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We describe the morphology and molecular organization of heterochromatin domains in the interphase
nuclei, and mitotic and meiotic chromosomes, of Brassica rapa, using DAPI staining and fluorescence in situ
hybridization (FISH) of rDNA and pericentromere
tandem repeats. We have developed a simple method
to distinguish the centromeric regions of mitotic metaphase chromosomes by prolonged irradiation with UV
light at the DAPI excitation wavelength. Application of
this bleached DAPI band (BDB) karyotyping method
to the 45S and 5S rDNAs and 176 bp centromere satellite repeats distinguished the 10 B. rapa chromosomes.
We further characterized the centromeric repeat sequences in BAC end sequences. These fell into two
classes, CentBr1 and CentBr2, occupying the centromeres of eight and two chromosomes, respectively. The
centromere satellites encompassed about 30% of the
total chromosomes, particularly in the core centromere
blocks of all the chromosomes. Interestingly, centromere length was inversely correlated with chromosome
length. The morphology and molecular organization of
heterochromatin domains in interphase nuclei, and in
mitotic and meiotic chromosomes, were further characterized by DAPI staining and FISH of rDNA and
CentBr. The DAPI fluorescence of interphase nuclei
revealed ten to twenty conspicuous chromocenters, each
composed of the heterochromatin of up to four chromosomes and/or nucleolar organizing regions.
Keywords: BDB; Centromeric Repeat; Chromocentre;
Constitutive Heterochromatin; FISH.
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Introduction
The genus Brassica is a major worldwide oil and leaf
vegetable crop. It includes an almost countless number of
varieties and hybrids that have been cultivated for a long
time. In an extensive cytogenetic study of this genus, U
(1935) classified Brassica species on the basis of chromosome numbers into genomes A, B and C, and their allopolyploid hybrids AB, AC and BC. The A genome is B.
rapa (syn. campestris) with basic chromosome number x
= 10, the B genome is B. nigra with x = 8 and the C genome is B. oleracea with x = 9. The allotetraploid hybrids
produced by interspecific polyploidization include B.
napus (AC) with x = 19, B. juncea (AB) with x = 18 and
B. carinata (BC) with x = 17.
In spite of extensive chromosome research on Brassica,
little is known about the organization and morphology of
its heterochromatin, and the individual chromosomes of
mitotic and meiotic cells have not been identified (Cheng
et al., 1995; Hasterok et al., 2001; Koo et al., 2004; Kulak et al., 2002; Maluszynska and Heslop-Harrison, 1993;
Röbbelen, 1960; Schrader et al., 2000; Snowdon et al.,
2002). The mitotic metaphase chromosomes measure only
2–5 µm (Cheng et al., 1995) and have unclear primary
constrictions that make distinguishing the chromosome
arms unreliable (Fukui et al., 1998). The chromosome
identification and nomenclature of various Brassica species is based on chromosome lengths and rDNA-FISH
sites only (Fukui et al., 1998; Koo et al., 2004; Snowdon
et al., 2002).
Abbreviations: BDB, bleached DAPI band; CentBr1, centromeric repeat in Brassica rapa 1; CentBr2, centromeric repeat in
Brassica rapa 2; DAPI, 4′,6-diamidino-2-phenylindole; FISH,
fluorescence in situ hybridization.
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As in Arabidopsis and other members of the mustard
family, the chromosomes of Brassica display a very simple
organisation of heterochromatin, with striking heterochromatic regions around the centromeres of each chromosome
and the nucleolar organizer regions of the satellite chromosomes (Fukui et al., 1998). These appear in interphase nuclei as a variable number of chromocenters. Most of these
heterochromatic areas are C-band positive (Olin-Fatih,
1996; Olin-Fatih and Heneen, 1992), rich in repetitive
DNA sequences (Harrison and Heslop-Harrison, 1995), and
depress crossover recombination (Budiman et al., 2004). In
modern fluorescence microscopy, such regions are generally revealed using the counterstaining fluorophore DAPI
(4′,6-diamidino-2-phenylindole), sometimes in combination with propidium iodide (Trask, 1999).
In this study, we focused on basic structure of the heterochromatin organisation of B. rapa and the positions of
some of the families of large repetitive DNA sequences
on mitotic and meiotic chromosomes, and we compared
our observations with the organisation of heterochromatin
in Arabidopsis thaliana. We describe how the patterns of
heterochromatin in DAPI-stained preparations reverse in
their fluorescence intensity along the chromosomes upon
prolonged UV radiation. We analyse the sites of the major
satellite repeats of 45S rDNA and 5S rDNA and of two
related HindIII satellite repeats in a three-colour FISH
assay on mitotic complements, and compare these results
with similar hybridization of metaphase I complements.

