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Summary. Protoplast fusion was used to combine the
cytoplasmic traits of atrazine resistance and male sterility
in Brassica oleracea var. italica (broccoli). Leaf proto-
plasts from broccoli with the petaloid B. nigra type of
cytoplasmic male sterility were fused with hypocotyl pro-
toplasts from an atrazine-resistant biotype of B. campes-
tris var. oleifera cv Candle (oilseed rape). A total of 19
colonies regenerated shoots, all of which were broccoli-
like in phenotype, i.¢., lacked trichomes. Four shoots, all
from one colony, were atrazine resistant, surviving and
growing in the presence of 25 uM atrazine. A leaf piece
assay also confirmed that they were atrazine resistant.
Molecular analysis showed that they contain chloroplasts
from the atrazine-resistant B. campestris parent and
mitochondria from the B. nigra parent. No recombina-
tion or rearrangement of the mitochondrial genomes in
the fusion products was detected. These four plants and
their progeny all showed the petaloid B. mnigra type of
male sterility.
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Introduction

In Brassica oleracea, there are two types of alloplasmic
cytoplasmic male-sterile (cms) systems, based on either
the Raphanus sativus cytoplasm (cms-Ogura; Bannerot
et al. 1974), or the B. nigra cytoplasm (cms-nigra,; Pear-
son 1972; Dickson 1975). Cms-Ogura lines are character-
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ized by small anthers with no pollen grains (Bannerot
et al. 1974), whereas cms-nigra lines have petaloid sta-
mens (Pearson 1972). Cms-Ogura B. oleracea lines ex-
hibit chlorosis at low temperatures (Bannerot et al. 1977)
as well as lower yield and vigor than fertile lines (Hoser-
Krauze and Antosik 1987). These defects need to be
corrected before cms-Ogura can be used for hybrid seed
production. In contrast, cms-nigra B. oleracea lines do
not have the disadvantages of the cms-Ogura system.
They do not show chlorosis at low temperatures (M. C.
Christey, unpublished observations) and some lines show
good seed set (Dickson and Kyle 1987).

1t would be desirable to combine the cytoplasmic
characters of cms and atrazine resistance (ATR) in broc-
coli. Cms would be of use in hybrid seed production, and
the presence of ATR would allow growth on soils already
containing atrazine residue. Also, these two characters
could be used in combination in hybrid seed production
to eliminate pollinators after fertilization (Beversdorf
et al. 1985). Because maternal inheritance of the Brassica
cytoplasm prevents organelle segregation, these cytoplas-
mic traits can be combined only by protoplast fusion and
not by conventional breeding methods. Previously, pro-
toplast fusion has been used in the Cruciferae to produce
intergeneric (Chatterjee etal. 1988) and interspecific
(Schenck and Ro&bbelen 1982; Glimelius et al. 1986;
Jourdan et al. 1989 b) somatic hybrids. Protoplast fusion
has also been used to manipulate cytoplasmic traits. In
B. napus, protoplast fusion has enabled the combination
of cms (Ogura, Polima, or nap) with ATR (Pelletier et al.
1983; Yarrow et al. 1986; Chuong et al. 1988) and re-
placement of the R. sativus chloroplasts in Ogura lines
(Jarl and Bornman 1988). In B. oleracea, protoplast fu-
sion involving cytoplasm manipulation has allowed the
production of ATR fertile cauliflower (Jourdan et al.
1989a), replacement of the R. sativus chloroplasts in
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Ogura lines (Pelletier 1989), transfer of Polima cms to
broccoli (Yarrow et al. 1990), and production of cold-tol-
erant cms cauliflower (Walters et al. 1990).

This study reports the successful combination of two
cytoplasmic traits, ATR and c¢cms-nigra in broceoli. Pro-
toplasts from a cms-nigra broccoli line were fused with
protoplasts from an ATR line of B. campestris. Four ATR-
cms-nigra B. oleracea plants were obtained in the absence
of any selection or pretreatment. These plants exhibit
petaloid sterility and are female fertile. Progeny obtained
after crosses with maintainer lines are also petaloid male
sterile and are as vigorous as atrazine sensitive (ATS) cms-
nigra B. oleracea under field conditions (in preparation).

