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Abstract. Fluorescence in situ hybridization (FISH) is a powerful tool for the detection of DNA sequences
in the specific region of the chromosomes. As well as for the integrated physical mapping, FISH karyotype
analysis has to be preceded. Karyotype of Raphanus sativus “Wonkyo 10039’ was analyzed by a dual-color
FISH technique; using various repetitive DNA probes, including 5S rDNA, 45S rDNA, and centromere
retrotransposon. The length of the somatic metaphase chromosome ranged from 1.35 to 2.06 um with a total
length of 15.29 um. The chromosome complements comprised of eight pairs of metacentrics and one pair
of submetacentric. Bleached DAPI Band analysis revealed a heterochromatin region, covering 28.6% to 50.4%
each chromosomes. 5S and 45S rDNA sequences were located on two and three pairs of chromosomes,
respectively. The centromere retrotransposon of Brassica (CRB) is a major component in Brassica related
species that has been maintained as a common centromere component. CRB signals were detected on the
centromere and pericentromeric region of R. sativus “Wonkyo 10039’ and three basic Brassica species (B.
rapa, B. nigra, and B. oleracea). These results will provide a valuable background for physical mapping
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and elucidation of the evolutionary relationship among the Brassica related species.
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Introduction

Radish, Raphanus sativus L., belongs to the genus Raphanus
in the family Brassicaceae, which is classified into two
sections of Raphanus DC. and Hesperidopsis Boiss (Kitamura,
1958). The phylogenic relationship between Raphanus and
Brassica species suggests that Raphanus originated from
hybridization between Brassica rapa/oleracea and Brassica/
nigra lineages (Yang et al., 2002). Radish is an important
edible vegetable in daily life and widely cultivated root crop
in East Asia (Kaneko et al., 2007).

Molecular cytogenetic studies such as karyotype analysis and
fluorescence in situ hybridization (FISH) provide comprehensive
information pertaining to the phylogenetic relationship between
the related species and study of plant evolution (Cao, 2003; Lou
et al., 2010). To date, cytogenetic studies of radish have been
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conducted using conventional techniques such as Heidenhain’s
iron hematoxylin staining and the Feulgen squash method
(Kaneko et al., 2007; Mukherjee, 1979; Richharia, 1937),
as well as karyotype analysis using the molecular cytogenetic
method (Hasterok et al., 2006; Schrader et al., 2000). However,
none of these previous studies have clearly characterized
the individual chromosome of R. sativus. In Brassica related
species, it is difficult to identify the centromeric region without
any centromere specific markers because of the small size
and highly condensed condition of the centromere regions.
Ribosomal DNAs have been classified into two different
types, 45S (18S-5.8S-26S) and 5S rDNA, which are arranged
in tandem repeats and located in one or more specific
locations. Ribosomal DNA has been shown to be a useful
marker for analysis of karyotypes with similar size and shape,
particularly, in various Brassica species (Fukui et al., 1998;
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Hasterok et al., 2006; Hwang et al., 2009; Lim et al., 2005;
Snowdon et al., 1997). The bleached DAPI band (BDB)
method is also advantageous in identification of the centromeric
region in Brassica and its related species without the use
of any probes (Hwang et al., 2009; Lim et al., 2005).

In this study, the dual color FISH technique was used
to provide detailed characterization of each chromosome and
the chromosomal distribution of 5S and 45S rDNA loci, as
well as the centromeric retrotransposon of Brassica (CRB)
in R. sativus cv. Wonkyo 10039 (WK39), which is a
reference species of ongoing radish genome sequencing
project in Korea.

Materials and Methods

Chromosome Preparation

The seeds of R. sativus “WK39’ (National Institute of
Horticultural & Herbal Science, RDA, Korea, 2n = 2x = 18,
RR) were sown on moist filter paper in a Petri dish and
incubated at 25°C for 36 h for germination. The young root tips
(1.0-2.0 cm long) were treated with 2 mM 8-hydroxyquinoline
at 22°C for 3 h. The materials were subsequently fixed in
Carnoy’s solution (glacial acetic acid:ethanol = 1:3) and
stored at -20°C. The fixed roots were then washed in 0.01
M citric acid-sodium citrate buffer prior to enzymatic treatment,
after which the meristematic tips were digested in 0.3% of
pectolyase, cellulase, and cytohelicase at 37°C for 60 min.
Finally, the root tips were washed in distilled water and then
squashed in a drop of 60% acetic acid.