Materials and Methods
Chromosome preparation Seeds of B. rapa ssp. pekinensis (cv.
Chiifu 401) were sown on two layers of moistened filter paper
in a Petri dish, and kept in the dark at 25°C for two days. The
young germinated root tips were cut and treated with saturated
1-bromonaphthalene (Merck, cat. # 8.06210) at room temperature for 2 h or 0.02% aqueous 8-hydroxyquinoline (Duchefa, cat.
# H0168) for 3 h at 15°C and then washed three times with sterile water before fixation in freshly prepared acetic acid - ethanol
(1:3). Flower buds were directly fixed in the fixative. All material was fixed for at least 2 h and transferred to 70% ethanol at
4°C if longer storage was required.
For chromosome preparation we first digested the cell walls
of root tips and flower buds in a mixture of pectolytic enzymes
containing 0.3% pectolyase Y23, 0.3% cellulase RS, 0.3% cytohelicase in 150 mM citrate buffer for 1 h (root tips) and 2 h
(flower buds) at 37°C. Squash preparations were made in a drop
of 60% acetic acid. They were air-dried overnight at 37°C before being used for FISH.
Repetitive DNA families Clone pTa71 containing 9 kb of 45S
rDNA, the 18S - 5.8S - 25S rRNA genes and the non-transcribed intergenic spacer regions, of Triticum aestivum L was
provided by Gerlach and Bedbrook (1979). The 5S rDNA sub-
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unit from B. rapa ssp. pekinensis (Chinese cabbage) was directly labeled with digoxigenin 11-dUTP by PCR using forward
primer 5′-GGATGGGTGACCTCC CGGGA AGTC-3′ and reverse
primer 5′-CGCTTAACTGCGGAGTTCTGATGGG-3′ (Yang et
al., 1998). DNA was amplified for 35 cycles of 1 min at 94°C,
45 s at 55°C, 1 min at 72°C and a final period of 5 min at 72°C.
Sequence analysis of centromere satellites We sequenced
10,204 BAC ends of a B. rapa HindIII BAC library (KBrH)
(GenBank accession numbers CW978640−CW988843). From
the BAC end sequence information, we found that about 30% of
the BAC clones contain 176 bp tandem repeats. Randomly selected BAC ends were further analyzed to characterize and classify the repeats. The various CentBr repeats were investigated
by subsequent BLAST to GenBank (http://www.ncbi.nlm.nih.
gov/BLAST/), and to the 0.3× B. oleracea whole genome shotgun sequence database of The Institute for Genomic Research
(TIGR, http://www.tigr.org/tdb/e2k1/bog1/release.shtml). Multiple sequence alignments and phylogenetic analyses were performed with DNASTAR software. The 176 bp repeat units were
extracted from the long array of each sequence such as -F1, -F2,
and -F3 so obtaining 1−176 bp, 177−352 bp, and 353−528 bp of
the forward (F) sequence of each clone. Based on the phylogenetic analyses, we cloned two 176 bp units, one from
KBrH001B09-F1 (GenBank accession No. CW978699-1) and the
other from KBrH001E07-F1 (GenBank accession No. CW9788371), representing classes I and class II, respectively.
These two 176 bp repeat units were sub-cloned into pBluscriptII vector, designated CentBr1 and CentBr2, and used as FISH
probes for centromere mapping.
Fluorescence in situ hybridization Our FISH protocol was
adapted from Lim et al. (2001) with minor modifications. In
brief, slides were baked at 60°C for 30 min and pre-treated with
100 µg/ml RNase A in 2× SSC for 1 h at 37°C, washed in 2×
SSC for 5 min, post fixed with 4% paraformaldehyde solution
for 10 min, washed with PBS buffer and finally dehydrated
through an alcohol series. All repeat DNA samples were labeled
with either biotin-16-dUTP or digoxigenin-11-dUTP by nick
translation, using the manufacturer’s protocol (Roche). Probe
DNA was mixed with 50% deionized formamide, 10% dextran
sulphate, 2× SSC and 1% SDS to a final concentration of 50–
100 ng per slide before denaturation in this solution at 70°C for
10 min and cooling on ice for 5 min. For the slides we used 40
µl of hybridization mix containing probes, covered the samples
with cover slips, heated them at 80°C for 5 min, incubated them
overnight at 37°C, and washed them stringently in 0.1× SSC at
42°C for 30 min. Digoxigenin was detected with FITC conjugated anti-digoxigenin antibodies (Roche, Germany) and biotin
with streptavidin Cy3 (Zymed Lab., USA). The slides were
counterstained with 2 µg/ml DAPI in Vectashield (Vecta laboratories Inc., USA) and examined under a Zeiss Axioplan 2 fluorescence microscope equipped with epifluorescence illumination
and appropriate filters for DAPI, FITC and Cy3. We captured
the images with an Axio Cam CCD (Carl Zeiss, Germany) or
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Photometrics Sensys 1,305 × 1,024 pixels CCD camera, and
processed them with Genus Image Analysis Workstation software (Applied Imaging Corporation). Parts of the DAPI images
were sharpened with a 7 × 7 Hi-gauss high pass spatial filter to
accentuate minor details and heterochromatin differentiation.
Depending on the system used, we displayed DAPI fluorescence
images in blue or gray. FISH signals were pseudo-colored and
further improved for optimal brightness and contrast with
Adobe Photoshop image processing software.
Karyotype analysis We ordered chromosomes in order of decreasing length except for NOR-bearing chromosome #2, and
matched putative homologues on the basis of similar morphology and FISH patterns. At least twenty high-quality haploid
metaphase complements, probed with CentBr 1 (class I; Chr #1,
3, 4, 6, 7, 8, 9 and 10) and CentBr2 (class II; Chr #2 and 5), 45S
(Chr #1, 2, 3, 4 and 5) and 5S rDNA (Chr #2, 3 and 10), and
BDB (Bleached DAPI band) analysis, and counterstained with
DAPI, were selected for karyotype analysis. The captured metaphases were measured with Axiovision software (Carl Zeiss,
Germany) to determine the length of chromosomes, and of
CentBr1 and CentBr2 regions. The total average chromosome
lengths (haploid complement), divided by short and long arm
chromosome lengths, were calculated for each metaphase complement.

