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Abstract  For the transfer of genes from B. tournefortii 
(TT) to the allotetraploid oilseed brassicas, B. juncea 
AABB, B. carinata BBCC and B. napus AACC, B. tour- 
nefortii was first crossed with the three basic diploid spe- 
cies, B. campestris (AA), B. nigra (BB) and B. oleracea 
(CC), to produce the atlodiploids TA, TB and TC. These 
were tetraploidized by colchicine treatment to produce the 
allotetraploids TTAA, TTBB and TTCC, which were fur- 
ther crossed with B. juncea and B. napus to produce three- 
genome hybrids with substitution-type genomic configu- 
rations: TACC, TBAA and TCAA. These hybrids along 
with another hybrid TCBB produced earlier, the three at- 
lodiploids, their allotetraploids and the four diploid parent 
species were studied for their male meiotic behaviour. The 
diploid parent and the allotetraploids (TTAA, TTBB and 
TTCC) showed regular meiosis although the pollen viabil- 
ity was generally low in the allotetraploids. In the allodi- 
ploids (TA, TB and TC) only some end-to-end associations 
were observed without any clearly discernible chiasmata 
or exchange points. Chromosomes involved in end-to-end 
associations were randomly distributed at the meta- 
phase/anaphase-I stages. In contrast, the three-genome hy- 
brids (TACC, TBAA, TCAA and TCBB) showed normal 
bivalents whose number exceeded the expected bivalent 
values. Bivalents arising out of homoeologous pairing 
were indistinguishable from normal pairs by their disjunc- 
tion pattern but could be distinguished on the basis of the 
heteromorphy of the homoeologous chromosomes. The 
three-genome hybrids could be backcrossed to allotetra- 
ploid oilseed brassicas as they had some fertility. In con- 
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trast, the allodiploids could neither be selfed nor back- 
crossed. On the basis of their meiotic stability, in terms of 
more pronounced homoeologous pairing and fertility for 
backcrossing, the three-genome configurations provide the 
best possible situation for the introgression of alien genes 
from the secondary gene pool to the allotetraploid oilseed 
crops B. juncea, B. napus and B. carinata. 
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Three-genome hybrids �9 Homoeologous pairing. 
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Introduction 

The wild relatives of crop plants often carry many useful 
agronomic traits for resistance to biotic and abiotic 
stresses. The utilization of this secondary gene pool is ex- 
tremely important in crop improvement programmes (Rick 
et al. 1986; Jena and Khush 1990). Successful gene intro- 
gression from wild to cultivated crop species can be 
brought about by the production of hybrids with genomic 
configurations that encourage genetic exchange between 
homoeologous chromosomes by homoeologous pairing. 

In general, a substitution-type of genomic configura- 
tion would be more conducive for alien gene introgression, 
as compared to chromosome addition-type configurations, 
because the absence of homologous chromosomes in the 
former condition would encourage homoeologous pairing. 
Based on the genomic relationship of six agronomically 
important Brassica species, B. campestris AA (n=10), 
B. nigra BB (n=8), B. oleracea CC (n=9), B.juncea AABB 
(n=18), B. napus AACC (n=19) and B. carinata BBCC 
(n= 17), we earlier proposed a model for the development 
of substitution-type genomic configurations for the trans- 
fer of both nuclear and organellar genes from a wild spe- 
cies to allopolyploid crop brassicas using diploid spe- 
cies as bridging material (Mukhopadhyay et al. 1994). 
Thus, the transfer of genes from B. tournefortii TT to 
B. carinata BBCC, sexual hybrids were produced between 
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B. tournefortii and B. oleracea CC. Protoplas ts  of  TC hy-  
br ids  were  fused with  protoplas ts  of  B. nigra BB to syn- 
thesize  TCBB hybr ids .  In such hybr ids  one set o f  chromo-  
somes of  the const i tuent  genome  of  B. carinata has been 
subst i tuted by one set o f  ch romosomes  of  the al ien species ,  
a s i tuat ion which  would  be most  conduc ive  for  an interac-  
t ion be tween  the homoeo logous  T and C ch romosomes  
with the other  const i tuent  genome  prov id ing  meiot ic  s tabi l -  
ity. 

