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Abstract Seven interspecific hybrids were produced
between Brassica maurorum ($), a wild species resistant
to Alternaria blight and white rust, and all the mono-
genomic (B. campestris, B. nigra and B. oleracea) and
digenomic (B. juncea, B. napus and B. oleracea) crop
brassicas (#) through embryo rescue. The hybrids were
confirmed by means of morphological and cytological
studies. All the hybrids were pollen-sterile. Amphidip-
loids were induced in three of the hybrids: B. maurorum
]B. napus, B. maurorum]B. carinata, B. maurorum]
B. nigra. The hybrids were also confirmed through
DNA analyses for nuclear and organelle genomes using
RAPD and RFLP techniques.

Key words Brassica maurorum · Crop brassicas ·
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Introduction

Narrow genetic variability in crop brassicas is a major
limitation in their breeding programmes. Many wild
and weedy relatives of crop brassicas belonging to
Brassica coenospecies are a rich source of genes confer-
ring resistance/tolerance to biotic and abiotic stres-
ses (Warwick 1993; Chopra et al. 1996). Further, the
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cytoplasm of many wild relatives induces cytoplasmic
male sterility in crop brassicas (Banga 1996). Wide
hybridization between wild and cultivated species
is an important approach that is used to tap desirable
nuclear and cytoplasmic traits (Warwick 1993;
Chopra et al. 1996). However, wide hybridization in
Crucifers is difficult because of the presence of pre- and
post-fertilization barriers (Inomata 1993; Shivanna
1996). In recent years, many biotechnological ap-
proaches have been used to overcome these barriers,
and a number of wide hybrids have subsequently
been produced (Inomata 1992; Shivanna 1996).
Nevertheless, there is ample scope for the production of
new wide hybrids as a lot of wild germplasm remains
unexploited.

Brassica maurorum is endemic to North Africa
(Tsunoda 1980). This species shows considerable resist-
ance to white rust and Alternaria blight (Shyam
Prakash, personal communication). We have been
growing this species during the last 4 years amidst
cultivated brassicas. Although the cultivated species,
particularly B. campestris and B. juncea, got severely
infected with white rust and Alternaria blight every
year, plants of B. maurorum never got infected with
these diseases. The present paper reports the produc-
tion of seven interspecific hybrids between B. maurorum
($) and all the mono- and digenomic species of crop
brassicas (#) through embryo rescue and their charac-
terization using morphological and cytological charac-
ters, and by DNA analyses.

Materials and methods

The seeds of all the species used in the present investigation were
obtained from Dr. Shyam Prakash, National Research Centre for
Plant Biotechnology, IARI, New Delhi. The species used are: Brass-
ica maurorum Durien (2n"16, B.B.), B. campestris L. ssp. oleifera
var ‘brown sarson’ (2n"20, AA), B. nigra L. Koch strain 257
(2n"16, BB), B. oleracea L. Bailey (two varieties: ‘alboglabra’ and
‘botrytis’) (2n"18, CC), B. juncea (L.) Czern. cv ‘pusa bold’



Table 1 Hybrids obtained
through field pollinations Cross Number of Number of Number of

pollinations seeds formed hybrid seedlings
established

B. maurorum]B. nigra 92 5 5
B. maurorum]B. oleracea var botrytis 80 4 2
B. maurorum]B. napus 71 7 2

Table 2 Results of embryo rescue methods in realizing interspecific hybrids

Cross Ovary culture Ovule culture Sequential culture Total no.
of hybrid

Number Number Number Number of Number Number Number of plants
of ovaries
cultured

of seeds
formed

of ovules
cultured

seedlings
formed

of pistils
cultured

of ovules
excised and

seedlings
formed

established

recultured

B. maurorum]B. campestris 93 0 45 0 173 60 4 4
B. maurorum]B. nigra 170 3 27 1 105 38 16 20
B. maurorum]B. oleracea 101 0 18 0 197 30 4 4

var alboglabra
B. maurorum] B. oleracea 201 2 48 0 76 60 4 6

var botrytis
B. maurorum]B. juncea 110 0 68 0 147 72 5 5
B. maurorum]B. napus 87 4 43 1 83 97 4 9
B. maurorum]B. carinata 61 0 23 0 160 51 4 4

(2n"36, AABB), B. napus L. strain 706 (2n"38, AACC) and B.
carinata Braun (2n"34, BBCC). The plants of all these species were
grown in the botanical garden of the Department of Botany, Univer-
sity of Delhi.

