production of cytoplas-
mic male-sterile B. napus. Physiol Plant 96:123-129

Loudon PT, Nelson RS, Ingram DS (1989) Studies of protoplast
culture and plant regeneration from commercial and rapid-
cycling Brassica species. Plant Cell Tissue Organ Cult 19:213—
224

Mathias R (1985) Transfer of cytoplasmic male sterility from brown
mustard (Brassica juncea [L.] Coss.) into rapeseed (Brassica
napus L.). Z Pflanzenzuecht 95:371-374



212

Menczel L, Morgan A, Brown S, Maliga P (1987) Fusion-mediated
combination of Ogura-type cytoplasmic male sterility with Bras-
sica napus plastids using X-irradiated CM S protoplasts. Plant
Cell Rep 6:98-101

Mukhopadhyay A, Arumugam N, Pradhan AK, Murthy HN, Yadav
BS, Sodhi YS, Pental D (1994) Somatic hybrids with substitu-
tion type genomic configuration TCBB for the transfer of nu-
clear and organelle genes from Brassica tournefortii TT to allo-
tetraploid oilseed crop B. carinata BBCC. Theor Appl Genet
89:19-25

Pradhan AK, Mukhopadhyay A, Pental D (1991) Identification of
the putative cytoplasmic donor of aCM S system in Brassica jun-
cea. Plant Breed 106:204—208

Rawat DS, Anand 1J (1979) Male sterility in Indian mustard. Indian
J Genet Plant Breed 39:412-414

Renard M, Delourme R, Mesquida J, Pelletier G, Primard C, Bouli-
dard L, Dore C, Ruffio V, Herve Y, Morice J (1992) Male steril-
itiesand F; hybridsin Brassica. In: Dattee Y, Dumas C, Gallais
A (eds) Reproductive biology and plant breeding. Springer, Ber-
lin Heidelberg New York, pp 107-119

Shiga T (1980) Male sterility and cytoplasmic differentiation. In:
Tsunoda S, Hinata K, Gomez-Campo C (eds) Brassica crops and
wild allies. Biology and breeding. Japan Scientific Societies
Press, Tokyo, pp 205221

Stiewe G, Robbelen G (1994) Establishing cytoplasmic malesteril-
ity in B. napus by mitochondrial recombination with B. tourne-
fortii. Plant Breed 113:294-304

Temple M, Makaroff CA, Mutschler MA, Earle ED (1992) Novel
mitochondrial genomes in Brassica napus somatic hybrids. Curr
Genet 22:243-249

Thomzik JE, Hain R (1988) Transfer and segregation of triazinechlo-
roplasts in Brassica napus L. Theor Appl Genet 76:165-171

Walters TW, Earle ED (1990) A simple, versatile feeder layer system
for Brassica oleracea protoplast culture. Plant Cell Rep 9:316—
319

Walters TW, Earle ED (1993) Organellar segregation, rearrangement
and recombination in protoplast fusion-derived Brassica olera-
cea cali. Theor Appl Genet 83:761-769

WaltersT, Mutschler MA, Earle ED (1992) Protoplast fusion-derived
Ogura male-sterile cauliflower with cold tolerance. Plant Cell
Rep 10:624-628

Williams PH (1985) The crucifer genetics cooperative. Plant Mol
Biol Rep 3:129-144

YamashitaY, Terada R, Nishibayashi S, Shimamoto K (1989) Asym-
metric somatic hybrids of Brassica: partial transfer of B. cam-
pestris genomeinto B. oleracea by cell fusion. Theor Appl Gen-
et 77:189-194

Yarrow SA, Burnett LA, Wildeman RP, Kemble RJ(1990) Thetrans-
fer of ‘Polima cytoplasmic male sterility from oilseed rape
(Brassica napus) to broccoli (B. oleracea) by protoplast fusion.
Plant Cell Rep 9:185-188

Ye GN, Earle ED (1991) Effect of cellulases on spontaneous fusion
of maize protoplasts. Plant Cell Rep 10:213-216