Materials and methods
Plant material

The original cms-rigra broccoli plant (BN no. 5) was obtained
from M. H. Dickson (New York State Agricultural Experimen-
tal Station, Geneva/NY). This plant has the nuclear background
of Green Comet broccoli and contains the B. nigra cytoplasm.
Further plants were obtained from BN no. 5 by culturing longi-
tudinal stem explants on Linsmaier-Skoog (LS) medium
(Linsmaier and Skoog 1965) containing 3% sucrose, 1 mg/l
naphthalene acetic acid, and 12.5 mg/l benzyladenine, solidified
with 0.25% Gelrite (Scott Laboratories Inc.). The particular
stem explant regenerant used in this study was designated BN
no. 5C-J. The ATR B. campestris line used was an ATR biotype
of the cultivar Candle (Beversdorf et al. 1980) obtained from
W. D. Beversdorf (University of Guelph, Ontario, Canada).
Pollinators for the fusion-derived plants (broccoli lines known
to maintain the cms-nigra) were obtained from M. H. Dickson.

Protoplast isolation, fusion, and culture

Leaf mesophyll protoplasts from plant BN no. 5C-J were fused
with etiolated hypocotyl protoplasts from ATR B. campestris.
Mesophyll protoplasts were isolated from semiexpanded leaves
of cuttings of BN no. 5C-J maintained in vitro by monthly
subculture on hormone-free LS medium. Cultures were kept at
25°C under 16-h photoperiod with lighting provided by equal
numbers of Cool White and Gro and Sho fluorescent lights,
45-70 pE/m?/s. For the isolation of hypocotyl protoplasts,
seeds were surface sterilized and cultured in the dark at 25°C for
6 days on hormone-free LS medium.

The procedure used for protoplast isolation was based on
that developed by Robertson and Earle (1986), with 0.2 M man-
nitol and 80 mM CaCl, - 2H,0 (M +C) in place of SCM. The
final protoplast pellet was resuspended in M + C prior to fusion.

For fusion, protoplasts from each source were resuspended
in 100 pl of M + C, mixed together as a single droplet in a 35 mm
petri dish, and allowed to settle for 20 min. Then 50 pl of a
solution containing 33% polyethylene glycol (MW 3350, Sig-
ma), 0.2 M glucose, 10 mM CaCl, - 2H,0, 5mM MES, and
0.7 mM KH,PO, (pH 6.0), was added as several small droplets
to the edge of the settled protoplast mixture, followed by 200 ul
of a solution containing 0.5 M sorbitol, 100 mM CaCl, - 2H,0,
and 5mM MES (pH 7.0), after 25 min and then again after a
further 20 min. The excess liquid was removed with a pasteur
pipette 10 min later, and the plate was flooded with 5ml of
medium B (Pelletier et al. 1983).

After fusion, protoplasts were cultured using the medium
sequence developed by Pelletier et al. (1983), with some modifi-

cation. Solid media were solidified with 0.25% Gelrite. In medi-
um B, Tween 80 and Gentamycin were omitted, and the level of
CaCl, - 2H,0 used was 150 mg per liter. Medium D was not
used, and GA; was omitted from medium E.

Plates were cultured in the dark at 25°C for 10 days and
then transferred to a 16-h photoperiod, 45-70 uE/m?/s. Ap-
proximately 0.5 ml of medium C was added to the plate after
day 10 and then every 5 days. After 3 weeks, when large green
colonies were present, excess liquid was removed from the plate
and the remaining contents were plated onto solid medium E.
After 3 weeks on medium E, colonies were transferred to medi-
um F for shoot regeneration. Shoots were then transferred to
hormone-free LS medium for elongation and rooting.

Determination of resistance or sensitivity to atrazine

Two assays for resistance to atrazine were used: (1) cutting
assay, and (2) leaf piece assay. In the cutting assay, small, green,
healthy cuttings consisting of the apical meristem and one visible
folded leaf were placed onto LS medium containing 0.3% su-
crose and 25 uM atrazine. Atrazine was added to autoclaved
medium from a 50 mM stock solution in 95% ethanol and
stored at ~20°C. Cuttings (one to seven) from each colony that
regenerated plants were tested on this medium and also on
standard LS medium (3% sucrose, no atrazine). As controls,
cuttings from ATS Green Comet broccoli and ATR Candle
seedlings were placed onto LS media (0.3% sucrose) with
and without atrazine (25 uM). Results were determined after
2 weeks.

For the leaf piece assay, leaf pieces (0.5 cm?) from in-vitro-
grown cuttings of BN no. 5C-J and fusion regenerants were
cultured on medium F containing 0, 50, or 100 pM atrazine.