Flower buds of the female parents were emasculated 1 day before
anthesis and bagged. They were pollinated the next day with freshly
collected pollen from the male parents and rebagged. Some of the
pollinated pistils were used for pollen germination and pollen-tube
growth studies using the aniline blue fluorescence method (Linskens
and Esser 1957). Some pollinated flowers were left on the plants until
their drying out or fruit maturity. The remaining pollinated pistils
were used for embryo rescue in the form of ovary, ovule and
sequential culture using Murashige and Skoog’s (MS) (1962) me-
dium enriched with casein hydrolysate (500 mg/l). For ovary culture,
the pistils were excised 4—6 days after pollination, surface-sterilized
with 0.1% mercuric chloride and cultured. For ovule culture, pistils
10 days after pollination were surface-sterilized and the ovules were
dissected and cultured. For sequential culture, the cultured ovaries
were removed from the culture medium 10 days after the initiation of
culture; enlarged ovules were then dissected out and recultured on
fresh medium.

The seedlings recovered through embryo rescue were multiplied
through culture of shoot tips and single node segments on MS#
6-benzylaminopurine (BAP) (0.2 mg/l)#kinetin (Kn) (0.1 mg/l)
medium. New shoots produced on this medium were rooted on
MS#3-indolebutyric acid (IBA) or 1-naphthylacetic acid (NAA)
(0.2 mg/l) medium. In vitro-raised plantlets were hardened and
transplanted to the field. To induce amphidiploidy in the hybrids,
we rubbed cotton swabs dipped in a colchicine solution (0.1%)
onto axillary buds of in vitro and field-grown plants for 48 h.
Alternatively, the in vitro-raised plantlets were immersed in col-
chicine (0.1%) solution containing 1% dimethyl sulphoxide
(DMSO) for 4—6 h before hardening and transplantation (Rao et al.
1996).

For meiotic studies, flower buds were fixed in Carnoy’s fixative
(ethanol : chloroform : acetic acid, 6 : 3 : 1) for 24 h. Anthers were
squashed in 1% acetocarmine. Pollen fertility was determined by
staining in 1% acetocarmine.

For DNA analysis, total DNA was extracted from the leaves of
parents and hybrids according to Dellaporta et al. (1984). Three
restriction endonucleases, EcoRI, BamHI and HindIII, were used for
digesting total DNA according to the manufacturer’s instructions.
The digested DNA was electrophoresed on 1% agarose gel and
blotted onto nitrocellulose membranes (Amersham). The mem-
branes were hybridized to radioactive mitochondrial (mt) probes,
pCos 61 and pCos 88 (Pradhan et al. 1992), and chloroplast (cp)
probe psb D (Alt et al. 1984). Autoradiography was carried out at
!70°C. For random amplified polymorphic DNA (RAPD) analy-
sis, primers were obtained from Operon Technologies, Almeda,
USA. Amplifications were performed in Perkin-Elmer thermal cyc-
ler. Electrophoresis was carried out at 60 V for 5 h on a 1.8%
agarose gel, and the bands were visualized after staining with
ethidium bromide (0.5 lg/ml).

Results

Production of hybrids and amphidiploids

Aniline blue fluorescence studies of pollinated pistils
showed that Brassica maurorum is self-incompatible
(SI), although this self-incompatibility is weak and re-
sults in a few seeds from self-pollinations. Studies on
interspecific pollinated pistils revealed the absence of
pre-fertilization barriers between B. maurorum ($) and
all the crop species (#); pollen grains germinated and
pollen-tubes reached the ovary in all of the crosses.
However, reciprocal crosses showed pre-fertilization
barriers at the level of pollen germination or pollen-
tube entry into the stigma or pollen-tube growth
through the style. Field pollinations between B.
maurorum ($) and the six cultivated species resulted in
a few seeds in only three of the crosses (Table 1).
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Table 3 Meiotic analysis of F
1

hybrids and amphidiploids

Cross Genome Chromosome Number of Mean chromosome associations
number 2n PMCs (range in parenthesis)

studied
I II III IV V

B. maurorum]B. nigra-F
1

BmB 16 27 13.3 1.3 0 0 0
(8—16) (0—4)

B. maurorum]B. nigra-amphidiploid BmBmBB 32 22 0.28 14.7 0 0.28 0.14
(0—2) 12—16) (0—1) (0—1)

B. maurorum]B. Juncea-F
1

BmAB 26 26 16.7 3.5 0 0.25 0.25
(11—20) (3—4) (0—1) (0—1)

B. maurorum]B. napus-F
1

BmAC 27 24 17.5 4.75 0 0 0
(9—23) (2—9)

B. maurorum]B. napus-amphidiploid BmBmAACC 54 26 1.3 26.3 0 0 0
(0—4) (25—27)

B. maurorum]B. carinata-amphidiploid BmBmBBCC 50 18 1.0 24.5 0 0 0
(0—2) (24—25)

Results of embryo rescue methods are presented in
Table 2. Ovary culture yielded hybrids in only three of
the crosses, which also yielded seeds through field polli-
nation. Ovule culture yielded hybrids in only two of the
crosses, B. maurorum]B. nigra and B. maurorum]B.
napus. Sequential culture was successful in realizing
hybrids in all the seven of the crosses attempted
(Table 2).

