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Abstract Protoplast fusion between Brassica oleracea
and Moricandia nitens, a C;—C, intermediate wild spe-
cies, was carried out. Four hundred and twenty five
plants were regenerated from 1995 calli. More than 90%
of the regenerated plants were verified as true intergener-
ic hybrids on the basis of morphological observation and
molecular-marker analysis. The hybrids were morpho-
logically intermediate between both fusion parents. Vari-
ations in flower color and petal number were also ob-
served. The chromosome number and pollen fertility var-
ied across the individual hybrids. Although after self-
pollination pollen germinated on the stigma and pollen
tubes were visible in the style, the pods did not develop
properly without in vitro culture. Measurements of the
CO, compensation point revealed that six out of eight
hybrid plants expressed a gas-exchange character that
was intermediate between the C;—C, M. nitens and C; B.
oleracea parents.
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Introduction

Brassica oleracea is one of the most important vegetable
crops in the world and includes several subspecies such
as cabbage, kohlrabi, broccoli and cauliflower. B. olera-
cea, together with Brassica campestris and Brassica ni-
gra, is also a basic species constituting the amphidiploid
oilseed crops Brassica napus and Brassica carinata
(U 1935; Olsson 1960). It is attractive to Brassica crop
breeders to increase the production of B. oleracea by
modifying its photosynthetic characteristics.

The genus Moricandia, classified in the subtribe
Moricandiiae of the tribe Brassiceae, was reported to be
unique within the Cruciferae since it contains C;-C, in-
termediate species (Hylton et al. 1988). In total includes
five C;—C, intermediate species, viz. Moricandia arven-
sis, Moricandia nitens, Moricandia sinaica, Moricandia
spinosa and Moricandia suffruticosa (Hylton et al. 1988;
McVetty et al. 1989; Rawsthorne 1992). The differential
expression of active glycine decarboxylase (GDC) in the
cells of mature leaves and the combination of Kranz-like
leaf anatomy with a differential distribution of organelles
(mitochondria, chloroplasts and peroxisome) in the bun-
dle-sheath cells result in the efficient recapture of photo-
respiratory CO, and account for the low CO, compensa-
tion point of these species (Rawsthorne et al. 1988). It
has also been suggested that the greater efficiency of
CO, recapture observed in C;—C, intermediate species
could, if introduced into crop species, improve their wa-
ter-use efficiency compared to C; forms of the same
crops, especially under conditions of water stress
(McVetty et a. 1989; O'Neill et al. 1996).

In order to transfer C;—C, genes into crops, many hy-
bridizations between M. arvensis and Brassica/Raphanus
species have been carried out (Apel et al. 1984; Toriy-
ama et al. 1987; Takahata 1990; Takahata and Takeda
1990; Kirti et al. 1992; Takahata et al. 1993; Bang et al.
1996; O'Neill et al. 1996; Meng et al. 1998). However,
up to now, C;—C, genes have not been transferred into
crops due to the low fertility of the hybrids or to the dif-
ficulty in expressing the genes from the C;—C, parent in
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the hybrids (Meng et al. 1998). There are only two previ-
ous papers concerning the expression of the C;—C, char-
acter in such hybrids (Apel et al. 1984; O'Neill et al.
1996) and, total, only 4 out of 14 hybrids showed a limit-
ed expression of the C;—C, character.

M. nitens has the lowest CO, compensation point
(F=5 pICO,1-1) in the genus Moricandia and has a close
relationship with Brassica crops (Rawsthorne 1992;
Meng and Gan 1998). There is only one recent report
about hybridization involving M. nitens and Brassicas.
After hundreds of pollinations followed by embryo res-
cue, a single plant was obtained from a sexual cross be-
tween M. nitens and B. napus, a tetraploid Brassica crop
(Rawsthorne et al. 1998). In the present paper, we report
on the mass-production of somatic hybrids between M.
nitens and a diploid Brassica crop, B. oleracea.

