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The number of major rDNA loci (the genes coding for 18s-5.8s-26s rRNA) was investigated in the economically
important Brassica species and their wild relatives by in situ hybridization of an rDNA probe to metaphase
chromosomes and interphase nuclei. The diploid species B. nigra (B genome) has two major pairs of rDNA
loci, B. oleracea (C genome) has two major pairs and one minor pair of loci, while B. campestris (A genome)
has five pairs of loci. Among the three tetraploid species arising from these three diploid ancestors, B. carinata
(BBCC genomes) has four loci, B. juncea (AABB genomes) has five major pairs and one minor pair of loci,
and B. napus (AACC genomes) has six pairs of loci, indicating that the number of loci has been reduced during
evolution. The complexity of the known rDNA restriction fragment length polymorphism patterns gave little
indication of number of rDNA loci. It is probable that chromosome rearrangements have occurred during evolution
of the amphidiploid species. The data will be useful for physical mapping of genes relative to rDNA loci,
micro- and macro-evolutionary studies and analysis of aneuploids including addition and substitution lines used in
Brassica breeding programs.
Key words: Brassica, centromeric DNA, genetic maps, nuclear architecture, ribosomal DNA, evolution,
Brassicaceae, Cruciferae, gene mapping.
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Des espkces de Brassica d'importance kconomique et des espkces indigknes apparentkes ont fait l'objet d'une
ktude, par hybridation in situ d'une sonde d'ADNr sur des chromosomes en mktaphase et des noyaux en interphase, pour en dkterminer les nombres de locus majeurs d'ADNr (gknes codant les ARNr 18s-5.8s-26s). Chez les
espkces diploi'des, le B. nigra (gknome B) a deux paires majeures de locus d'ADNr, le B. oleracea (gdnome C) posskde deux paires majeures et une paire mineure de locus et, le B. campestris (gknome A) prksente cinq paires
de locus. Des trois espkces tktraploi'des dkrivkes de ces ancztres diploi'des, le B. carinata (gknomes BBCC) a
quatre locus, le B. juncea (gknomes AABB) posskde cinq paires majeures et une paire mineure de locus et, le
B. napus (gknomes AACC) prksente six paires de locus, ce qui indique que le nombre de locus a kt6 r6duit au cours
de I'6volution. La complexitk des profils de polymorphisme des longueurs de fragments de restriction fournit
peu d'indication sur le nombre de locus des ADNr. I1 est probable que des rkarrangements chromosomiques
sont survenus au cours de l'kvolution des espkces amphidiploi'des. Ces donnkes seront utiles pour la cartographie physique des gitnes ayant trait aux locus d'ADNr, aux 6tudes de micro- et de macro-kvolution et a l'analyse
des aneuploi'des, incluant les lignkes d'addition et de substitution utiliskes dans les programmes d'amklioration
des Brassica.
Mots cle's : Brassica, ADN centromkrique, carte gdnktique, architecture nuclkaire, ADN ribosomal, kvolution,
Brassicaceae, Cruciferae, cartographie des gitnes.
[Traduit par la rkdaction]

Introduction
In plants, 18s-5.8s-26s ribosomal RNA genes (rRNA
genes or rDNA) are present as many hundreds of tandemly
repeated units of the three genes and intergenic spacers,
at one or more pairs of loci within the genome. The
karyotypes of the various species of Brassica have been
studied for many years (see Prakash and Chopra 1991 for a
review). When expressed, the rRNA genes produce a
nucleolus, and secondary constrictions, nucleolar organizer
regions (NORs), are visible at some loci on metaphase
chromosomes. Olin-Fatih and Heneen (1992) presented
C-banded karyotypes of three Brassica species. In late
prophase preparations, they were able to identify one chro' ~ u t h o rfor correspondence.
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mosome pair with an NOR in B. campestris, B. oleracea,
and their amphidiploid, B. napus. Other NORs may have
been present but would not be visible as secondary constrictions in the preparations because they showed little
or no expression
Delseny et al. (1990) described the organization and
polymorphism of rRNA genes in diploid and amphidiploid
Brassica species using restriction fragment length polymorphism (RFLP) analysis. They discussed the need for
analysis of the number of loci of rDNA within the genomes
to complement the polymorphism studies. Analysis of
NOR distribution and organization in rDNA-carrying
chromosomes is important to understand the events that
have happened during divergence and hybridization of
the species.
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B. nigra
BB genome
n=8 1C=0.8 pg
2 rDNA loci