Results
Brassica rapa has two classes of CentBr repeats Centromere repeats often extend over several millions of nucleotides with 150−180 bp motifs, such as pAL1 in
Arabidopsis (Copenhaver et al., 1999) and CentO in rice
(Zhang et al., 2004). The Brassica centromere is composed of 176 bp tandem repeats that contain HindIII sites
at both ends (HindIII repeat, Harrison and Heslop-Harrison,
1995). From our large scale sequencing we found that
3,080 (30.2%) out of 10,204 BAC end sequences (BES)
(GenBank accession numbers CW978640−CW988843)
contain HindIII tandem repeats. We compared repeat sequences randomly selected from our BES, and the GenBank and TIGR databases. Phylogenetic analysis revealed
that the 176 bp repeat motifs form two groups based on
sequence similarity (Fig. 1). The other well-known centromeric repeats, the Canrep repeat of B. napus (Xia et al.,
1993; GenBank accession No. X61583) and of B. juncea
(Xia et al., 1994, GenBank accession No. X68785) are included in class I and class II, respectively. Raphanus sativus (Grellet et al., 1986, GenBank accession No. X03552)
contains a highly diverged repeat unit (23.2% nucleotide
substitutions). Another relative of the Brassica family,
Sinapis arvensis, contains a much more divergent 175 bp
tandem repeat (GenBank accession No. X74830). The
presence of the CentBr repeats in other Brassica species
and the abundant appearance of the repeats in TIGR’s B.