Floral characteristics of regenerated plants

Plantlets with good root and shoot development were trans-
ferred to soil and covered with a plastic bag to maintain humid-
ity. After 1-2 weeks, holes were gradually cut in the bag, which
was removed after a further week. Plants were initially grown
under a 16-h photoperiod with lighting provided by Cool White
fluorescent lights, 35 pE/m?/s, 25°C. After 3 weeks, plants were
transferred to the greenhouse, where lighting was daylight-sup-
plemented with Cool White fluorescent lights, 100 uE/m?/s.
Flowers that appeared were examined for petaloid stamens.

Isozyme analysis

Extracts were obtained from approx. 100 mg of leaf tissue from
six fusion regenerants from three colonies and from the Candle
fusion partner. Isozyme analysis was conducted using cellulose
acetate electrophoresis following the manufacturer’s instruc-
tions (Helena Laboratories, Beaumont, TX), except that the
extraction buffer contained 0.1% B-mercaptoethanol and 0.5%
Triton X-100 in 0.1 M potassium phosphate, pH 7.0 (Wendel
and Weeden 1989). The isozymes of phosphoglucose isomerase
(PGI) and phosphoglucosomutase (PGM) were tested.

Southern analysis

Total DNA was isolated from 16 fusion regenerants (obtained
from seven colonies), the two fusion partners (Candle and BN
no. 5C-J), and five regenerants from BN no. 5 protoplasts,
using the procedure of Dellaporta et al. (1985). Mitochondrial
DNA (mtDNA) was isolated from four of the fusion-derived
plants and the two fusion partners using the procedure of
Kolodner and Tewari (1972).

Total DNA and purified mtDNAs were digested with Bg/l
and Pstl, respectively, separated on 0.7% agarose gels, and
transferred to Zetabind (AMF Cuno) membranes using stan-



Table 1. Analysis of plants regenerated after protoplast fusion

Colony No.of  Atrazine Plants cpDNA  Fertile/
desig- shoots R/S® potted analysis® sterile®
nation regener-
ated

2 3 S 0 ND ND

3 2 S 0 ND ND

4 6 S 1 N sterile

5 13 S 2 N sterile

7 4 S 5 N sterile
12 4 S 2 N sterile
13 9 S 2 N sterile
14 4 S 1 N sterile
15 1 S 0 ND ND
16¢ 4 R 4 C sterile
17 1 S 0 ND ND
18 2 S 0 ND ND
19 4 S 0 ND ND

* R=resistant, S=sensitive, as determined by cutting assay
and/or leaf assay

® N = Brassica nigra, C=B. campestris, ND =not determined
¢ Sterile =petaloid stamens, fertile=normal stamens, ND =not
determined

¢ Desired cybrid combination

dard procedures (Maniatis et al. 1982). Probes used in the hy-
bridization experiments were labeled by nick-translation and are
described in the figure legends.

Results
Protoplast fusion

Although 25 fusion experiments were conducted, plant
regeneration was obtained only in 1. In the successful
experiment, BN no. 5C-J yielded 1.4 x 107 leaf protoplas-
ts per gram of fresh weight. The yield of Candle
hypocotyl protoplasts was very low. The fusion droplet
contained 2 x 10* BN no. 5C-J protoplasts and approxi-
mately the same number of Candle protoplasts. Immedi-
ately after fusion, protoplasts appeared intact with high
survival. After 3 weeks, numerous green healthy
colonies, often with elongated cells, were present. After
plating onto medium E good colony formation was not-
ed, with the plating efficiency estimated to be 1% of the
original protoplasts. Of these colonies, 19 regenerated
shoots (one to seven per colony) on medium F. All these
plants were broccoli-like in phenotype, lacking trichomes
characteristic of B. napus and B. campestris, and were
therefore either escapes or cybrids.