Probe Preparation

A 9 kb fragment of 45S rDNA (18S-5.85-25S rDNA)
(Gerlach and Bedbrook, 1979) was labeled with biotin-16-
dUTP by the Nick translation method. The 5S rDNA was
obtained after PCR amplification according to the method
described by Hwang et al. (2009) and labeled with digoxigenin-
11-dUTP by Nick translation method.

Fluorescence in Situ Hybridization

The FISH procedure described by Lim et al. (2005) was
used. Briefly, the hybridization mixture consisted of 50%
deionized formamide, 10% dextransulfate, 2X SSC, and
sheared salmon sperm DNA. The probes (5S rDNA, 45S
rDNA, CRB) were mixed to a final concentration of about
20 ng-mL" and then denatured at 70°C for 10 min. The
probe mixture was added to each slide and was covered using
a cover slip. The hybridization was carried out in a humid
chamber at 37°C for 24 h. The slides were subsequently
washed in 2X SSC at room temperature for 5 min and 0.1X
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SSC at 42°C for 30 min, after which the fluorescence signal
was detected using FITC conjugated anti-digoxygenin antibodies
(Roche, Germany) and streptavidin Cy3 (Zymed Lab., USA).
The slides were then mounted and counterstained in Vectashield
containing 2 pL-mL'l DAPI (4°, 6-diamidino-2-phenylindole).

Microscopic Observation of Karyotype Analysis

The images were observed using an Olympus BX 61
fluorescent microscope equipped with a CCD camera and
then analyzed with the Genus image analysis workstation
software (Genus version 3.8, Applied Imaging Corporation,
UK). More than five well-spread metaphase chromosomes
were used for karyotype analysis. The paired chromosomes
were confirmed based on their morphological characteristics,
FISH signals, BDB pattern, and length of short and long arm.
The chromosome morphological classification was conducted
according to Levan et al. (1964).

Flow Cytometry Analysis

For genome size measurement, | cm’ of young leaves
was mixed with 0.2 mL of nuclear extraction buffer solution
(solution A of the plant high-resolution DNA kit, Partec
GmbH, Munster, Germany) and incubated at room temperature
for 15 min. The extracted nuclear solution was then stained
with staining solution (10 mM Tris, 50 mM sodium citrate,
2 mM MgCl, 1% (w/v) PVP K-30, 0.1% (v/v) Triton X-100,
Propidium Iodide) and analyzed by flow cytometry (Partec
CA-II, Munster, Germany). These whole processes were carried
out at the Iribov breeding support laboratory in The Netherlands.
Tetraploid Brassica oleracea was used as a reference for
which the DNA contents calculated as 2.8 pg. The formulas
for converting the number of nucleotide pairs (or base pairs)
to picograms of DNA and vice-versa are based on Dolezel
et al. (2003).

Results

Measurement of Relative Nuclear DNA Content

We confirmed that the number of chromosomes was 2n
= 2x = 18 by conventional chromosome counting under the
microscope (Fig. 1A). The relative nuclear DNA content in
R. sativus “WK39* was determined to be 552.6 Mbp by flow
cytometry, which was equivalent to 1.2 pg per 2C level (Table 1).

Characteristics of Chromosome Morphology

The mitotic chromosome number of R. sativus ‘WK39’
was 2n = 2x = 18 and nine pairs of homologous chromosomes
were obtained (Fig. 1). The somatic metaphase chromosome
lengths ranged from 1.35 + 0.06 um (chromosome i, shortest)



Fig. 1. FISH analysis of two types of rDNA (5S and 45S) sequences on somatic metaphase chromosome complements of R.
sativus. A. DAPI staining of the metaphase complements. B. Centromeric region clearly revealed after BDB treatment. C. Merged
signals of 5S (green fluorescence) and 45S (red fluorescence) on mitotic metaphase complement. Bars = 5 um.

