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Abstract A digoxigenin-labelled 5S rDNA probe (pTa-
794) and arhodamine-labelled 18S-5.85-25S rDNA probe
(pTa71) were used for double-target in-situ hybridization
to root-tip metaphase, prophase and interphase chromo-
somes of cultivated beet, Beta vulgaris L. After in-situ
hybridization with the 18S-5.85-25S rDNA probe, one
major pair of sites was detected which corresponded to the
secondary constriction at the end of the short arm of chro-
mosome 1. The two rDNA chromosomes were often asso-
ciated and the loci only contracted in late metaphase. In
the majority of the metaphase plates analyzed, we found a
single additional minor hybridization site with pTa71. One
pair of 5S rRNA gene clusters was localized near the cen-
tromere on the short arm of one of the three largest chro-
mosomes which does not carry the 185-5.85-25S genes.
Because of the difficulties in distinguishing the very sim-
ilarly-sized B. vulgaris chromosomes in metaphase prep-
arations, the 5S and the 185-5.8S-25S tRNA genes can be
used as markers for chromosome identification. Two Xbal
fragments (pXV1 and pXV2), comprising the 38 riboso-
mal RNA gene and the adjacent intergenic spacer, were
isolated. The two 5S rDNA repeats were 349 bp and 351
bp long, showing considerable sequence variation in the
intergenic spacer. The use of fluorescent in-situ hybridiza-
tion, complemented by molecular data, for gene mapping
and for integrating genetic and physical maps of beet spe-
cies is discussed.
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Introduction

Cultivars of Beta vulgaris L. are important crops grown
for sugar production (sugar beet), animal feed (fodder
beet), and as vegetables (table beet and Swiss chard).
Crosses with wild beet relatives have been made with the
aim of transferring economically important disease and
nematode resistance genes into the crop (for review see
Nakamura et al. 1991).

As in other crops, many cytological studies have been
undertaken to support breeding programmes and provide
general information about the cytogenetics of B. vulgaris.
The karyotype of B. vulgaris consists of nine similarly-
sized meta- to submeta-centric chromosome pairs which
are very small (Bosemark and Bormotov 1971; de Jong
1981; Nakamura et al. 1991) as indicated by the haploid
1C genome size of 1.25 pg (1100 Mbp, Bennett and
Smith 1976). Molecular cytogenetic studies have not yet
been performed in this species, although the methods, in
particular the use of fluorochrome staining and fluorescent
in-situ hybridization, are known to be extremely valuable
for the investigation of species with small or similarly-
sized chromosomes (e.g., Arabidopsis thaliana and Bras-
sica species, Maluszynska and Heslop-Harrison 1991,
1993), for the localization of genes along chromosomes
(Mukai et al. 1990; Leitch and Heslop-Harrison 1992,
1993; Lehfer et al. 1993), and for the examination of the
behaviour of chromosomes transferred from alien species
(Schwarzacher et al. 1992).

In the present paper, we have applied fluorescent in-situ
hybridization to the genome analysis of cultivated beet. As
a first step towards the physical mapping of sugar beet
chromosomes, we localized the genes for the 18S-5.8S-
255 tRNA and 5S rRNA. The cytological investigations
have been accompanied by molecular analyses of the 58
rDNA repeats. Both the 18S-5.85-25S rRNA and 58 rRNA
genes are present as multigene families organized in long
tandem arrays and their distribution and expression has
been studied in detail in several plant species (Flavell 1986;
Rogers and Bendich 1987). Because of their universal oc-
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currence and redundancy, the ribosomal genes are a valu-
able model for karyotype analysis and are also useful for
comparative studies of genome organization.

Materials and methods

Cultivated beet root-tips were prepared from seedlings of B. vulgaris
cv Rosamona (2n=18), a commercial cultivar used for fodder and
sugar production. Seeds were germinated on moist filter paper for
72 h at 25 °C. For synchronization of cell divisions, germinating
seeds were kept at 4-5 °C for 24 h, and then transferred to 25 °C for
22-26 h. Root-tips were treated with 2 mM 8-hydroxyquinoline for
3-5 h and fixed in methanol:glacial acetic acid (3:1).

Heterologous ribosomal DNA sequences were used as probes for
in-situ hybridization. Clone pTa71 (Gerlach and Bedbrook 1979)
contains a 9-kb EcoRI fragment of Triticum aestivum L. consisting
of the 18S-5.85-25S rRNA genes and the transcribed and non-tran-
scribed intergenic spacer regions. Clone pTa794 (Gerlach and Dyer
1980) contains part of the T aestivum 5S rRNA gene and spacer se-
quences. pTa71 was labelled with rhodamine-4-dUTP (Amersham)
by nick translation, while pTa794 was labelled with digoxigenin-11-
dUTP (Boehringer Mannheim) using the polymerase chain reaction.