Determination of resistance or sensitivity to atrazine

Several methods were used to determine whether or not
any of the plants regenerated from the protoplast fusion
experiment were atrazine resistant and therefore cybrids.
Shoots from 6 of the 19 colonies that regenerated shoots
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Fig. 1 a and b. Determination of resistance or sensitivity to at-
trazine. a Cutting assay, 2 weeks after culture. Shoot cuttings
from ATR Candle and from three fusion-derived colonies
(no. 16, no. 17, and no. 19) were placed onto media containing
25 pM atrazine. b Leaf piece assay, 3 weeks after culture. Leaf
pieces were cultured on medium F containing O or 100 uM
atrazine. On each plate, from left to right, are leaf pieces from
shoots from colony no. 16 and no. 7 (both fusion-derived) and
from BN no. 5C-J, the ATS fusion partner

could not be assayed because they did not survive. The
remaining 13 colonies produced four atrazine-resistant
plants, all from one colony (no. 16) (Table 1). Both the
leaf piece and cutting assays supported this conclusion.
Analysis of photosynthetic activity in isolated protoplas-
ts with nitro-blue tetrazolium (Robertson and Earle
1987) also provided results consistent with these assays,
but was less satisfactory than in Robertson and Earle
(1987).

1. Cutting assay. After 2 weeks, ATS cuttings grown on
medium with 25 pM atrazine were small and pale green
or yellow, with little shoot growth and no root regenera-
tion (Fig.1a). Cuttings from 12 of the protoplast
colonies and from Green Comet showed this response. In
contrast, cuttings from the ATR line (Candle) and the
four plants from protoplast colony no. 16 were green
elongated, and rooted (Fig. 1a). They appeared no dif-
ferent from cuttings grown in the absence of atrazine.
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2. Leaf piece assay. This assay was easier to conduct and
also provided convincing proof that the four plants from
colony no. 16 were atrazine resistant. After 7 days on
medium F containing 50 pM or 100 pM atrazine, there
was little difference between the various lines: all explants
were still dark green. After 10 days, leaf pieces from ATS

ol
Fig. 2 a and b. Flower structure a Flower with petaloid stamens
from the ATR-cms-nigra cybrids. b Flower with normal stamens
from fertile broccoli

16D ATR-CMS

lines were a slightly paler green than the others. After 3
weeks on medium F containing either 50 pM or 100 pM
atrazine, the differences between the ATR and ATS lines
were very clear (Fig. 1b). Explants from shoots from
colony no. 16 were green and enlarged on both media,
with small amounts of green callus in a few areas. In
contrast, leaf pieces from Green Comet and other ATS
lines were small and pale brown, with only small patches
of greening. On medium F with no atrazine, leaf pieces
from all sources remained green and enlarged, with small
amounts of green callus on the edges of explants.

Floral characteristics of fusion regenerants

A total of 17 plants derived from seven colonies from this
protoplast fusion experiment were transferred to soil.
The four atrazine-resistant plants from colony no. 16
exhibited petaloid sterility (Fig. 2), indicating that they
are cybrids. These plants are vigorous and appear mor-
phologically identical to other cms-nigra broccoli. Of
the remaining 13 ATS plants, the 10 that flowered were
petaloid sterile, confirming that they were escapes. Had
they also been cybrids, they would have been male fertile
with normal stamens. All progeny from colony no. 16 (25
plants) obtained after pollination with maintainer lines
were vigorous (Fig. 3) and were also petaloid cms.

Isozyme analysis

All fusion regenerants tested had the same isozyme pat-
terns, which were different from that of Candle (data not
shown). Four of the six fusion regenerants tested were the
ATR-cms cybrids from colony no. 16. Thus the nuclear
content of these ATR-cms cybrids is the same as the ATS
escapes but distinct from Candle, at least for the two
isozymes examined.

Fig. 3. Growth of ATS-cms-nigra (left) and
ATR-cms-nigra broccoli (right) seedlings
6.5 weeks after planting seed



Fig. 4. Analysis of chloroplast DNA in ATR-cms fusion prod-
ucts. A Southern blot containing Bg/l restriction digests of total
DNAs isolated from BN no. 5C-J (N), B. campestris Candle (C),
and four ATR-cms fusion products (/—4) was hybridized with
Petunia cpDNA fragment S8. Sizes of fragments identified are
shown in kb at the right
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Fig. 5. Analysis of mitochondrial DNA in ATR-cms fusion
products. PstI restriction digests of purified mtDNAs isolated
from BN mno. 5C-J (N), B. campestris Candle (C), and four
ATR-cms fusion products (1-4) were resolved on a 0.7%
agarose gel (Panel A), transferred to Zetabind filters, and
probed with B. campestris mtDNA clones P 6.9 and P 10.1
(Panel B). Sizes of the hybridization products are shown in kb
at the right. See Palmer and Herbon (1988) for restriction maps
and a comparison of the B. nigra and B. campestris mitochondri-
al genomes