B. carinata
BBCC genomes
n=17 1C=1.6 pg
4 rDNA loci
Figs.3, 10

/

B. oleracea
CC genome
n=9 1C=0.9 pg
1500 rRNA genes
2 major 1 minor rDNA loci
Figs.5, 8

+

B. juncea
AABB genomes
n=18 1C=1.5 pg
5 major 1 minor rDNA loci
Fig. 11,

+

B. napus
AACC genomes
n=19 1C=1.6 pg
4300 rRNA genes
6 rDNA loci
Figs.6, 13

\

B. campestris
AA genome
n=10 lC=0.8 pg
3400 rRNA genes
5 rDNA loci
Figs.4, 9

FIG. 1. The relationships (after U 1935), chromosome numbers, genome designations, DNA contents (Bennett and Smith
1976), and the number of rDNA loci (Bennett and Smith 1991) for three diploid and three amphidiploid Brassica species
(see Figs. 3-13).
Within the tribe Triticeae, phylogenies have been widely
studied by both molecular cytogenetic and molecular biological analyses, particularly using the rRNA genes.
Together, the methods have provided valuable and complementary data about rDNA sequence evolution and
variation. The copy number of the repeat unit at single
loci, and number of rDNA loci within the genome, are
extremely variable between related species. The number
of rDNA loci in diploid species (2n = 2x = 14) varies
from one pair in rye (Secale cereale L.) to five pairs in
barley (Hordeum vulgare L.; Leitch and Heslop-Harrison
1992). In hexaploid wheat (2n = 6x = 42; T. aestivum L.
emend Thell.), a species that arose from diploid and
tetraploid progenitors some 10 000 years ago, the rDNA
lies on five pairs of chromosomes (Mukai et al. 1991).
However, the number of copies has been greatly reduced
at three loci from two of the ancestral genomes, while
the two loci from the third genome donor both remained
large. Changes in rDNA-repeat copy number at single
loci can be rapid: when wheat, or other species, are maintained in tissue culture, the number of loci and rDNArepeat copy number can change substantially within a
few years (Leitch et al. 1993).
he ability to look at rDNA copy number and site distribution is important for examining relationships and
evolutionary changes between genomes and for classifying chromosome types within genomes. Fluorescent in situ
hybridization to chromosome spread preparations using
labelled DNA probes is the method of choice for mapping repetitive genes such as those for rRNA (HeslopHarrison 1991), because it is not affected by the presence
of minor variants within major loci nor extreme differences in copy number between loci. In conjunction with
fluorochrome staining, in situ hybridization is an extremely

valuable method for investigating chromosome morphology, particularly in species with small chromosomes (see
Maluszynska and Heslop-Harrison 199 1).
In the present work, we examined the number of rDNA
loci, their locations along chromosomes, aspects of their
decondensation at interphase, and approximate relative
copy numbers at different loci in major crop species of
Brassica and their diploid and tetraploid ancestors or
relatives.

Materials and methods
The species used were B. campestris L. turnip John Innes
accession OB441 (synonym B. rapa L.), B. nigra (L.) Koch
black mustard 0B693, B. oleracea L. Savoy cabbage Sabanda
OB420, B. carinata A. Braun. Abyssinian mustard National
Vegetable Research Station accession NVRS08.006807,
B. napus L. winter oil seed rape Falcon, and B. juncea (L.)
Czrm. brown mustard J15511719. Seeds were germinated on
MS medium (Murashige and Skoog 1962) with 0.8% agar, or
moist filter paper, for 3-4 days. Ploidy levels, chromosome
numbers, and genome designations are given in Fig. 1.
Seedlings were fixed in 100% methanol - glacial acetic acid
(3: 1 ) after 3-4 h treatment with 2 mM 8-hydroxyquinoline to
accumulate divisions and stored at -20°C until use.
Chromosome preparation