Table 1. Relative nuclear DNA content of R. sativus ‘WK39’ by flow cytometry.

Flow cytometry

Species Ploidy level

Relative DNA content (2C)

‘WK39’ 2n =2x =18

1.2 + 0.3° pg

1105.2 Mbp’

*Values indicate mean * standard deviation.
YGenome size (bp) = (0.978 x 10°) x DNA content (pg).

Table 2. FISH karyotype analysis using chromosome lengths, number and positions of various repetitive DNAs, and BDB technique.

Chromosome length (um) FISH v
Chr. Centromere ~ Chromosome BDB
no. Sh"(r;)a"" "°"(9L)arm To(tg' J'ret?th index (%)’ type 5S rDNA 45S (DNA CRB" (%)
a 096 + 0.04 1.11 £ 0.01 2.06 = 0.04 46.6 m’ - L + 34.0
b 0.51 £ 0.01 0.93 £ 0.02 1.44 £+ 0.02 35.4 sm* S S + 48.6
c 0.87 £+ 0.03 1.05 £ 0.05 1.92 + 0.02 45.3 m L - + 31.8
d 0.85 + 0.03 1.05 + 0.06 1.90 + 0.05 447 m - - + 321
e 0.79 + 0.05 1.10 £ 0.08 1.89 = 0.03 41.8 m - + 28.6
f 0.76 + 0.05 0.93 £ 0.03 1.69 = 0.08 45.0 m - - + 29.0
g 0.61 £ 011 1.00 £ 0.10 1.61 = 0.01 37.9 m - S + 32.9
h 0.63 £ 0.07 0.79 £ 0.02 1.42 + 0.09 44 .4 m - - + 50.4
i 0.53 + 0.02 0.82 £ 0.05 1.35 = 0.06 39.3 m - - + 39.6

6.51 8.78 15.29

“Short arm/total length x 100.
YMetacentric.
*Submetacentric.

“Centromeric retrotransposon of Brassica.
‘Bleached DAPI band.

to 2.06 = 0.04 um (chromosome a, longest) with a total
length of 15.29 um (Table 2). According to Levan et al.
(1964), the karyotype formula was 8 m + 1 sm, indicating
that the homologous chromosome was composed of eight
pairs of metacentrics (chromosome a, c, d, e, f, g, h, and
i) and one pair of submetacentric (chromosome b). The
centromere index varied from 35.4% (chromosome b) to
46.6% (chromosome a), which coincides with a chromosome
composed metacentrics or submetacentrics. The BDB covered

28.6% to 50.4% of each chromosome, which revealed that
the heterochromatin regions were positioned on centromere
region in whole chromosomes and the nucleolar organizing
region (NOR) in chromosome b. The heterochromatin domain
was located asymmetrically in the short arm and NOR of
chromosome b. The BDB block intensity was the greatest
on chromosome e, with the intensity decreasing on the
following order: chromosome a, d, g, i, f, h, and c.
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Fig. 2. FISH mapping of 5S and 45S rDNAs on metaphase chromosomes. A. Somatic metaphase chromosomes stained with
DAPI. B. Karyotype analysis by BDB technique. C. Merged FISH signals of 5S (green) and 45S (red) rDNA. Bars = 3 um.
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Fig. 3. FISH idiogram of R. sativus ‘WK39' showing the location of 5S (green) and 45S (red) rDNA signals.

Ribosomal DNA loci in R, sativus ‘WK39'

There were two pairs of 5S (green fluorescence) and three
pairs of 45S rDNAs (red fluorescence) detected in R. sativus
‘WK39’ (Figs. 2 and 3). The 45S rDNA signals were observed
on the long arm of chromosome a, short arm of chromosome
g, and NOR region of chromosome b. Chromosome b showed
the largest signals, which covered the entire NOR region,
while chromosomes g and a were arranged in decreasing
order based on their intensity. In addition, the 5S rDNA
signals of chromosomes b and ¢ were located in the interstitial
region of the short and long arm, respectively, which were
adjacent to the centromere. 5S and 45S rDNAs were co-
localized on chromosome b.