Chromosome preparation was carried out using the method of
Schwarzacher et al. (1989). Briefly, fixed root-tips (2-3 mm long)
were washed in enzyme buffer (10 mM citric acid/sodium citrate, pH
4.6) for 20 min and digested in 2% cellulase (Calbiochem) and 20%
pectinase from Aspergillus niger (Sigma) in enzyme buffer for 70-90
min at 37 °C. One root-tip per slide was squashed in 45% acetic ac-
id under a coverslip. The coverslip was removed after freezing on
dry ice and the preparation was air dried. Slides were incubated for
several hours at 37 °C before use. For in-situ hybridization, slides
were pretreated with 100 pg/ml of RNase A in 2x SSC (0.3 M
NacCl, 0.03 M sodium citrate) for 1 h at 37 °C and washed twice in
2x SSC. After incubation with 40 units/ml of pepsin (Sigma) in
10 mM HCI for 10 min at 37 °C, chromosome preparations were sta-
bilized in freshly-depolymerized 4% (w/v) paraformaldehyde in wa-
ter for 10 min, dehydrated in a graded ethanol series and air dried.
In-situ hybridization was carried out according to Heslop-Harrison
et al. (1991). The hybridization solution, consisting of 0.5-1.5 ng/ul
of DNA probe, 50% (v/v) formamide, 10% (w/v) dextran sulphate,
0.1% (w/v) SDS (sodium dodecyl sulphate) and 300 ng/ul sheared
salmon sperm DNA in 2x SSC, was incubated for 10 min at 70 °C
and chilled on ice. Thirty microliters of hybridization mixture were
added to each chromosome preparation and covered with a plastic
coverslip. The hybridization mixture and the slides were denatured
together at 65-70 °C in a modified thermocycler for 5 min, and the
temperature was then gradually decreased to 37 °C. Hybridization
was carried out in a humid chamber at 37 °C overnight. After hy-
bridization the slides were washed for 10 min each in 2x SSC at
room temperature, in 20% (v/v) formamide in 0.1x SSC at 42 °C,
2x SSC at 42 °C and 2x SSC at room temperature. For the detec-
tion of digoxigenin-labelled probes, slides were equilibrated in de-
tection buffer [4x SSC/0.2% (v/v) Tween 20] and blocked in 5%
(w/v) bovine serum albumin in detection buffer for 5 min before in-
cubation with 2 wg/ml FITC (fluorescein isothiocyanate)-conjugat-
ed sheep anti-digoxigenin antibody (Boehringer Mannheim) in a hu-
mid chamber at 37 °C for 1 h. Excess antibody was removed by wash-
ing the slides in detection buffer for 3x5 min. After counterstaining
with DAPI (4’,6-diamidino-2-phenylindole, 2 ug/ml) or propidiom
jodide (1 wg/ml), the slides were mounted in antifade solution (AF1,
Citifluor). Slides were examined with a Leitz epifluorescence micro-
scope with filter sets A, 12/3 and an Omega triple-band passfilter set
with UV block. Photographs were taken on Fujicolor Super HG 400
colour print film.

DNA extraction, restriction enzyme digestion, cloning into
pBSK" and selection of recombinant clones were performed as de-
scribed previously (Schmidt et al. 1991). Both strands of the inserts
were sequenced on an automated sequencer (Pharmacia) using the
dideoxy chain-termination procedure. For sequence-data processing

the GCG computer package (FASTA) was used. Sequences appear
in the EMBL data library under the accession numbers Z25803 and
725804.

Results

Figures 1-7 show micrographs of root-tip chromosomes
and nuclei from B. vulgaris after fluorescent in-situ hy-
bridization and counterstaining. The synchronization of
cell divisions and the enzymatic-spreading method de-
scribed enabled reliable preparation of chromosome
spreads with many complete pro-metaphases and meta-
phases. The pepsin pretreatment was essential to obtain
chromosomes and nuclei free from debris and cytoplasm.
The chromosomes maintained their morphology (Figs. 1 a,
2 a and 3 a) and most chromosomes, particularly at pro-
metaphase and prophase (e.g., Fig. 7 a), showed strongly
DAPI-stained regions near their centromeric constrictions.