All of the hybrids were multiplied in vitro through
the culture of shoot tips and nodal segments. Of the
two media, MS#IBA and MS#NAA, tested for the
rooting of in vitro-multiplied shoots, the former was
better; roots were long with sparsely distributed root
hairs, which facilitated the easy transfer of plantlets to
the field. One hundred percent transplantation efficien-
cy was obtained when plantlets rooted on MS#IBA
were transferred during late November and December,
when the ambient temperature was low.

Among the various methods of colchicine treatment
attempted, only immersion of plantlets in the colchicine
solution was successful in inducing amphidiploidy in
three hybrids: B. maurorum]B. nigra, B. maurorum]B.
napus and B. maurorum]B. carinata. No amphidip-
loids were realized in the other hybrids.

Morphology, cytology and DNA analyses

F
1
hybrids were grown to flowering. They were healthy

and intermediate in most of their quantitative cha-
racters with respect to their parents except for B.
maurorum]B. oleracea, B. maurorum]B. napus and
B. maurorum]B. carinata, in which the hybrids
were smaller than both the parents. Amphidiploids
were robust compared to their F

1
hybrids. Flowering

in the amphidiploids was delayed by about 15 days.
The amphidiploids of B. maurorum]B. nigra were pol-
len-fertile with 64% fertility, whereas those of B.
maurorum]B. napus and B. maurorum]B. carinata
were pollen-sterile.

Meiotic analyses of F
1

hybrids and amphidiploids
showed the expected chromosome numbers (Table 3).
Univalents were prevalent in F

1
hybrids (Fig. 1A, C, D)

and bivalents in amphidiploids (Fig. 1B). A quad-
rivalent and a pentavalent were also observed in
F
1

hybrids of B. maurorum]B. juncea and amphidip-
loids of B. maurorum]B. nigra. No higher associations
were observed in the amphidiploids B. maurorum]B.
napus and B. maurorum]B. carinata. Cytological anal-
ysis of the remaining three F

1
hybrids (B. maurorum]

B. campestris, B. maurorum]B. oleracea and B.
maurorum]B. carinata) could not be carried out due to
the drying of their flower buds before initiation of
meiosis or an unavailability of sufficient number of
flower buds. RAPD analyses of parents and hybrids
was carried out using 11 single arbitrary primers. The
primers OPG 2 and OPD 3 generated polymorphic
bands with all the parents. All the F

1
hybrids showed

consistently one female parent-specific band at 0.4 kb
(Fig. 2A, arrowhead) and two male parent specific-
bands at 0.5 kb and 0.43 kb (Fig. 2A, asterisks), thereby
confirming their hybridity.

Chloroplast DNA analyses of the parents and hy-
brids using cpDNA probe psb D gave a female parent-
specific band at 5.0 kb which was present in all the
hybrids (Fig. 2B). The two male parent-specific bands
at 7.0 kb or 8.2 kb were absent in all the F

1
hybrids.

Both mtDNA probes, pCos 61 and pCos 88, gave poly-
morphism with all the parents. With pCos 88 B. mauro-
rum gave three female parent-specific bands at 2.7 kb,
1.8 kb and 1.1 kb (Fig. 2C). These female parent-specific
bands were present in all the hybrids. None of the
hybrids showed any male parent-specific bands. Thus,
analyses of the organelle genome confirmed the presence
of the cytoplasm of the wild species in all the hybrids.

Some of the F
1

hybrids and all the amphidiploids
set seeds on backcross pollinations with pollen of
the respective cultivars. These could be used to
advance backcross generations to achieve cytoplasmic
substitution.
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Fig. 1A–D Cytology of
F
1

hybrids and amphidiploids.
A, B B. maurorum]B. nigra
metaphase I of F

1
hybrid

showing 16 I (A) and diakinesis
of amphidiploid showing 16 II
(B). C, D Metaphase I of
F
1
hybrid B. maurorum]B. napus

showing 9 I, 9 II (C), and
B. maurorum]B. juncea 18 I,
4 II (D)

Discussion

Studies on pollen germination and pollen-tube growth
in crosses between B. maurorum and cultivated species
showed unilateral incompatibility. Pollen grains of
cultivated species germinated on the stigma of B.
maurorum, and pollen tubes reached the ovary. How-
ever, in reciprocal crosses pollen grains or pollen tubes
were inhibited. Such unilateral incompatibility is of
a common occurrence in wide crosses of Brassica
(Röbbelen 1960; Shivanna 1996).