Materials and methods

Plant material

The seeds of M. nitens were supplied by Dr. S. Rawsthorne, John
Innes Centre, Norwich, UK. Seeds of B. oleracea var. Italica culti-
var ‘Lude dihaploid’” were supplied by Dr. Gengyi Li, Institute of
Horticulture, Henan Academy of Agricultura Sciences,
Zhengzhou, China. The other seeds were bought from a seed mar-
ket in Wuhan. The seeds of M. nitens were sown in a greenhouse.
Shoots from one plant were then transferred to hormone-free B5
medium (Gamborg et al. 1968) after surface sterilizing for 12 min
and washing three times. The seeds of B. oleracea were germinat-
ed directly on MS medium (Murashige and Skoog 1962) after sur-
face sterilizing. Both seedlings and shoot tips were maintained un-
der a photoperiod cycle of 16-h light/8-h dark, with alight intensi-
ty of 80 pEm—2sL, at 25°C.

Protoplast isolation, fusion, culture and plant regeneration

M. nitens protoplasts were isolated from fully expanded |leaves of
40-day-old shoot cultures as described by Tian and Meng (1999).
B. oleracea protoplasts were isolated from 4—7-day-old hypocotyls.
About 100 hypocotyls were transversely cut into 2-3-mm seg-
ments, and pre-plasmolysed in CPW-13 M for 0.5-1 h. The pre-
plasmolysis solution was then replaced with 10 ml of enzyme mix-
ture solution. The enzyme mixture consisted of CPW-9 M solution
(Power and Davey 1979) with 1% Celluase R-10 (Onozuka,
Yakult Honsha Co. Ltd, Tokyo, Japan), 0.2% Macerozyme R-10
(Onozuka, Yakult Honsha Co. Ltd, Tokyo, Japan), 0.5% Hemic-
ellulase (Sigma), 5 mM of MES, and 0.5 g1 of BSA, pH 5.6. Di-
gestion was carried out on a gyratory shaker (40 rpm) at 25°C in
the dark for 16 h. The crude products of digestion were purified ac-
cording to the method described for M. nitens (Tian and Meng
1999), with the exception that the pellets were washed first in
CPW-9 M and then in W5 salt solution (Menczel and Wolfe 1984).

Protoplast fusion was done as described by Kirti et al. (1995)
with the following modifications. Protoplasts of B. oleracea and
M. nitens were mixed together in equal quantities (2x106 ml-1).
Three 150-pyl droplets of PEG solution [20% (w/v) PEG, MWt
8000 (sigma); 10% DM SO (dimethylsulphoxide); 3.6% (w/v) Glu-
cose; 0.17% (w/v) CaCl,-2 H,0; 0.0095% (w/v) KH,PO,, pH 5.8]
were then placed on the base of a 6-cm Pertri dish to form the cor-
ners of atriangle, with 1 cm separating each drop. The same vol-
ume of mixed protoplast suspension was placed on each droplet of
PEG solution. After 5 min, the mixture was diluted with 3 ml of
W5 solution and left undisturbed for 25 min. The fusion mixture
was then collected by centrifugation (500 rpm, 5 min) and washed
once with modified KM8p medium before culture.

The culture method employed was that of Tian and Meng
(1999). When microcalli were visible to the naked eye, the micro-
calli were transferred to K3 amplification medium (Tian and Meng
1999) for enlarging. When they had grown to about 4-5 mm in di-
ameter, calli were large enough to be transferred to K3 regenera-
tion medium (Tian and Meng 1999) to promote shoot morphogen-
esis. Calli with shoots were then transferred to B5 medium for
shoot elongation and rooting.

Characterization of somatic hybrids

Total DNA was isolated from the parents and regenerated plants
following the procedure of Rogers and Bendich (1988). The hy-
brid nature of the regenerates was established through RAPD anal-
ysis following Tu et a. (1997) using 40 10-mer primers supplied
by the Shanghai Sangon Biotech. Co., China.

Cytological observations were made on young leaves or shoots
cultured in MS medium supplemented with sucrose (3% wi/v),
agar (0.8% w/v), BA (6-benzylaminopuring, 3 mgl-1) and NAA
(0.2 mgl-1). Young leaves and shoots were treated with 2 mM of
8-hydroxyquinoline for 34 h and fixed in Carnoy’s solution. Be-
fore squashing, they were hydrolysed in 1 M HCI at 60°C for
about 10 min and then stained with acetocarmine.