Centromeric Retrotransposon of Brassica loci in R, sativus
'WK39'

The FISH karyotype was used on somatic metaphase
chromosomes by centromere retrotransposon of B. rapa
(CRB) as a probe for identification of the centromere and
pericentromere in R. sativus “WK39’ and three basic Brassica
species (B. rapa, B. nigra, and B. oleracea) (Fig. 4). The
CRB probes hybridized at the centromere and pericentromeric
region of all chromosomes in R. sativus “WK39’ and basic
three Brassica species (B. rapa, B. nigra, and B. oleracea).
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Fig. 4. Fluorescence in situ hybridization with centromeric
retrotransposon of Brassica on A, R. sativus ‘WK39’ (green
fluorescence, RR genome); B, B. rapa (green fluorescence,
AA genome); C, B. nigra (red fluorescence, BB genome); and
D, B. oleracea (red fluorescence, CC genome).

Discussion

The genome size is one of the key factors to understanding



evolutionary events in plants. The family Brassicaceae includes
various species that were evaluated as important materials
in evolution studies because of their relatively small genome
size and complex polyploidy histories. Previous studies reported
that the genome size of three basic diploid Brassica species
ranged from 529 Mbp (B. rapa) to 696 Mbp (B. oleracea)
and R. sativus was estimated to be 573 Mbp (Johnston et
al., 2005). Based on the result of this study, the genome
size of R. sativus “WK39’ was calculated as 552.6 Mbp.
Additionally, BDB results, which enable constitutive hetero-
chromatic domains to be distinguished, indicating that 36.3%
of the total genome was composed of the heterochromatic
domain in R. sativus ‘WK39’.

Because of the morphological similarities and unambiguous
centromeric regions in small sized chromosomes (1-3 pm),
especially in Brassica species, it is difficult to identify their
homologous chromosomes by conventional staining methods
and in fluorochromes (Geber and Schweizer, 1988; Hwang
et al., 2009). Until now, none of the previous studies reported
the precise and accurate karyotype in R. sativus, but only
reveals the location of the ribosomal signals (Hasterok et
al., 2006; Schrader et al., 2000). Previous studies reported
that 5S and 25S rDNA signals, 25S rDNA determined the
45S rDNA (18S-5.8S-25S) site, were slightly differ from our
results. There were four loci of 5S and 25S rDNAs detected
in R. sativus ‘Peglette’, four and six loci in R. sativus ‘186,
four and five loci in R. sativus ‘Opolanka’ (Hasterok et al.,
2006; Schrader et al., 2000). We observed two pairs (four
loci) of 5S rDNA and three pairs (six loci) of 45S rDNA
in R. sativus “WK39’. This discrepancy between our results
and those of other studies might be due to the intravarietal
polymorphism within individual varieties (Hasterok et al.,
2006). In general, the rDNA hybridization patterns, indicated
that chromosome b of R. sativus “WK39’ is highly similar
to chromosome A3 of B. rapa, and both have a distinctive
NOR structure (Mun et al., 2010). Moreover, chromosome
a, ¢, and g correspond with chromosome A9 (chromosome
1), Al (chromosome 3), and A7 (chromosome 7), respectively
(Lim et al., 2005).

CRB is a complete retrotransposon located in three
positions in the centromeric repetitive of Brassica (CentBr)
array. CRB and CentBr are assumed to be the major
components of the centromeric region in Brassica species
(Lim et al., 2007). Lim et al. (2007) reported that CRB was
maintained as a common centromere component in Brassica
species. In our results, we also observed the CRB signals
were located in centromeric region in three basic Brassica
species and R. sativus. These results assumed that CRB
originated from common ancestor of Brassica species and
it inserted before divergence of Brassica species and R.

sativus.

In this study, we constructed a detailed FISH karyotype in
R sativus “WK39’ using rDNA and centromeric retrotransposon.
These results will provide a useful reference for elucidation
of the phylogenetic relationships among species in the family
Brassicaceae as well as a guide line to integrate genetic and
sequence data generated from the ongoing genome sequencing
project of radish.
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