Fig. 1. Phylogenetic tree of randomly selected centromeric repeats.
The 176 bp repeat units are from previously reported sequences in
GenBank (red letters) and TIGR’s B. oleracea shotgun database
(blue letter), and BAC end sequences in the Brassica rapa HindIII
BAC library (black letters). The 176 bp units were trimmed from
the array in B. rapa BAC end sequences and B. oleracea shotgun
sequences such as KBrH001A18-F1 and KBrH001A18-F2 for
1−176 bp and 177−354 bp from the forward (F) end sequence of
the clone KBrH001A18 (GenBank accession No. CW978670).
The reference sequences compared were: GenBank accession
numbers X12736 (B. rapa), X68785 (B. juncea), X61583 (B.
napus), M31435 (B. oleracea), X74830 (Sinapis arvensis) and
X03552 (R. sativus). Sequences indicated by arrows were compared in Fig. 2 for multiple alignments. The sequences of the
CentBr1 (KBrH001B09F, GenBank accession No. CW978699)
and CentBr2 (KBrH001E07F, GenBank accession No. CW978837)
used for FISH are indicated by green arrows.

oleracea shotgun sequence database demonstrated that
these repeats are the major components of the centromeric
sequences of Brassica (Fig. 1). The class 1 and 2 repeats
will be referred to as centromeric repeat of Brassica 1 and
2 (CentBr1 and CentBr2) (Fig. 1). CentBr1 and CentBr2
have ca. 82% sequence similarity, while the members of
each class have more than 90% sequence similarity. Ad-
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Table 1. Individual chromosome lengths at mitotic metaphase in B. rapa ssp. pekinensis cv. Chiifu. Short arm and long arm lengths
were measured from the positions of distinguishable first-constrictions and from FISH with the CentBr probe.
Chromosome
number
#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
Total

Average chromosome length (µm)
Short arm
(s)
1.83
2.82
1.60
1.53
1.46
1.23
0.92
0.74
0.82
0.78
13.73

Long arm
(l)
2.66
2.74
2.02
1.94
1.79
1.65
1.88
1.42
1.27
1.37
18.74

Total
(s + l)
4.49 ± 0.14
5.56 ± 0.50
3.62 ± 0.23
3.47 ± 0.35
3.25 ± 0.09
2.88 ± 0.13
2.80 ± 0.27
2.16 ± 0.15
2.09 ± 0.10
2.15 ± 0.01
32.47

Centromere
index (%)b
40.8
50.7
44.2
44.1
44.9
42.7
32.9
34.3
39.2
36.3

Total area
(µm2)
7.52
5.99
5.79
5.46
5.34
5.13
4.82
3.90
3.53
3.50
50.98

CentBr size
(µm2)
1.36
1.25
1.48
1.18
1.12
1.74
1.93
1.89
1.67
1.94
15.56

rDNAc
45S

5S

L
S
L
L
L
-

S
L
S

a

Short arm includes satellite and nucleolar organizer region.
(Short arm/total chromosome length) × 100.
c
L and S indicate the long and short arm of the chromosomes.
b

Fig. 2. Multiple alignments of randomly selected CentBr repeat units from Brassica. CW978699-1−3 and CW978837-1−4 represent
the ordered 176 bp repeat units found in the BAC end sequences of KBrH001B09-F1−3 and KBrH001E07-F1−4, respectively. Others
represent the GenBank accession numbers; X12736 (B. rapa), X68785 (B. juncea), X61583 (B. napus), M31435 (B. oleracea),
X74830 (Sinapis arvensis) and X03552 (R. sativus). Degenerate sequences are highlighted. Sixteen nucleotides that differ between
class 1 and class 2 are marked with * under the sequence.

jacent repeat units, such as 001B09-F1−001B09-F3 from
the forward sequence of BAC clone KBrH001B09 (GenBank accession No. CW978699), have more sequence
identity and are always grouped in the same class (Fig. 2).
Multiple sequence alignment revealed that sixteen nucleotide motifs (∗) classify the CentBr1 and CentBr2 (Fig. 2).
FISH with CentBr1 and CentBr2 yielded fluorescence
signals in the centromeres of eight and two chromosomes,
respectively, of the ten chromosomes (Fig. 3A). Metaphase I chromosomes hardly displayed heterochromatin
differentiation without FISH. However, the CentBr FISH
signals clearly faced the poles, thus confirming their location in pericentromeric heterochromatin.