The CO, compensation point (I") measurement was done ac-
cording to Moss (1962) and Jiao and Ku (1991) at 28.5°C and
with alight intensity of 180 pEm—2s-1 using ainfra-red gas analyz-
er.

To measure the pollen-germination ability, fresh pollen grains
were placed in pollen-germinating medium. The medium, modi-
fied from Roberts et al. (1983) and Zhao et al. (1986), consisted of
25% (w/v) sucrose, 100 ppm H3BO,, 200 ppm CaCl,, 100 ppm
KNO;, 50 ppm BA and 30 ppm GA; (gibberellin), pH 7.9. After
culture for 1 h, the pollen grains were observed with a microscope
and the pollen-germination percentage counted. Pollen germina-
tion on the stigma and pollen-tube penetration into the style were
observed with the ABF method according to Dumas and Knox
(1983). After pollination, pistils were fixed in ethanol-acetic acid
solution (3:1, v/v), treated with 8 M NaOH for 8 h, stained with
0.1% aniline blue solution, and examined with a fluorescence mi-
Croscope.

Results
Protoplast fusion, in vitro culture and plant regeneration

In five independent fusion experiments the first cell divi-
sions were observed at 4—7 days after protoplast fusion.
After 4 weeks in culture, many microcalli were present
(Fig. 1A). Microcalli were then transferred to K3 ampli-
fication medium. After 3-weeks culture on the medium,
the calli were transferred to K3 regeneration medium.
One-month later, many shoots regenerated from these
calli with an average of one shoot per five cali (Fig. 1B;
Table 1).

Verification of the somatic hybrids

Thirty four out of forty random primers showed a dis-
tinctive polymorphism of the PCR products between the
parent lines. RAPD markers amplified by the informa-
tive primers were used to identify the somatic hybrids
from the regenerated plantlets. From 94 analyzed plant-
lets, 89 plants with the specific bands of both parents
were identified amongst the putative somatic hybrids



Fig. 1 A Cali which appeared
in the dish after protoplast fu-
sion and culture for 4 weeks.

B Some shoots regenerated
from the callus which were
ready for rooting. C RAPD
banding pattern of intergeneric
hybrids and their fusion parents
using the 10-mer oligonucle-
otide primer S;;45. B. oleracea
var. italica cv Lude dihaploid
(lane 1), M. nitens (lane 20)
and their hybrids (lanes 2-19);
the RAPD pattern of the hy-
brids includes one band from

B. oleracea var. italica cv Lude
diphaploid and two bands from
M. nitens
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C

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

;r%b;ﬁe%at’:émzﬁg ?,ﬁgg'u'ée%” d Combination Code No. of calli  No. of shoots  Regeneration
from the protoplast fusion be- number produced regenerated frequency
tween M. nitens and B. olera- - -
cea M. nitens+B. oleracea var. italica MO30 468 11 23.7%

cv Lude dihaploid

M. nitenst+B. oleracea var. italica MO36 366 105 28.7%

cv Yazhi

M. nitens+B. oleracea var. italica MO37 227 84 37.0%

cv Meiluxilanhua

M. nitens+B. oleracea var. gongylodes ~ MO43 99 17 17.2%

cv Yuanyi

M. nitens + B. oleracea var capitata MO44 835 108 12.9%

cv Jingfeng 1

Totals 1995 425 21.3%

(Fig. 1C, Table 2). The hybrid nature of these plants, se-
lected by RAPD analysis, was further demonstrated by
morphological observations of the plantlets grown in the
test-tube. The leaves of the hybrid plantlets were fleshy
with only small midribs, like M. nitens. At the same
time, the hybrid plants also had a distinguishable petiole,
like B. oleracea.

Characterization of the somatic hybrids

While most of the hybrid plantlets were maintained in
the test tube prior to planting out in the greenhouse,
some of the first somatic-fusion plantlets that were re-
generated were rooted and transplanted into soil. The
morphologically intermediate feature of the hybrids be-
came increasingly visible as the plants grew. M. nitens

has small and fleshy |eaves whose petioles cannot be dis-
criminated from the blade, while B. oleracea has large
leaves with a symmetric cleft and a distinguishable peti-
ole. The leaves of hybrids were intermediate in size,
half-fleshy with a symmetric cleft and a remarkabl e peti-
ole (Fig. 2A, B). To-date 11 hybrids have flowered. Most
of the petals in the hybrids were white with violet veins,
while M. nitens has purple flowers and cauliflower has
light-yellow flowers. Variations in flower color and petal
number were also observed in the hybrids, e.g. light-yel-
low flower (MO36-8) and five-petaled flower
(MO30-8).