Chromosome preparation followed techniques described for
Arabidopsis species (Maluszynska and Heslop-Harrison 1993)

modified after Schwarzacher et al. (1980). Briefly, fixed
seedlings were washed in 0.01 M citric acid - sodium citrate
(pH 4.8) for 15 min and digested in 2% (wlv) cellulase
(Calbiochem) in 20% (vlv) pectinase (from Aspergillus niger,
Sigma) for 1 h at 37°C. A few (typically five to six) root tips
per slide were squashed in a drop of 45% acetic acid. The
cover slip was removed after freezing on dry ice and the
preparation was air dried. The quality of the chromosome
spread was checked after staining with 2 p g . m ~ - '4'-6-
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FIG. 2. DAPI-stained metaphases of (a) Brassica carinata and (b) Brassica napus. (a) Arrow indicates threads of weakly
DAPI-stained DNA presumably associated with nucleolar organizing chromosomes that were active at the previous interphase.
(b) Arrowheads indicate some chromosome regions that contain GC-rich sequences that are weakly stained with the AT-enhanced
fluorochrome DAPI. Arrows indicate some chromosome regions that become DAPI-positive C-bands after hybridization
(as shown in the same metaphase after hybridization in Fig. 6a).
diamidino-2-phenylindole (DAPI) for 15 min in McIlvaine's
buffer (18% 0.1 M citric acid, 82% Na,HPO, adjusted to
pH 7), and chromosome preparations were photographed for
morphological analysis (Fig. 2). Satisfactory preparations
were destained with methanol - acetic acid (3: 1 ) for 3-6 h at
4"C, rinsed with three changes of 100% methanol, and air
dried. The slides were stored at room temperature for several
days before in situ hybridization.
In situ hybridization
In situ hybridization was carried out using digoxigeninlabelled DNA probes. Sites of hybridization were detected
with anti-digoxigenin antibody conjugated to fluorescein isothiocyanate (FITC; Heslop-Harrison et al. 1991).
Clone pTa71 was used as a probe for in situ hybridization.
It contains a 9-kb EcoRI repeat unit of ribosomal DNA (rDNA)
isolated from T. aestivum (Gerlach and Bedbrook 1979) and
has been shown to be highly homologous to the Brassica
rDNA sequences by Southern hybridization (Delseny et al.
1990). For use as a probe, DNA was labelled with digoxigenin1 1 -dUTP (Boeringher-Mannheim) by nick translation using
standard techniques.
For in situ hybridization, DNA probes were mixed to a
final concentration of 50 ng.mL-' in a solution of 50% (vlv)
formamide, 10% (wlv) dextran sulphate, 0.1% (wlv) SDS
(sodium dodecyl sulphate), and 2X SSC (0.3 M sodium chloride, 0.03 M sodium citrate). Slides were treated with 100
pg.mLP' DNase-free RNase in 2X SSC for 1 h at 37"C,
washed twice in 2X SSC for 10 min at room temperature,
dehydrated in a graded ethanol series and air dried.
he hybridizaiion mixture (20 @/slide) was added to the
chromosome preparation and covered with a plastic cover slip.
The chromosomes and DNA probe were denatured together in a
humid chamber at 90°C for 7
Hybridization was carried
out at 37°C in the chamber for 12-16 h. The humid chamber
was a 40 mm high metal box with a close-fitting, sloping lid;
eight slides were balanced on two glass rods lying inside on
wet tissue. The box was floated in a water bath and the tem-

perature was adjusted based on readings from a digital thermometer probe inside the box. After hybridization, cover slips
were removed in 2X SSC at 42°C and then given a stringent
wash for 10 min each in 50% (vlv) formamide in 2X SSC at
4 2 ° C 2X SSC at 42"C, and 2X SSC at room temperature.
The wash removes weakly hybridized sequences with less
than 85% homology.
Hybridization sites were detected by transferring the slides
to 4X SSC-Tween buffer (4 X SSC, 0.2% (vlv) Tween 20) for
5 min, treating with 5% (wlv) bovine serum albumin in 4X
SSC-Tween for 5 min, and then incubating with 20 pg.mL-'
anti-digoxigenin antibody (raised in sheep) conjugated with
FITC for 1 h at 37°C. The slides were washed in 4X SSCTween at 37°C for 3 X 8 min.
For signal amplification, slides were blocked for 5 min
with 5% (vlv) normal goat serum in 4X SSC-Tween and then
incubated in 10 pg-mL-' rabbit-anti-sheep FITC in 5% normal goat serum for 1 h at 37°C. The slides were washed in
4X SSC-Tween 3 X 8 min at 37°C.
Preparations were counterstained with DAPI (2 pg.mL-')
and some slides were also stained with propidium iodide
( 1 pg.mLP'). The slides were mounted in antifade solution
(AFI, Citifluor). Slides were examined with a Zeiss epifluorescence microscope with filter set 02 and 09. Photographs
were taken on Fujicolor Super HG 400 colour print film.
Exposure times and printing of all micrographs of one subject
type (DAPI stained or in situ signal) were similar.