Organellar genome analysis

The identity of the chloroplast genome was confirmed by
Southern analysis using an 8.0-kb Sacl fragment of Pertu-
nia chloroplast DNA (cpDNA). This fragment hy-
bridizes to Bgll fragments of 6.4, 6.7, and 17 kb in the
ATR-B. campestris cpDNA, and fragments of 6.7 and
21 kb in the B. nigra cpDNA (Fig. 4). The four ATR-cms
plants exhibited the B. campestris hybridization pattern,
confirming that they all contain the ATR-Candle chloro-
plasts.
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Purified mtDNA, isolated from four of the ATR-cms
plants and the two parental lines, was compared by re-
striction and Southern analysis. Examples of the results
obtained from these experiments are shown in Fig. 5. All
four of the ATR-cms plants exhibited the same mtDNA
restriction profile as the B. nigra parent (Fig. SA). In
order to determine whether the fusion products con-
tained an intact B. migra mitochondrial genome or if
mtDNA rearrangements occurred, as often happens dur-
ing protoplast fusion, the mtDNAs were analyzed fur-
ther. Clones that identified approximately 95% of the
B. campestris and B. nigra mitochondrial genomes were
used as hybridization probes against Southern blots con-
taining the two parental and the four ATR-cms mtD-
NAs. The four ATR-cms lines contained only B. nigra
mtDNA fragments (Fig. 5B): no B. campestris or novel
fragments were observed. This confirms that mitochon-
dria in the fusion products were derived from the B. nigra
parent and indicates that recombinant mitochondrial
genomes were not generated during protoplast fusion.

Discussion

This work represents the first use of cms-nigra lines in
protoplast fusion and has described the successful pro-
duction of ATR-cms-nigra broccoli plants by protoplast
fusion.

Of the 12 possible outcomes after fusion of the proto-
plast sources used, we were most interested in 1. This
involved no nuclear fusion but cytoplasm mixing and
reassortment to produce a broccoli nuclear background,
with ATR from B. campestris and retention of the
B. nigra cms. It is possible to eliminate some of the other
outcomes by various treatments. For example, irradia-
tion (Menczel et al. 1987), irradiation combined with
chemical inactivation with iodoacetate (Barsby et al.
1987a), or rhodamine 6G and iodoacetate treatment
(Jourdan et al. 1989b) have been used to prevent divi-
sions of one or both of the fusion partners. In other
examples, survival on atrazine-containing media has
been used to select cells with ATR chloroplasts (Jourdan
et al. 1989 a). Irradiation does not necessarily prevent the
contribution of nuclear DNA from the irradiated part-
ner, as Menczel et al. (1987) obtained a plant that had a
doubled chromosome number even though irradiation
was used. However, chromosome doubling could have
occurred during culture. There is some evidence that in-
activation with iodoacetate or rhodamine 6G can affect
the organellar composition of the cybrids, favoring a
particular combination (Galun etal. 1987). For these
reasons, no pretreatment or selection was used in these
experiments until shoots were regenerated. One disad-
vantage of this approach is that large numbers of plants
may have to be assayed; however, this was not a problem
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due to the low regeneration obtained. Of the possible
outcomes from fusing B. oleracea and B. campestris pro-
toplasts, B. campestris escapes and resynthesized B. na-
pus hybrids can be distinguished and eliminated because
they have trichomes, which are absent in broccoli. Only
broccoli-like plants were obtained, however. These were
then tested for their ability to grow on atrazine-contain-
ing media.

No B. campestris plants were expected due to the low
totipotency of this material under the culture conditions
used (M. C. Christey, unpublished observations). The
lack of somatic hybrids was surprising, however. The
fusion and culture conditions should permit B. rapus
regeneration, as the medium sequence used was based on
that developed for B. napus (Pelletier et al. 1983). It is
possible that some B. campestris chromosomes or parts
thereof were introduced during fusion. Chromosome
counting would not be sensitive enough to detect transfer
of a portion of the B. campestris genome. Isozyme anal-
ysis revealed no B. campestris isozymes of PGM or PGI.
The lack of somatic hybrids contrasts with the results of
Jourdan et al. (1989a), who obtained only somatic hy-
brids after fusing B. oleracea and B. campestris proto-
plasts. They suggested that the nuclear background may
affect nuclear and organellar behavior, but as their fu-
sions involved chemical inactivation of one or both part-
ners and selection on atrazine, it is likely that their fusion
and selection conditions favored a particular nuclear and
organellar combination.