Five hybrids were cytologically checked. The chro-
mosome number in somatic cells varied between individ-
ua plants and even within an individual plant. While
cells of MO30-41 had 46 chromosomes, as expected,
most cells of MO36—4 and MO37-1 had 92 chromo-



Fig. 2 A A hybrid plant and its fusion parents grown in soil. Left:
B. oleracea var. italica cv Lude di-haploid; middle: the hybrid
plant; right: M. nitens. B Leaf morphology of the hybrid plant and
its fusion parents. Left: B. oleracea var. italica cv Lude di-hap-
loid; middle: hybrid plant; right: M. nitens. C Metaphase cell with

46 chromosomes from the hybrid plant MO3041. D Metaphase
cell with 92 chromosomes from the hybrid plant MO30-65. Cells
with 46 chromosomes were a so observed in this plant (not shown
in the fig.). E Pollen grains of B. napus which germinated normal-
ly on the stigma of somatic hybrid plant MO37-17

Table 2 Theresults of the fu-

; Code number ~ Number of Number of Number of Number of Frequency of
sion products by morphology plantletsbeen  hybrid plantlets  plantlets of plantlets of hybrid plantlets
and RAPD analysis : . . -

examined identified M. nitens B. oleracea
MO30 60 57 0 3 95%
MO36 13 1 0 2 84.6%
MO37 13 13 0 0 100%
MO44 4 4 0 0 100%
MO48 4 4 0 0 100%
Totals 94 89 0 5 94.6%

somes and no cell with 46 chromosomes was observed,
probably due to fusion between two cells of M. nitens
and two cells of B. oleracea. However, both 92 ( in most
cases) and 46 chromosomes were observed in the cells of
MO30-65; chromosome doubling during subculture
might account for this variation (Fig. 2C, D). There were
74 chromosomes in cells of MO30-38 indicating a fu-
sion event between two cells of M. nitens and one cell of
B. oleracea. Interestingly, this plant had the lowest CO,
compensation point (M=24+0.81 plCO,-1) among all of
the hybrid plants measured. The chromosome ploidy co-
incided with the pollen fertility of the plants, i.e. the
amphidiploid hybrid plant MO30-41 produced fully fer-

tile pollen, the hexaploid plant MO30-38 was half ster-
ile, and the octoploid plants MO36—4 and MO37-1 yield
no pollen grains (Table 3).

In most cases the anthers were stunted and contained
few fertile pollen grains. However, in hybrids MO30-1,
MO30-40 and MO36-8 the anthers were normal and
produced plenty of pollen. More than 70% of these pol-
len grains germinated in pollen-germinating medium.
When the hybrid plants (M0O36-8) were self-pollinated,
pollen grains germinated on the stigma and pollen tubes
penetrated down to the style. However, several abnormal
phenomena were also observed such as pollen tubes
winding on the surface of the stigma, short pollen tubes
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Table 3 Summary of chromo-

some numbers, CO, compensa- Species or fusion Chromosome CO, compensation Pollen fertility

tion point and fertility data combination number number in point

from particular somatic hybrids somatic cells

and their fusion parents ) )
M. nitens 28 6+0.05 Fertile
B. oleracea 18 78+1.84 Fertile
MQO30-1 Sterile
MO30-38 74 24+0.81 Half-sterile
MO30-40 Sterile
MO30-41 46 Fertile
MO30-65 46 and 92 7310.75
MO36+4 92 38+2.37 Sterile
MO36-8 Fertile
MO37-1 92 51+1.92 Fertily
MQO37-2 52+0.27
MO37-15 Fertile
MO37-17 Fertile
MO43-3 62+1.78
MO44-4 51+0.36
MO44-5 82+1.34

rejected by papilla cells, heavy callose deposited within
the pollen tube, and with tubes stopping growth in the
style. The same phenomena were observed when the hy-
brid plants MO37-15 and MO37-17 were pollinated
with pollen of B. napus (Fig. 2E). The pods that devel-
oped on the plants continued growth for 3—4 days after
pollination but then turned yellow and died.