Of the three embryo rescue techniques used to over-
come post-fertilization barriers, sequential culture was
the most successful and yielded hybrids in all seven of
the crosses attempted. Superiority of sequential culture
over ovary and ovule cultures has also been reported
by many earlier workers on wide hybridization in
brassicas (Shivanna 1996). To our knowledge, B.
maurorum is the only wild species which has been suc-
cessfully crossed with all the six of the cultivated species
of Brassica. Of these, only the hybrid B. maurorum]B.
nigra has been reported earlier (Truco and Quiros
1991).

Induction of amphidiploidy has been a major con-
straint in wide hybridization programmes of brassicas
(Gundimeda et al. 1992; Vyas et al. 1995). Amphidip-
loids could be induced in the present study in only three

of the seven hybrids produced. For a more successful
induction of amphidiploidy, other diplodizing agents
such as oryzalin and trifluralin (microtubule de-
polymerizing herbicides), which have been shown to
have a tenfold stronger affinity to plant microtubules
than colchicine (As strom et al. 1995), may be more
effective. These herbicides have been reported to be
effective in inducing chromosome doubling in cultured
microspores and microspore-derived callus at 100
times lower concentrations than colchicine (Wan et al.
1991; Hansen and Andersen 1996).

Only the amphidiploids of B. maurorum]B. nigra
were pollen-fertile, whereas those of B. maurorum]B.
napus and B. maurorum]B. carinata were pollen-ster-
ile. Sterility of amphidiploid plants is not uncommon
in wide hybrids of brassicas (Mizushima 1968).
McNaughton (1973) attributed pollen sterility in am-
phidiploids to genic imbalance. In the present invest-
igation also, pollen sterility in amphidiploids seems to
be the result of genic imbalance since meiosis and
anaphase disjunction of chromosomes was normal.

Meiotic analysis of F
1

hybrids and amphidiploids
not only confirmed their hybridity but also indicated
the extent of genome homology between the parents.
F
1

hybrids showed a preponderance of univalents,
which is typical, of wide hybrids. Bivalents were com-
mon in amphidiploids (Table 3). The basic chromo-
some number has been suggested to be six in Brassica
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Fig. 2 A RAPD analyses of parents and hybrids with the primer
OPG 2. ¸ane a 1-kb ladder marker, lane b Brassica maurorum, lane c
B. maurorum]B. juncea, lane d B. juncea, lane e B. maurorum]B.
napus, lane f B. napus, lane g B. maurorum]B. carinata, lane h B.
carinata, lane i B. maurorum]B. campestris, lane j B. campestris,
lane k B. maurorum]B. nigra, lane l B. nigra. The 0.4-kb female
parent-specific band (lane b, arrowhead) is present in all the hybrids.
Many male parent-specific bands are also present in all the hybrids
(asterisks). B Southern hybridization pattern of HindIII-digested
DNA of parents and hybrids probed with cpDNA probe psb D.
¸ane a B. maurorum, lane b B. campestris, lane c B. maurorum]B.
campestris, lane d B. nigra, lane e B. maurorum]B. nigra, lanes f,
g F

1
and BC

1
B. maurorum]B. juncea, lane h B. juncea, lane i B.

maurorum]B. napus, lane j B. napus, lane k B. maurorum]B.
carinata, lane l B. carinata. The 5.0-kb female parent-specific band
(lane a) is present in all the hybrids. Male parent-specific bands at
7 kb and 8.2 kb were absent in the hybrids. C HindIII-digested DNA
probed with mtDNA probe pCos 88. The lanes are as in B. The
restriction pattern of the mtDNA of the female parent (lane a), with
specific bands at 2.7 kb, 1.8 kb and 1.1 kb, and that of the hybrids
(lanes c, e, f, g, i, k) is the same

species. (Röbbelen 1960; Prakash 1973). On the basis of
this basic number, all of the bivalents observed in all of
the hybrids can be explained on the basis of autosynd-
esis within parent genomes. However, the presence of
higher associations in the F

1
hybrid of B. maurorum]

B. juncea and amphidiploid of B. maurorum]B. nigra
(Table 3) can be attributed to allosyndesis between
the two parental genomes. Thus, it appears that
B. maurorum has some homology with the B genome
(B. nigra) and not with the C genome (B. oleracea),
indicating the possibility of gene introgression from
B. maurorum to B. juncea.

Production of wide hybrids through embryo rescue
is cumbersome and time-consuming. Hybrids are gen-
erally confirmed through morphological and cytologi-
cal studies. Confirmation of hybridity at the seedling
stage itself is advantageous as the contaminants can be
discarded very early, consequently saving the time and
effort that would otherwise be spent on such con-
taminants. In the present investigation, all of the hy-
brids could be confirmed at the seedling stage through
RAPD analyses and the source of the cytoplasm deter-
mined through analyses of the organelle genome. This
approach has been used earlier in a number of hybrids
and alloplasmics of Brassica (Erickson et al. 1986;
Arumugam et al. 1996; Rao et al. 1996).
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