Chromosome morphology and heterochromatin patterns Table 1 gives the average lengths (µm) of all chromosomes and of the total complement of selected 20
metaphase sets. The average total length of the haploid
complement was 32.47 µm, with 5.83 µm for the nucleolus chromosome including the satellite and nucleolus organiser regions (Chr #2), 4.5 µm for chromosome #1, and
2.15 µm for the shortest chromosome (#10). Chromosomes #1 and #2 are the largest and can always be distinguished without additional measurements or use of FISH
markers. Centromere indexes varied from 50.7% (satellite
included in short arm) to 32.9% (Table 1), which means
that the chromosomes are metacentric or submetacentric.
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Table 2. Frequencies of the different types of interphase nuclei. N
= 355.
Type of cells (%)
I
Total

C

D

E

F

Fig. 3. FISH analysis of CentBrs (A, C), 45S (D) and 5S rDNA
(E) sequences on meiotic metaphase I (A) and the mitotic metaphase chromosome complement (B−F). A. Meiotic metaphase I
showing CentBr1 (red) and CentBr2 (green) fluorescence facing
the poles of the centromere region. B. DAPI staining of the
metaphase chromosome complement. C. FISH with a mixture of
CentBr1 and 2 DNA showing the position and size of the
(peri)centromeric region. D−E. 45S (D) and 5S (E) rDNA probes
hybridized to the same chromosome complement. F. merged
signals of 45S, 5S rDNA and CentBr repeats on a mitotic metaphase complement. Bars represent 5 µm in each case.

The total area of CentBr was about 15.6 µm2, covering
about 30.5% of the whole genome. We estimate that the
CentBr signals occupy about 50% of the heterochromatic
domains. Figure 3 and Table 1 present the results of FISH
using rDNA on metaphase chromosomes. The 45S rDNA
loci were on chromosomes #1- #5, with the largest domain
in the satellite region and the NOR of chromosome #2, and
small sites in decreasing order of signal intensity in the
long arm pericentromeric heterochromatin of chromosomes
#3, #4, #5 and #1, respectively. We observed 5S rDNA
signals between the 45S and centromere of chromosome #2,
in the proximal long arm region of chromosome #3, and in
the short arm heterochromatin of chromosome #10. Numbers of rDNA sites in the interphase nuclei varied from four,
due to association of two or three rDNA sites, to 10 due to
absence of such associations (Fig. 4). The sizes of the
pooled CentBr repeats were measured and are presented in
Table 1. Statistical analysis demonstrated a significant
negative correlation between the size of the CentBr repeat
region and the size of the corresponding chromosome
[Pearson r (X,Y) = -0.374, P < 0.05].
We studied the composition of interphase chromo-

II

III

IV

Total

36.1 ± 2.0 22.5 ± 5.04 25.0 ± 2.63 16.4 ± 2.03 100.0

I, nuclei with twenty clearly defined chromocenters, each giving a
CentBr signal; II, nuclei with less than twelve highly associated
chromocenters. III, nuclei with ca. 20 de-condensed chromocentres and dispersed CentBr signals; IV, nuclei with 12−18
chromocenters giving 1−2 CentBr signals.

A

B

C

Fig. 4. Fluorescence in situ hybridization of 45S rDNA (green),
5S rDNA (yellow) and the CentBr satellite repeats (red) on interphase cells. A. Interphase complement showing 20 well-defined
chromocenters with 45S rDNA domains nearby. B. Merged chromocenters with several associated CentBr repeats. C. Defused
CentBr repeats. Size bar represents 10 µm in each case.