In the present study, the cybrid combination of ATS
with fertility was not obtained, suggesting nonrandom
organellar segregation, even in the absence of pretreat-
ment and selection. In other protoplast fusions in
B. napus involving cytoplasm manipulation, evidence has
also suggested that not all combinations are equally fa-
vored. It is possible that nuclear control is involved, or
perhaps the in vitro conditions favor a particular combi-
nation. To determine the mechanism more clearly, a
study of many more cybrids is required, as in most pub-
lished experiments fewer than ten plants were analyzed.
Pelletier et al. (1983) did not obtain male-fertile plants
with Ogura chloroplasts. Chuong et al. (1988) also used
no selection; out of 261 regenerants only 1 was the de-
sired combination of ATR-cms, and the remainder were
parental types. No ATS-fertile plants were obtained.
Yarrow et al. (1986) used selection, but found that or-
ganellar sorting appeared to favor the native B. napus
chloroplasts (ATS). Barsby et al. (1987 b) also noted non-
random organellar sorting as they obtained no ATS-fer-
tile plants. The type of cell used in the fusion does not
appear to affect the outcome. Barsby et al. (1987b) found
that mitochondria were not contributed from mesophyll
protoplasts, and in the present study mitochondria were
not contributed from hypocotyl protoplasts. In the pres-
ent study, proplastids from the hypocotyl protoplasts were

able to out-compete the chloroplasts from the mesophyll
protoplasts. This has been reported previously in other
fusions involving Brassica (Barsby et al. 1987 a; Jourdan
etal. 1989a, b; Yarrow et al. 1990).

Detailed characterization of the organellar genomes
in the ATR-cms-nigra fusion products indicates that the
chloroplasts were contributed by the B. campestris parent
and the mitochondria were contributed by the B. nigra
parent. Thus, protoplast fusion and chloroplast transfer
has occurred, rather than a mutation. Culture-induced
triazine resistance is limited to one report with Nicotiana
plumbaginifolia; the resistance was maternally inherited
(Cseplo et al. 1985).

No recombination or rearrangement of the mito-
chondrial genome was detected in the ATR-cms fusion
products. The presence of such mtDNA recombination
may have been of use in identifying the region associated
with cms-nigra, as has been achieved in Petunia (Young
and Hanson 1987). In other studies involving cytoplasm
manipulation in Brassica, both mtDNA recombination
(Morgan and Maliga 1987; Jourdan etal. 1989b) and
lack of mtDNA recombination (Jourdan et al. 1989a;
Yarrow et al. 1990) have been reported.

The ATR-cms plants developed may be of particular
use for horticultural purposes. They may be useful for
hybrid seed production after further selection to remove
the undesirable characters, particularly rapid bolting,
noted in the cms-nigra material (Christey 1989). The
ATR-cms plants would be useful in hybrid seed produc-
tion to eliminate pollinators after fertilization (Bevers-
dorf etal. 1985). Also, atrazine resistance will allow
planting in areas with atrazine residue.

The horticultural potential of the ATR-cms plants is
enhanced by the fact that they appear as vigorous as the
parental broccoli material, as shown by field analysis of
progeny (in preparation). These ATR-cms plants may be
of value in physiological studies on the effect of ATR on
vigor. Previous studies with Brassica have shown that
atrazine resistance has associated yield penalties. For ex-
ample, the ATR cauliflower developed by Jourdan et al.
(1989 a) showed lower germination and a slower growth
rate, leading to a 3-week delay in maturity as compared
to the ATS line (M. H. Dickson, personal communica-
tion). In B. napus, atrazine resistance is associated with
lower biomass and seed yield as compared to an isogenic
ATS line (Grant and Beversdorf 1985; Gressel and Ben-
Sinai 1985; Rébbelen 1987). Mapplebeck et al. (1982)
also noted that seedlings of ATR B. campestris were less
vigorous than the ATS biotype. In other genera, includ-
ing Amaranthus hybridus (Ahrens and Stoller 1983),
A. retroflexus, and Senecio vulgaris (Conard and Rado-
sevich 1979), atrazine resistance is also associated with
reduced vigor, and lower biomass and seed yield. The
decreased vigor of these ATR biotypes is thought to be
caused by the photosynthetic inefficiency of the ATR



chloroplasts (Radosevich and Holt 1982). However,
studies with ATR and ATS biotypes of Phalaris paradoxa
indicate that atrazine resistance is not always associated
with reduced plant vigor (Schonfeld etal. 1987). In
B. napus, the observation that ATR single-cross hybrids
perform better than the ATR parent suggests that con-
ventional breeding could be used to obtain nuclear-
cytoplasmic combinations with increased performance
(Grant and Beversdorf 1985).