The CO, compensation point (I') of eight hybrid
plants was measured. The I' values of six hybrids were
significantly intermediate between their parents. It is ap-
parent that the genes determining C;—C, character in M.
nitens were not completely suppressed by the genes of B.
oleracea in the somatic hybrids.

Discussion

In this series of experiments, protoplast fusion between
M. nitens and B. oleracea led to the regeneration of 425
plantlets from 1995 calli in five interspecific fusion com-
binations. Overall, more than 90% of the putative hybrid
plants were confirmed to be true hybrids according to
their morphological characters and DNA fingerprinting
analysis even though no selection for hybrids was made.
That hybrid plants regenerated at high frequency had
also been observed in a previous fusion combination be-
tween M. arvensis and B. oleracea (Toriyama et al.
1987) and a series of interspecific and intergeneric proto-
plast fusion combinations involving Citrus (Deng et al.
1992; Ling and Iwamasa 1994; Guo et al. 1998). When
the mixed protoplasts of M. nitens and B. oleracea were
cultured, many more calli were derived from M. nitens.
It suggested that the modified KM8p medium was more
adaptable to M. nitens at the callus growing stage. We
also found that the plantlets of B. oleracea growing in
K3 and B5 medium, which were used in shoot regenera-
tion, produced more leaves and roots than that of M. ni-
tens (data not shown). It is therefore possible that only
somatic hybrids containing the genomes of both M. ni-
tens and B. oleracea would have superiority during both

the development and differentiation of calli. As such this
could lead to a degree of selection for the hybrid plants
at the stage of establishing plantlets.

To-date four papers have presented data about CO,
compensati on-point measurement on hybrids between M.
arvensis or M. nitens and Brassica crops. Only five of
these hybrid plants had a photosynthetic character that
was intermediate between those of their parents (Apel et
al. 1984; Meng et al. 1998; O'Neill et al. 1996; Raws-
thorne et al. 1998). Apel et a. (1984) obtained a hybrid
plant between M. arvensis and B. oleracea var. albogla-
bra, and this hybrid had a ' value between both of the
parents. O'Neill et al. (1996) and Meng et al. (1998) ob-
tained a range of hybrid plants from somatic and sexual
hybridization involving M. arvensis and B. napus. Of
these only three hybrids had a lower CO, compensation
point than B. napus (O’ Neill et a. 1996). Rawsthorne et
al. (1998) have recently reported that the CO, compensa-
tion point of a hybrid between M. nitens and B. napus
was only dlightly less than that of the C; parent, B.
napus. However, partia confinement of glycine decar-
boxylase activity to the bundle sheath cells was observed
revealing that the C,—C, character was being expressed,
at least partially, in the hybrid. Furthermore, the CO,
compensation point of six somatic hybrids between M.
nitens and B. napus produced in our laboratory also had
arl vauelikethat of B. napus (paper in preparation).

In contrast to the above reports, six out of the eight
hybrids between M. nitens and B. oleracea produced in
this study have a much lower CO, compensation point
than that of the C; parent. It is possible that the C;—C,
character could be expressed more easily in the presence
of the CC diploid genome than that of AACC amphidip-
loid genome. There may be respectively one and two sets
of genes in the B. oleracea (CC) and B. napus (AACC)
genomes that interact with the genes controlling the ex-
pression of the C;—C, character. The presence of both
sets in the amphidiploid could, therefore, lead to a
stronger suppression in the gene-dosage response. Inter-
estingly, the hybrid plant with the lowest " value in our
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experiment was the one with 74 chromosomes, involving
the sum of two sets of choromosomes of M. nitens and
one set of B. oleracea. On the basis of the data presented
here on the successful hybridization produced between
M. nitens and B. oleraces, it is suggested that the most
practical way for transferring the C;—C, character into
amphidiploid Brassica crops would be to use a diploid
species as an initial acceptor. Since most of the hybrid
plants showed normal flowers in the hybrids of M. ni-
tens+B. oleracea, some recombinants would be expected
and could be screened out in the offspring after cross-
pollination followed by embryo rescue.
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