A

B

Fig. 5. BDB karyotype analysis of the mitotic complement. A.
DAPI counterstaining (before BDB) showing euchromatic regions
stained more strongly than heterochromatin. B. Centromeric regions defined clearly after BDB treatment. Numbers indicate putative chromosome numbers based on the intensities and positions
of centromere regions and chromosome morphology and length.
Bars represent 5 µm in all cases.

centers in a series of FISH experiments with the CentBr
repeats and 45S rDNA as probes (Fig. 4, Table 2). CentBr
signals were found in the large chromocenters, but not in
the smaller chromocenters of euchromatic regions. Examples of FISH patterns in interphase nuclei are shown in Figs.
4A−4C. Table 2 presents the analysis of the four types of
interphase nuclei obtained, revealing obvious differences
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A

B

Fig. 6. FISH mapping of rDNA, CentBrs and BDB on the mitotic metaphase chromosome complement. A. Merged FISH signals of
45S (green), 5S (yellow) rDNA and CentBrs (red). B. Karyotype analysis by the BDB method. Bars represent 5 µm.

between the nuclei of root tip meristems. Type I is nuclei
with twenty clearly defined chromocenters, each displaying a CentBr signal (Fig. 4A), with the rDNA sites always
at the edge of the chromocentre. Type II nuclei possess
larger, conspicuous chromocentres, often forming less
then twelve associations, each containing up to four
pericentromeric domains (Fig. 4B); some of them also
contain rDNA regions. The size of their chromocentres
greatly exceeds those of the other types. Type III displays
about twenty faint, de-condensed chromocenters with
rather dispersed CentBr signals, probably resulting from
late S-phase reduplication of repetitive DNAs (Fig. 4C).
Type IV nuclei have 12–18 chromocentres containing one
or two associated pericentromeric regions, with their own
CentBr domains either homologous or heterologous.
BDB is a new method of identifying constitutive heterochromatin Prolonged exposure of DAPI stained metaphase
chromosomes to UV light at the DAPI excitation wavelength (365 ± 12 nm) caused selective fading of fluorescence profiles along the chromosomes (Fig. 5). 2−3 min of
continuous excitation caused the overall fluorescence intensity diminish due to photobleaching of the fluorophore
in the distal euchromatic parts of the chromosomes. However it also resulted in relatively brighter fluorescence of
the centromeric and satellite regions, and so reversed the
fluorescence profile of chromosomes (Fig. 5B). The results
of BDB in B. rapa coincided with the CentBr FISH signal.

Discussion
FISH on metaphase complements, using the 45S and 5S
rDNA, and the CentBr1 and CentBr2 repeats as probes,
produced good diagnostic markers for identifying chromosomes #1- #5 and #10 (Table 1, Figs. 3, 6, and 7).
Chromosome 1 contains a large heterochromatin block in
the middle of chromosome where the centromere and 45S
rDNA are located. The heterochromatin is asymmetrical
with a far larger block in the long arm (Figs. 6 and 7).
There may be other repeats such as retrotransposons in

Fig. 7. Idiogram of B. rapa ssp. pekinensis. The red, pink, green
and yellow fluorescence gives the positions of the CentBr1 and
2, 45S rDNA and 5S rDNA repeats, respectively. The dark gray
zones in the proximal regions of chromosomes 1, 3, and 5 are
large heterochromatic blocks not fully covered by the centromeric and satellite repeats in this study. The remaining light
gray zones are assumed to be mostly euchromatic.