Acknowledgements. This work was supported in part by an
NRAC post-graduate fellowship from the New Zealand govern-
ment to MCC, a USDA grant (85-CRCR-1-1608) to EDE, and
an NSF grant (DMB8919264) to CAM. The assistance of Clare
Poleman-Stephenson and Margaret Temple with the isozyme
analysis and DNA isolation is appreciated.

References

Ahrens WH, Stoller EW (1983) Competition, growth rate and
CO, fixation in triazine-susceptible and -resistant smooth
pigweed (Amaranthus hybridus). Weed Sci 31:438-444

Bannerot H, Boulidard L, Cauderon V, Tempe J (1974) Transfer
of cytoplasmic male sterility from Raphanus sativus to Brassica
oleracea. In: Proc. Bucarpia Meeting-Cruciferae, Scottish
Hortic Res. Inst. Invergavrie, A. B. Wills and C. North, UK,
pp 52-54

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

Barsby TL, Chuong PV, Yarrow SA, Wu S-C, Coumans M,
Kemble RJ, Powell AD, Beversdorf WD, Pauls KP (1987 a)
The combination of Polima cms and cytoplasmic triazine
resistance in Brassica napus. Theor Appl Genet 73:809-814

Barsby TL, Kemble RJ, Yarrow SA (1987b) Brassica cybrids
and their utility in plant breeding. In: Wettstein D von, Chua
N-H (eds) Plant molecular biology. Plenum Press, New
York, pp 223-234

Beversdorf WD, Weiss-Lerman J, Erickson LR, Souza Machado
V (1980) Transfer of cytoplasmically-inherited triazine resis-
tance from Bird’s rape to cultivated oilseed rape (Brassica
campestris and B. napus). Can J Genet Cytol 22:167-172

Beversdorf WD, Erickson LR, Grant I (1985) Hybridization
process utilizing a combination of cytoplasmic male sterility
and herbicide tolerance. US Patent 4,517,763

Chatterjee G, Sikdar SR, Das S, Sen SK (1988) Intergeneric
somatic hybrid production through protoplast fusion be-
tween Brassica juncea and Diplotaxis muralis. Theor Appl
Genet 76:915-922

Christey MC (1989) Cell and tissue culture studies of Brassica
oleracea and B. campestris. PhD thesis, Cornell University,
Ithaca, NY

Chuong PV, Beversdorf WD, Powell AD, Pauls KP (1988) So-
matic transfer of cytoplasmic traits in B. napus L. by haploid
protoplast fusion. Mol Gen Genet 211:197-201

Conard SG, Radosevich SR (1979) Ecological fitness of Senecio
vulgaris and Amaranthus retroflexus biotypes susceptible or
resistant to atrazine. J Appl Ecol 16:171-177

Cseplo A, Medgyesy P, Hideg E, Demeter S, Marton L, Maliga
P (1985) Triazine-resistant Nicotiana mutants from photo-
mixotrophic cell cultures. Mol Gen Genet 200: 50§-510

Dellaporta SL, Wood J, Hicks JB (1985) Maize DNA miniprep.
In: Malmberg R, Messing J, Sussex I (eds) Molecular biology
of plants. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor/NY, pp 36-37

207

Dickson MH (1975) G1117A, G1102A, and G1106A cytosterile
broceoli inbreds. Hortic Sci 10:535

Dickson MH, Kyle M (1987) Seed production on cytosterile
Brassica oleracea plants with B. nigra cytoplasm. Cruciferae
Newslett 12:45

Galun E, Aviv D, Breiman A, Fromm H, Perl A, Vardi A (1987)
Cybrids in Nicotiana, Solanum and Citrus: isolation and
characterization of plastome mutants: pre-fusion treat-
ments, selection and analysis of cybrids. In: Wettstein D von,
Chua N-H (eds) Plant moleclar biology. Plenum Press, New
York, pp 199-222

Glimelius K, Djupsjobacka M, Fellner-Feldegg H (1986) Selec-
tion and enrichment of plant protoplast heterokaryons of
Brassicaceae by flow sorting. Plant Sci 45:133-141