In the present  s tudy B. tournefortii TT was crossed  with 
two other  d ip lo id  species,  B. campestris A A  and B. nigra 
BB, to synthes ize  TA, TB hybr ids .  These  were  then used 
to p roduce  hybr ids  with th ree -genome conf igurat ions ,  i.e. 
T B A A ,  T C A A  and TACC,  by  sexual  crosses  (see Table 1). 
We have compared  the meiot ic  s tabi l i ty  and the extent  of  
homoeo logous  pa i r ing  in the two-genome  a l lod ip lo ids  
(TA, TB and TC),  the a l lo te t ra lo ids  (TTAA,  TTBB and 
TTCC)  and the th ree -genome hybr ids  (TACC, T B A A ,  
T C A A  and TCBB).  

Materials and methods 

Plant material 

A list of the parental species and hybrids is given in Table 1. All the 
hybrids with the exception of TCBB were produced by sexual cross- 
es. TCBB hybrids were produced by somatic cell hybridization 
(Mukhopadhyay et al. 1994). 

Sequential ovary culture for the production of hybrids 

B. tournefortii BEC- 187 was crossed with B. campestris cv Pusa Kal- 
yani, B. nigra IC-257 and B. oleracea cv Early kunwari, respective- 
ly. Ovaries were harvested 6, 10 and 16 days after pollination, ster- 
ilized in 0.02% mercuric chloride for 15 min followed by three wash- 
es in sterile distilled water, and then cultured on MS medium (Mu- 
rashige and Skoog 1962) containing various combinations of o~-nap- 
thaleneacetic acid (NAA), 2,4-dichlorophenoxyacetic acid (2,4-D), 
kinetin (Kn), 6-benzylaminopurine (BAP), gibberellic acid (GA3) 
and casein hydrolysate (CH). The best regime to recover hybrid em- 
bryos was when ovaries were cultured 10 days after pollination on 
MS medium with NAA (0.1 mg/1) and GA 3 (1.0 mg/1). Ovaries were 
dissected 15-18 days after culture and the developing ovules were 
inoculated on MS medium containing NAA (0.1 mg/l), Kn (1.0 mg/1) 
and GA 3 (1.0 rag/l). Embryos dissected from the ovules and trans- 
ferred to basal MS medium after 10-14 days in culture developed 
shoots at very high frequencies. TA, TB and TC shoots were multi- 
plied and maintained on MS medium containing Kn (0.05 rag/l), 
NAA (0.05 rag/l) and CH (50 rag/l) and subsequently rooted on MS 
with indole-butyric acid (IBA) (1.0 rag/l). In vitro tetraploidization 
on TA, TB and TC shoots was done according to Nanda Kumar et 
al. (1988). 

Molecular confirmation of the interspecific hybrids 

DNA was isolated from the leaves of field-grown TTAA, TTBB and 
TTCC plants following Dellaporta et al. (1984), and purified in a ce- 
sium chloride density gradient. For RFLP analysis the purified DNA 
samples were restricted with EcoRI and hybridized to a 18S rDNA 
sequence cloned from the wheat nuclear genome (Gerlach and Bed- 
brook 1979) following the method described by Pradhan et al. (1992). 
RAPD analysis of total DNA was done with four different oligonu- 
cleotide primers, OPD8, OPD10, OPD3 and OPD13 (Operon Tech- 

Table 1 The genomic configurations produced and studied for 
meiotic stability and the extent of pairing. The different species used 
in the crosses are - B. tournefortii TT (2n=20), B. campestris AA 
(2n=20), B. nigra BB (2n=16), B. oleracea CC (2n=18), B. juncea 
AABB (2n=36) and B. napus AACC (2n=38) 