the pericentromeric region of the long arm of chromosome #1. Chromosome #2 was easily distinguished by the
secondary constriction on the short arm. The short arm of
chromosome #2 was occupied by 45S and 5S rDNAs.
Chromosome numbers #1 to #5 possess 45S rDNA loci
either in their long arm (chromosomes #1, #3, #4 and #5)
or in their short arm (chromosome #2) based on length
order. Chromosomes #7–#9 are the most difficult to identify unequivocally without additional chromosome markers. In addition, polymorphisms in the rDNA sites and
variation in the contraction rates of the chromosomes
make identification of the individual chromosomes even
more uncertain and ordering chromosomes in the karyotype impossible. This explains the different nomenclatures and chromosome numbering used in previous karyotype studies of B. rapa (Cheng et al., 1995; Fukui et al.,
1998; Hasterok et al., 2001; Koo et al., 2004; Kulak et al.,
2002; Maluszynska and Heslop-Harrison, 1993; OlinFatih and Heneen, 1992; Snowdon et al., 2002). The development of diagnostic markers such as chromosomespecific BAC probes and/or profiled repetitive sequences
may facilitate chromosome identification.
Our study of heterochromatin in the chromosomes and
interphase nuclei of Brassica rapa revealed a typical pat-
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tern of brightly fluorescing chromocenters and pericentromere domains resembling the chromatin organization
previously described in A. thaliana (Fransz et al., 2002;
Koornneef et al., 2002). Such patterns were also observed
in Thlaspi, Boechera, Cochlearea (unpublished observations) and other genera of the Brassica family (Ceccarelli
et al., 1998). However, a closer look at the root tip interphase nuclei and pachytene chromosomes revealed that B.
rapa euchromatin contains numerous minor heterochromatic knobs not present in Arabidopsis. Such chromomeres are small domains of heterochromatin and, like the
large pericentromere blocks, contain local genomic islands of repetitive sequences, which together account for
the larger genome size of B. rapa compared to Arabidopsis. The large blocks that occur only in the pericentromere
regions and nucleolar organizer regions are obvious in
interphase and pachytene chromosomes, but are also detectable in DAPI-stained mitotic metaphase chromosomes
after more than 2 min of UV irradiation. The BDB
method enables one to distinguish not only centromeric
but also constitutive heterochromatic domains after UV
illumination of less than five minutes. After 2 min of
bleaching, only the centromere region could be distinguished; with longer irradiation, the whole region of constitutive heterochromatin becomes visible. This is the first
time this method has been tested and it was used only for
Brassica mitotic metaphase chromosomes. Apparently, the
reversed fluorescence differentiation reflects the better recovery of heterochromatin upon prolonged UV bleaching,
but more detailed fluorescence measurements after photo
bleaching are needed for accurate analysis of these chromatin changes.
FISH and DAPI fluorescence images of interphase nuclei revealed that the chromocenters of B. rapa are very
dynamic structures. We could distinguish four different
types, which differed in relative frequencies between root
tips (Table 2). It is likely that the four types reflect different phases of mitotic interphase (G1, S, and G2), or stages
of development, levels of endopolyploidy or gene expression. We have also shown that pretreatment of root tips
with the spindle inhibitor 8-hydroxyquinoline can affect
interphase morphology and chromocenter formation (data
not shown). Although FISH with the CentBr repeats revealed the number of associated chromocenters, it was not
possible to assess for the ten chromosome pairs if the associations are between homologous or heterologous regions, or involve specific regions of gene expression (Fig.
4). The fact that even large endopolyploid nuclei have a
comparable number of chromocenters suggests that identical copies of endoreduplicated centromere regions remain associated and so form polytene structures like bundles of identical chromosomes. Multicolour FISH with
BAC series for specific chromosomes in combination
with 3D microscopy is needed to further explore the organisation of these chromocenters.