Results
DAPl
DAPl staining showed the morphology of metaphase
chromosomes
(Figs. 2,
3a7

4 a , 5 a , and 60). Staining of most chromosomes was less
strong at the centromere and some chromosomes had
regions with less staining (e.g., Figs. 2c and 3a). Some
chromosomes had large, terminal regions that were
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FIG. 3. Brassica carinata root-tip metaphase. ( a ) DAPI-stained chromosomes; arrowheads indicate those carrying rDNA
hybridization sites. Inset is a chromosome separated slightly from the rest of the plate. ( b ) In situ hybridization showing four major
pairs of rDNA hybridization sites. The letter x indicates fluorescein precipitate.

weakly stained (Figs. 2a and 2c). The ratio of the largest to
smallest chromosome within single metaphase cells was
up to 4 : l and metacentric, sub-metacentric, subtelocentric, and telocentric chromosomes were visible, as reported
previously (see Olin-Fatih and Heneen 1992).
Figure 2 shows metaphases before in situ hybridization; the same metaphase as Fig. 2b is shown in Fig. 6a
after in situ hybridization. The loss of morphological
definition in the chromosomes because of the denaturation and hybridization treatments is clear; in particular,
primary constrictions at the centromeres become less visible. After in situ hybridization, the DAPI staining often
showed a C-banding pattern, presumably because denaturation and washing selectively removes some DNA. Arrows
on Fig. 2b indicate some negative bands that give DAPIpositive C-bands after hybridization (shown in Fig. 6 a ) .
rDNA loci
After in situ hybridization with the rDNA probe, the
number of loci of rDNA in each species could be determined by counting sites on metaphase chromosomes
(Figs. 3-6) or interphase and prophase nuclei (Figs. 7-13).
The number of major sites of hybridization observed in
each species is presented in Fig. 1 .
The three amphidiploid species and B. campestris had
major and minor rDNA loci that varied in fluorescent
intensity and size. When several metaphase and interphase nuclei of B. nigra and B. oleracea were examined,

there was no regular pattern of large and small loci,
although variation in sizes of loci was observed in some
individual nuclei (Fig. 5). rDNA loci were present at
characteristic terminal or interstitial locations along chromosome arms. Some were located next to major C-bands
(Figs. 3-6).
Interphase decondensation
Loci showed varying dispersion patterns during interphase. Sometimes, all rDNA loci were visible as discrete,
large hybridization sites, with little hybridization within
the nucleoli (Figs. 7-9). In other nuclei, there was dispersion or decondensation of the signal within nucleoli
(Figs. 10- 13).

Discussion
Cytology and in situ hybridization
DAPI staining and fluorescence microscopy showed
the morphology of the metaphase chromosomes and the
disposition of condensed and decondensed DNA during
interphase (Figs. 2-1 3 ) . DAPI stains AT-rich sequences
more strongly than those that are GC rich (see Schweizer
1980), and some GC-rich regions occupy much of a chromosome arm. The centromeric regions of metaphase chromosomes tended to stain less strongly than the rest of the
chromosomes, often corresponding to C-band positive
regions (Figs. 2b and 6 a ; Olin-Fatih and Heneen 1992).
The results show that a fluorochrome-banded karyotype
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FIGS.4-12. Root-tip chromosome and nuclear preparations from Brassica species. Blue staining is DAPI fluorescence showing
DNA. Orange-red fluorescence shows DNA counterstaining with propidium iodide. Yellow-green fluorescence shows sites of
in situ hybridization of digoxigenein-labelled rDNA, detected by fluorescein-labelled antibodies. The strength of orange-red
staining (which also affected the blue colouring) was varied in different experiments to prevent hybridization sites being
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FIG. 13. Brassica napus prometaphase. ( a ) DAPI staining. ( b ) Six pairs of rDNA hybridization loci.
could be constructed; however, like the C-banded karyotype (Olin-Fatih and Heneen 1992), it is unlikely to
identify unequivocally all the chromosome pairs in the
tetraploid species and hence would not be of great value
for analysis of aneuploid lines.
A GC-rich (58%) middle repetitive DNA sequence has
been sequenced from B. campestris and shown to hybridize
to centromeric regions in situ (Iwabuchi et al. 1991).
Other clones that hybridize to centromeric regions of Aand C-genome chromosomes have also been identified
(G.E. Harrison and J.S. Heslop-Harrison, in preparation;
Heslop-Harrison et al. 1992). T h e similarity of fluorescence properties of centromeres of many chromosomes
from the three genomes indicates that many have GC-rich
sequences, although the Southern hybridization data indicates that these are not closely related to the sequence
from B. campestris (Iwabuchi et al. 1991). Such sequences
may be valuable for identifying the genome origin of
chromosomes by in situ hybridization.
Propidium iodide staining is slightly stronger in the
centromeric region (Fig. 6b) and next to the rDNA
(see later). T h e sites of rDNA hybridization are generally
less strongly DAPI stained than others (Figs. 4 and 6).