Cross Genome 2n References 

TT • AA TA 20 Present study 
TT x BB TB 18 Present study 
TT x CC TC 19 Mukhopadhyay et al. (1994) 
Doubling of TA TTAA 40 Present study 
Doubling of TB TTBB 36 Present study 
Doubling of TC TTCC 38 Present study 
TTAA x AABB TBAA 38 Present study 
TTAA x AACC TCAA 39 Present study 
TTCC x AACC TACC 38 Present study 
TC + BB TCBB 35 Mukhopadhyay et al. (1994) 

nologies), following Quiros et al. (1991). For checking the nature of 
the organellar genomes in the hybrids, EcoRI-digested total DNA 
was probed with two chloroplast-specific probes, rbcL (Zurawski et 
al. 1981) and psbD (Alt et al. 1984). 

Cytology and DNA estimation 

Meiotic preparations were made from the anthers fixed in alcohol- 
chloroform-acetic acid (6:3:1) for at least 24 h and stained in 1% 
acetocarmine. Pollen viability was tested using fluorescein diacetate 
(Heslop-Harrison et al. 1984). 

DNA measurements in the 2C nuclei were carried out as described 
previously (Raina and Rees 1983). About 35 2C nuclei were mea- 
sured in three replicates in every species. In each case, root tips of 
B. campestris, 2C=1.64 pg (Verma and Rees 1974), processed along 
with the samples were used as a control to correct experimental er- 
rors as well as to convert extinction values in arbitrary units to ab- 
solute amounts (pg). Measurements were also made for ten 4C nu- 
clei (nuclei entering, or at, early prophase) in each replicate to ver- 
ify the estimated 2C DNA amounts. 

Results 

Fer t i l i ty  and seed set in the hybr ids  

Al l  the three a l lod ip lo ids  (TA, TB and TC, Table 1) were  
comple te ly  male  sterile.  Al though,  occas iona l  pod forma-  
tion occurred on open pol l inat ion,  no seed set was ob- 
served. These  plants  also did  not set seed after and po l l i -  
nat ion with their  respec t ive  crop parents.  Therefore ,  these 
a l lod ip lo ids  could  be main ta ined  only by in vitro mult ip l i -  
cation. 

Hybr ids  TTAA,  TTBB and TTCC (Table 1) p roduced  
funct ional  pol len,  but  showed a var iable  number  of  anthers 
(3 -6  per  f lower) .  However ,  the percentage  of  v iable  pol-  
len var ied  f rom plant  to p lant  wi th in  each type  of  hybrid .  
Pol len  v iabi l i ty  in T T A A  and TTBB hybr ids  was as high 
as 76% and 93%, respect ively .  However ,  in TTCC hybr ids  
the v iab i l i ty  was low, around 10%. TTCC hybr ids  had 
most ly  steri le  f lowers .  Pod fo rmat ion  occurred  in all the 
three a l lo te t rap lo ids  both on self ing and cross pol l inat ion.  
However ,  seed set was genera l ly  low. 
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TTAA, TTBB and TTCC plants were characterised for 
their hybrid nature by RAPD analysis (Fig. 1). All the hy- 
brids carried the specific bands characteristic of their re- 
spective parents. RFLP analysis with chloroplast DNA 
probes showed that all the hybrids had the organellar ge- 
nome of the female parent B. tournefortii. 

The three-genome hybrids (TACC, TBAA, TCAA and 
TCBB, Table 1) showed normal floral morphology but ex- 
tremely poor pollen fertility. However, some seed set could 
be obtained by back crossing either by hand pollination or 
on open pollination. No seed set was obtained by selfing. 

Determination of genome size 

The 2C DNA content of the three diploid cultivated spe- 
cies ranged narrowly between 1.64 (B. campestris) and 
1.76 pg (B. oleracea). Clear morphological and cytogenet- 
ical differences have been reported between B. tournefor- 
tii (2n=20) and B. campestris (2n=20) (Olsson 1954; Pra- 
kash and Narain 1971). B. tournefortii (1.12 pg) has about 
47% less DNA than B. campestris. 