The CentBr tandem repeats together with the rDNAs
cover about 70% of the heterochromatin blocks, but sequence analyses of selected BACs in these regions revealed various other repeats such as pericentromere specific retrotransposons including Ty1-Gypsy and Ty3Copia (unpublished data). Comparison of our Brassica
rapa centromere and pericentromere repeats with the repeats in Arabidopsis revealed a few intriguing discrepancies. Firstly, we observed that the CentBr repeats are located in both functional centromeres (the weakly stained
narrow regions at the primary constriction of the chromosomes that face towards the poles at mitotic and meiotic
anaphase) and the large pericentromere heterochromatin
blocks, whereas Arabidopsis pAL1 repeat is specific for
the former and the 106B retrotransposon for the latter (cf.
Koornneef et al., 2003). Secondly, the size of the CentBr
repeats is negatively correlated with chromosome length,
whereas the areas of pAL1-containing centromeres are
positively correlated with chromosome length and the
areas of 106B retrotransposon containing pericentromeres
+ NOR heterochromatin are equal for all chromosomes
(Koornneef et al., 2003).
Based on our sequence data, FISH analysis and previous studies, we conclude that the 176 bp CentBr tandem
arrays are the major centromeric sequences in the genus
Brassica (Harrison and Heslop-Harrison, 1995; Lakshmikumaran and Ranade, 1990; Xia et al., 1993; 1994). The
two classes of CentBrs are located in the centromeres of
different chromosomes. The CentBr1 (class I) are the majority, occupying eight (#1, #3−4, and #6−10) out of ten
chromosomes in the genome of B. rapa, while the
CentBr2 (class II) are present on two chromosomes (#2
and #5) (Fig. 3A). In the survey of 3,080 BAC end sequences harbouring CentBr repeats, more than 90% of the
CentBr repeats appeared to be CentBr1. CentBr1 and
CentBr2 have 82−85% sequence similarity, while the repeats within each class have 92−100% sequence similarity. Rice chromosome #4 also has two types of CentO, of
155 and 165 bp, with about 82−86% sequence similarity
between monomers and about 92−100% within monomers.
Harrison and Heslop-Harrison (1995) isolated a 350 bp
repetitive nucleotide sequence (pBcKB4) from B. rapa,
and showed that the sequence localized to the centromeric
regions of only eight of the chromosomes. Our molecular
data confirmed that pBcKB4 is indeed a dimer of CentBr1.
The centromere is known to evolve extremely rapidly.
Plant centromeres diverge rapidly through large- and
small-scale changes (Hall et al., 2004). The existence of
two classes of CentBr in the genus Brassica may be the
result of small-scale changes and play a role in subsequent large-scale changes. It is interesting to compare the
repeat sequences in adjacent genera (of the family Brassicaceae). Raphanus sativus (Grellet et al., 1986; GenBank
accession No. X03552) still contains similar repeat units
while Sinapis arvensis contains a 175 bp tandem repeat,
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which is similar but much more diverged (GenBank accession No. X74830). Moreover, the 180 bp centromeric
repeat, pAL1, of Arabidopsis does not have significant
sequence similarity even though the two genomes are
highly syntenic and have 81% sequence similarity in euchromatic regions (Yang et al., 2005) such as the flowering time genes of Crucifers (Kim et al., 2003; Osborn et
al., 1997) suggesting that the centromere has evolved rapidly after speciation from a common ancestor 14.5−20.4
million years ago (Bowers et al., 2003). The 176 bp tandem repeats of CentBr1 and CentBr2 have similar monomer lengths to the centromeric satellite repeats of other
species, such as the alpha satellite in humans (Schueler et
al., 2001), pAL1 in Arabidopsis (Copenhaver et al., 1999),
CentC in maize (Ananiev et al., 1998) and CentO in rice
(Zhang et al., 2004). In the centromere of rice chromosome #4, the 165 and 155 bp of CentO are interrupted by
centromere-specific retrotransposons. Careful sequence
analysis of the 3,080 BAC end sequences harboring CentBr
arrays revealed that many of the CentBr1 and CentBr2
arrays are also interrupted by various retrotranposon-like
elements. Furthermore FISH data on meiotic metaphase I
showed that 176 bp CentBr probes hybridised to the far
ends of bivalent chromosomes facing both poles (Fig. 3A),
which indicates that CentBr repeats are members of the
repeat sequences in core centromeres, although they are
not confirmed as functional core elements. The CentBr
may exist as arrays of tens of Mbp according to their
FISH signals (Figs. 3A and 3C). A survey of the CentBr
sequences in GenBank revealed that they are present in
most species of the genus Brassica. A comprehensive and
comparative genomics approach to the centromeric sequence in the genus Brassica may be useful for understanding centromere structure and evolution.
In this study, we elucidated the extent of heterochromatin in B. rapa using rDNA and classes of pericentromeric repeats as probes, as well as the position and distribution of major repeats. The plant, B. rapa, inbred line
Chiifu, used in this study was the same as that used for
constructing BAC libraries (KBrH, KBrB) for the Multinational Brassica Genome Project (MBGP: www.brassica.
info). Hence, the detailed information and results obtained
in the present study should permit the MBGP to achieve
further understanding of this species (Yang et al., 2005).
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