These regions are often distended and sometimes connected (Fig. 6), presumably because of residual proteins
and RNA associated with the activity of the locus at the
preceding interphase. In DAPI-stained metaphases, such
connected regions and chromatin strands are often seen
(Fig. 2a, arrow). Major rDNA loci also appear slightly
more red in DAPI fluorescence after in situ hybridization
of the rDNA probe (e.d., Fig. 6a).
As in many other plant and animal species, fluorescence
in situ hybridization was able to localize rDNA loci o n
chromosomes with good morphological preservation.
In situ hybridization, like Southern hybridization, is not
usually a fully quantitative technique, but large differences in hybridization signal strength at different loci
correspond to major differences in copy number of the
tandem repeat unit between rDNA loci. Absolute levels
of sensitivity are difficult to quantify, but we can compare the results presented in the figures with results
using similar techniques with single or low copy clones
of known length and genomic distribution to Arabidopsis
thaliana and H. vulgare (J. Maluszynska, G.E. Harrison,
T. Schwarzacher, I.J. Leitch and J.S. Heslop-Harrison,
unpublished). The comparison indicates that a minimum

obscured. Fig. 4. Brassica campestris metaphase. ( a ) DAPI. ( b ) Five pairs of rDNA loci. Fig. 5. Brassica oleracea metaphase.
( a ) DAPI. ( b ) Two pairs of rDNA loci. Fig. 6. Brassica napus. ( a ) DAPI. ( b ) Six pairs of rDNA loci. Stretched yellow
hybridization in one region of the nucleus is presumably a remnant of the nucleolus that has remained in metaphase. Fig. 7.
Brassica nigra interphase. ( a ) DAPI. ( b ) Two pairs of rDNA loci, all condensed. Fig. 8. Brassica oleracea interphase.
Two pairs of rDNA loci, all condensed. Fig. 9. Brassica campestris interphase. Five pairs of rDNA loci, all condensed. Fig. 10.
Brassica carinata interphase. ( a ) DAPI. ( b ) Eight major rDNA loci. Fig. 1 I . Brassica juncea interphase. Five major, and one
minor, pairs of rDNA loci are visible, five of which are partially decondensed and run into the nucleolus. Fig. 12. Brassica
napus interphase. Six pairs of rDNA loci.
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of 50 copies of the rDNA repeat unit would be
detectable as clear hybridization sites on both chromatids
of both homologous chromosomes in every suitable
metaphase, as obtained in the present series of experiments. Higher detection sensitivities might detect additional rDNA loci in Brassica; more minor loci, although
they may be expressed, are probably of little genetic significance and repeat unit copy number can change relatively rapidly over generations (Flavell 1986).
rDNA loci: diploid species
Five rDNA loci were found in the diploid species
B. campestris (Figs. 4b and 9). Robbelen (1960) reported
that B. campestris had two NOR-bearing chromosomes
with characteristic morphology, which were both associated with nucleoli. Iwabuchi et al. (1991) used in situ
hybridization to show strong hybridization to one chromosome pair and faint but reproducible signals on three
other chromosome pairs using a clone of part of the 25s
rRNA gene. Delseny et al. (1990) found no higher level
of RFLP complexity (at least in the exposures of the
Southern hybridization experiments shown) in the species
than in other diploids, indicating that the five different
loci are similar. However, they did find that the level of
divergence of B. campestris (A genome) from B. oleracea
(C genome) was higher than that between B. nigra
(B genome) and B. oleracea based on rDNA subunit size
and rDNA RFLP patterns.
The two other diploid species, B. nigra and B. oleracea,
had two major pairs of rDNA loci when analyzed by
in situ hybridization, and B. oleracea had an extra minor
pair of loci (Fig. 5). These results agree with the conclusions of Robbelen (1960) from analysis of associations
of chromosomes with the nucleoli. Kianian and Quiros
( 1 9 9 2 ~ ) identified three unlinked loci of rDNA in
B. oleracea by EcoRI RFLP analysis using the same
probe, pTa71. The number of rDNA carrying chromosomes can also be identified by their species-specific
RFLPs in addition lines of B. campestris-oleracea (Delseny
et al. 1990), B. napus-nigra (Chevre et al. 199 l), and
Diplotaxis erucoides - B. nigra (This et al. 1990), and
the results agree with those from in situ hybridization.
rDNA loci: amphidiploid species
Chromosome numbers in all three tetraploid species
equal the sums of numbers in their ancestral diploid
species (Fig. 1). The tetraploid species have fewer rDNA
loci than the sum of their ancestors (Fig. 1). Brassica
juncea (AABB genomes; Fig. 11) has five major pairs
and one minor pair of rDNA loci, one less than the sum
of those in its ancestors B. nigra (BB genome, 2 loci)
and B. campestris (AA genome, 5 loci). RFLP analysis
shows that B. juncea had rDNA RFLPs characteristic of
both ancestors (Delseny et al. 1990). There were six
major rDNA loci in B. napus (AACC genomes). Again,
the species has all the restriction sites found in its
diploid ancestors (Quiros et al. 1987). It is probable that
the extra loci were lost (or are reduced to below the
detection limit), although translocations and fusions
could also lead to loss of sites. Bennett and Smith (1991)
reported the total copy numbers of the B. oleracea and
B. campestris types of rDNA, determined by quantitative
Southern hybridization, as 800 and 3500 in the tetraploid
B. napus, compared with 1500 and 3400 in the respective