Meiosis 

In the diploid parents 

All the PMCs analysed at metaphase-I in B. nigra, B. ole- 
racea, B. campestris and B. tournefortii had a normal num- 
ber of 8, 9, 10 and 10 bivalents (II), respectively. The dis- 
tribution of chromosomes at anaphase-I was also normal 
resulting in high pollen fertility (90-98%). 

In the alIodiploids (TA, TB and TC) 

The meiotic configurations of the allodiploid plants TA, 
TB and TC showed the presence of 20, 18 and 19 univa- 
lents (I), respectively at metaphase-I. No bivalents were 
observed at the prometaphase/metaphase-I stage. Chromo- 
somes were not aligned at the equatorial plate, but were 
randomly distributed. Most of the univalents from B. tour- 
nefortii could be easily recognized by their considerably 
smaller size (Figs. 2a, b). Occasional secondary associa- 
tions were observed. These secondary associations be- 
tween the T-genome and the A/B/C-genome chromosomes 
could be identified due to heteromorphy of the T and A/B/C 
chromosomes. As the smaller univalents were more or less 
round, classification of associations into end-to-end, end- 
to-side and side-to-side was not possible for all the chro- 
mosomes. The average frequency per cell of these pairs of 
associations was estimated to be 1.9, 2.6 and 1.4 in TA, TB 
and TC hybrids, respectively. Secondary associations be- 
tween more than two chromosomes (3-7) were also ob- 
served occasionally in the three allodiploids. These asso- 
ciations were always terminal and even at the diplotene/di- 
akinesis stage no clearly observable exchange points were 
evident. 

Fig. la-e RAPD analysis of three synthetic allotetraploids TTAA, 
TTBB and TTCC using different primers, a OPD8; b, c OPD13 

In the allotetraploids (TTAA, TTBB and TTCC) 

The five plants analysed within each combination did not 
show much variation in their meiotic details. Most 
(91.1-99.8%) of the chromosomes in the three allotetra- 
ploids were paired as bivalents (Figs. 2e, f). Occasional 
univalents were present in a few cells. 

In the three-genome hybrids (TACC, TBAA, TCAA 
and TCBB) 

The trigenomic tetraploid hybrids TACC (TTCC x AACC), 
TBAA (TTAAxAABB) and TCAA (TTAAxAACC) 
showed the expected chromosome numbers of 38 
(T10+A10+CC18), 38 (T10+B8+AA20) and 39 
(T10+C9+AA20), respectively. In addition, all the six 
TCBB hybrids produced by a combination of sexual and 
somatic hybridization methods also showed a stable chro- 
mosome number of 35 (T10+C9+BB 16) (see Tables 1, 2). 
In TACC, TBAA, TCAA and TCBB combinations, the av- 
erage number of chiasmate bivalents per cell exceeded the 
expected values (9, 10, 10 and 8 II, respectively) by 2.00, 
2.71, 1.95 and 1.44, respectively (Table 2). The appear- 
ance of some near-terminal associations suggested that the 
chiasmata (or chiasma) was in the process of terminaliza- 
tion, which is evidence that these were true bivalents and 
not quasibivalents. Chromosome heteromorphy in some of 
the bivalents also indicated pairing of T chromosomes with 
the chromosomes of the other haploid set present in the hy- 
brids. All the bivalents were properly arranged at the equa- 
torial plate and the disjunction pattern of the homoeolo- 
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chromosome numbers. Numerous other studies on the 
chromosome numbers of somatic hybrids in the family 
Brassicaceae have reported instability in the chromosome 
numbers of the hybrids (Schenck and R6bbelen 1982; Te- 
rada et al. 1987; Chatterji et al. 1988; Jourdan et al. 1989; 
Fahleson et al. 1994). I f  the culture periods are kept short 
and efficient regeneration protocols are used, as was done 
in the case of  the TCBB hybrids, it may be possible to avoid 
drift in the chromosome number of  somatic hybrids. 