Grant I, Beversdorf WD (1985) Agronomic performance of tri-
azine-resistant single-cross hybrid oilseed rape (Brassica na-
pus L.). Can J Plant Sci 65:889—-892

Gressel J, Ben-Sinai G (1985) Low intraspecific competitive fit-
ness in a triazine-resistant, nearly nuclear-isogenic line of
Brassica napus. Plant Sci 38:29-32

Hoser-Krauze J, Antosik J (1987) Horticultural value and seed
setting of cytoplasmic male-sterile cauliflower lines with
Raphanus sativus CMS (Bannerot). Cruciferac Newslett
12:34-35

Jarl CI, Bornman CH (1988) Correction of chlorophyll-defec-
tive, male-sterile winter oilseed rape (Brassica napus)
through organelle exchange: phenotypic evaluation of prog-
eny. Hereditas 108:97-102

Jourdan PS, Earle ED, Mutschler MA (1989 a) Atrazine-resis-
tant cauliflower obtained by somatic hybridization between
Brassica oleracea and B. napus. Theor Appl Genet 78:271—
279

Jourdan PS, Earle ED, Mutschler M (1989 b) Synthesis of male
sterile, triazine-resistant Brassica napus by somatic hy-
bridization between cytoplasmic male sterile B. oleracea and
atrazine-resistant B. campestris. Theor Appl Genet 78:445—
455

Kolodner R, Tewari KK (1972) Physiochemical characterization
of mitochondrial DNA from pea leaves. Proc Natl Acad Sci
USA 69:1830-1834

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

Maniatis T, Fritsch EF, Sambrook J (1982) Molecular cloning:
a laboratory manual. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor/NY

Mapplebeck LR, Souza-Machado V, Gronzinski B (1982) Seed
germination and seedling growth characteristics of atrazine-
susceptible and -resistant biotypes of Brassica campestris.
Can J Plant Sci 62:733-739

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 chiloroplast segregation and
recombination of mitochondrial DNA in Brassica cybrids.
Mol Gen Genet 209:240—-246

Palmer JD, Herbon LA (1988) Plant mitochondrial DNA
evolves rapidly in structure, but slowly in sequence. J Mol
Evol 28:87-97

Pearson OH (1972) Cytoplasmically inherited male sterility
characters and flavor components from the species cross
Brassica nigra (L.) Koch x B. oleracea L. Am Soc Hortic Sci
97:397-402

Pelletier G (1989) Organelle manipulation by cybridization:
methods, results and applications. In: Quiros CF, McGuire
PE (eds) Proc 5th Crucifer Genet Workshop, University of
California, Davis, April 7-9, pp 15-16



208

Pelletier G, Primard C, Vedel F, Chetrit P, Remy R, Rousselle P,
Renard M (1983) Intergeneric cytoplasmic hybridization in
Cruciferae by protoplast fusion. Mol Gen Genet 191:244 -
250

Radosevich SR, Holt JS (1982) Physiological responses and
fitness of susceptible and resistant weed biotypes to triazine
herbicides. In: LeBaron HM, Gressel J (eds) Herbicide resis-
tance in plants. Wiley and Sons, New York, pp 163-183

Rébbelen G (1987) Measurement of yield penalty for triazine
tolerance in oilseed rape, B. napus L. Cruciferac Newslett
12:124-125

Robertson D, Earle ED (1986) Plant regeneration from leaf
protoplasts of B. oleracea var. italica cv Green Comet broc-
coli. Plant Cell Rep 5:61-64

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

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

Schonfeld M, Yaacoby T, Michael O, Rubin B (1987) Triazine
resistance without reduced vigor in Phalaris paradoxa. Plant
Physiol 83:329-333

Walters TW, Earle ED, Dickson MH (1990) Male-sterile, cold-
tolerant cauliflower. In: McFerson JR, Kresovich S, Dwyer
SG (eds) Proc. 6™ Crucifer Genet Workshop, Cornell Uni-
versity, Ithaca NY October 6-9, p 41

Wendel JF, Weeden NF (1989) Visualization and interpretation
of plant isozymes. In: Soltis D, Soltis P (eds) Isozymes in
plant biology. Dioscaorides Press, Washington/D.C.

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

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

Young EG, Hanson MR (1987) A fused mitochondrial gene
associated with cytoplasmic male sterility is developmentally
regulated. Cell 50:41-49