ancestral tetraploid species. The in situ hybridization
data support these results, since the total strength of
hybridization is lower in B. oleracea and B. campestris
(cf. Figs. 5b and 8 with 4b, and 9). In B. napus (Figs. 6b
and 13b), there is substantial varition in size of the individual rDNA loci; the Bennett and Smith (1991) results
indicate that the smaller loci arise from B. oleracea.
Molecular cytogenetics of Brassica species
RFLP mapping data from diploid Brassica species suggested that extensive structural rearrangements of chromosomes have occurred after the duplication events
(Slocum et al. 1990; Song et al. 199 1; Kianian and Quiros
1992b). In both diploid and tetraploid species, differences
in the organization of repetitive DNA sequences at the
centromeres detected by in situ hybridization also indicate that structural rearrangements have occurred between
species (G.E. Harrison and J.S. Heslop-Harrison, in preparation; see Heslop-Harrison et al. 1992). Although many
rearrangements may have occurred during evolution of
the tetraploid species from the diploids, genome size
measurements by Feulgen microdensitometry (Bennett and
Smith 1976; Fig. 1) and flow cytometry (Arumuganathan
and Earle 1991), as well as the chromosome sizes found
here (Figs. 2-6) and in other karyotype studies, also
indicate that no major changes in average chromosome
sizes have occurred in the amphidiploid species. Careful,
systematic measurement of chromosome and genome sizes
in the species may indicate that overall genome size is
slightly different from the sum of the ancestors, but
quantitative and qualitative assessment of differences in
copy number, distribution, and actual sequence of various DNA sequence families are likely to be of greater
importance to understanding microevolution (during selection in plant breeding, tissue culture, or the production of
aneuploid lines) and macroevolution (during speciation)
within the genus.
Molecular cytogenetic techniques offer exciting possibilities for chromosome investigations in the Brassicas
with many small, similarly sized chromosomes, especially
when combined with the extensive molecular genetic information now accumulating about the genus. For example,
the use of double target in situ hybridization with genomespecific probes (Heslop-Harrison et al. 1992) and the rDNA
probe is likely to be able to detect which genome has
lost rDNA sites. In humans, sets of pooled chromosomespecific probes can be used for "painting" particular
chromosomes along their lengths by in situ hybridization
(Lichter et al. 1988). Perhaps similar probe sets could be
derived from Arabidopsis thaliana (2n = 10) where no
duplicated segments have been reported and used to paint
the homologous segments of the diploid and tetraploid
Brassica species. Evolutionary translocations and other
rearrangements could then be visualized and analyzed
directly. Knowledge of the types of changes that have
happened in the past may be a valuable guide to the
changes (Heslop-Harrison and Schwarzacher 1993) that
can be made during plant breeding using genes present
wihin the cultivated Bmssicn's and their wild relatives.
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