There are two major prerequisites for the transfer of 
alien genes to a crop plant. The hybrids should have some 
fertility, so that they could be either selfed or backcrossed, 
and the genomic configuration should promote homoeol- 
ogous pairing. The more pronounced these two factors are, 
the higher would be the chances of alien gene transfer. The 
allodiploid hybrids TA, TB and TC could not be crossed 
with either diploid or allotetraploid species. By contrast, 
the three-genome hybrids could be crossed with allotetra- 
ploids, and progeny plants could be recovered by embryo 
rescue. Meiotic studies of the allodiploids (TA, TB and TC) 
showed only some end-to-end associations amongst a few 
chromosomes. Such associations need not necessarily be 
due to homology (Orellana 1985). Our observations sug- 
gest that homoeologous exchange between the T and 
A/B/C genomes in TA, TB and TC hybrids was non-exis- 
tent. No chiasmata could be observed in such end-to-end 
associations. The associations were always terminal and 
even at the diplotene/diakinesis stage no clearly observ- 
able exchange points were evident. The end-to-end asso- 
ciations could not be explained as products of early termi- 
nalization as the chromosomes in many cases were seen 
associated even at anaphase-I. Another notable feature of  
these associations was their total lack of congression at the 
equatorial region at metaphase-I.  In many other systems 
end-to-end associations have also been found to be non- 
chiasmatic (Ostergren and Vigfusson 1953; Slizynski 
1964; Southern 1967; Sadasivaiah and Kasha 1971; Manga 
and Pantulu 1971; Sadasivaiah 1974; Ashley 1979; Dris- 
coll et al. 1979; Ashley and Moses 1980; Orellana 1985). 
In some of these studies where specialised staining tech- 
niques were used to reveal the telomeric C bands, it was 
shown that most of the end-to-end associations between 
wheat and rye chromosomes were non-chiasmatic (Orel- 
lana 1985). 

In comparison to the allodiploids, the three-genome hy- 
brids showed a limited number of normal bivalents be- 
tween homoeologous chromosomes. Such pairs were in- 
distinguishable in their configurations from normal homol- 
ogous pairs and showed proper orientation at the equato- 
rial plate leading to their normal disjunction. It can be con- 
cluded that the three-genome configurations provide bet- 
ter scope for introgression of alien genes into one of the 
constituent genomes of allotetraploid oilseed Brassica spe- 
cies due to better fertility and more pronounced homoeol- 
ogous pairing in comparison to the situation in allodiploids. 
Clearly, the presence of a complete diploid genome in ad- 
dition to the presence of two divergent haploid genomes 
enhances homoeologous pairing between the chromo- 
somes of the two haploid genomes. 

In our earlier work (Pradhan et al. 1991) we had shown 
that alloplasmic lines of B. napus and B. juncea with B. 
tournefortii cytoplasm are male sterile. An important use 
of the synthesized three-genome hybrids will be to intro- 
gress the restorer gene(s) for "tour" CMS into B. juncea 
and other allotetraploid oilseed Brassica species. While 
success has been achieved in locating restorer functions 
amongst some B. napus lines for "tour" cytoplasm (Sodhi 
et al. 1994), no restorer genes have been identified in B. 
juncea despite extensive germ plasm screening. The trans- 
fer of  the restorer gene(s) from B. tout~efortii to B. jun- 
cea, therefore, assumes significance for developing a hy- 
brid seed production capability in B. juncea. The three-ge- 
home hybrid TBAA reported in this study and a newly syn- 
thesized TABB hybrid (unpublished) are now being back- 
crossed to B. juncea for the transfer of  the restorer gene(s) 
from B. tournefortii to B. juncea. 

In general, due to their more pronounced fertility and 
chromosome pairing, the substitution-type three-genome 
configurations should provide ideal genomic configura- 
tions for alien gene transfer to allopolyploid oilseed Bras- 
sica species. 
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