Localization of 18S-5.85-25S rRNA genes

After in-situ hybridization with clone pTa71 (labelled with
rhodamine-4-dUTP), three hybridization sites were de-
tected on metaphase spreads (Figs. 3 b and 6 b). The two
strongest signals, showing the site of the major 185-5.8S-
25S rRNA gene clusters, were present on a large pair of
chromosomes, normally associated with a secondary con-
striction at the rDNA site at the end of the small arm. The
nucleolus-organizing chromosomes can also be identified
after DAPI staining by the lower intensity of staining at
the site of the IDNA signal (compare Figs. 3 b and 6 b with
3 a and 6 a, respectively; see also Fig. 1 a). The presence
of the single additional site was analyzed on spreads made
from four different root-tips, each from a different mono-
germ seed. In total, 24 complete early and late metaphases

L

Figs. 1-5 Fluorescent in-situ hybridization to root-tip metaphase
chromosomes and interphase nuclei of B. vulgaris (2n=18). 1a, 2a,
3a, 5a. The DNA stain DAPI (blue fluorescence) shows chromo-
some or nuclear morphology. The terminal NORs of chromosome
pair 1 are stained more weakly (arrow). 1b, 2b, 4. Localization of
35S rRNA gene clusters. Two metaphase chromosomes show signals
of yellow-green fluorescence on the short arm near the centromere
of one of the largest chromosomes corresponding to one pair of 58
rDNA loci. Two 5S rRNA sites are visible at interphase. A heterol-
ogous 5S rRNA probe (pTa 794) from wheat was labelled with di-
goxigenin and detected by fluorescein-conjugated anti-digoxigenin.
DNA was counterstained with propidium iodide (orange fluores-
cence). 3b Simultaneous localization of 183-5.85-25S tRNA genes
(direct rhodamine-labelled clone pTa71) and 5S rRNA genes (di-
goxigenin-labelled clone pTa794). Exposure with a multiband pass-
filter shows one pair of 58 rRNA gene clusters (yellow-green fluo-
rescence) in each cell and one major pair of 185-5.85-25S rRNA
genes (red fluorescence). The 18S-5.85-25S rRNA sites are con-
densed and associated with each other. The arrowhead indicates the
single minor site of the 185-5.85-25S rRNA genes. 5b Red fluores-
cence shows one pair of major 18S-5.85-25S rRNA gene clusters in
each interphase nucleus. Decondensed rDNA chromatin is indicat-
ed by open arrows. Bar 10 um
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Figs. 6 and 7 Deccondensation of 185-5.85-25S rDNA loci at
metaphase and interphase, telophase (7) and prophase (P). 6 a,7 a.
Bright fluorescence corresponds to DAPI-stained DNA. 6 b, 7 b.
Signals show the 18S-5.85-255 rDNA loci. The arrow indicates the
minor site. Bar 10 pm

were examined; 19 had one chromosome with an interca-
lary minor site, of which 13 (70%) showed hybridization
on both chromatids; in five metaphases no minor site was
visible and no plate showed two chromosomes with a mi-
nor hybridization signal.

At interphase, the major 18S-5.85-25S rRNA genes
showed varying degrees of decondensation. In some cases
a thinner thread connected two condensed rDNA repeat
clusters (Fig. 5 b), while sometimes the whole rDNA re-
gion was longer and extended forming a fine decondensed
thread of rDNA chromatin through the nucleolus (Fig. 7b).
The rDNA remained decondensed during prophase and
pro-metaphase (Fig. 7 b). Distinct localized rDNA signals
were observed only at late metaphase, characterized by
short chromosomes (Figs. 3 and 6). The two major sites
were often associated (Fig. 3 b)indicating the fusion of nu-
cleoli by the end of the preceding interphase.

Localization of 5S tRNA genes

After in-situ hybridization using digoxigenin-labelled
clone pTa794 and detection with an FITC-conjugated anti-
body, two chromosomes showed a signal on the short arm
next to the centromere (Figs. 1 b, 2 b and 3 b). Double-
target in-situ hybridization (Fig.3) with digoxigenin-
labelled pTa794 and rhodamine-labelled pTa71 showed
that the two 5S and the 18S-5.85-25S rDNA major and
minor sites were located on different chromosomes.

At interphase two sites which were not closely asso-
ciated were observed (Figs. I b and 4). To determine the
chromosome pair with the 5S rDNA site, the lengths of
DAPI stained chromosomes from four complete meta-
phases were measured. The nucleolus-organizing chromo-
somes (pair No. 1) were identified by their lighter-stained
DAPI region (see above). The remaining chromosomes
were arranged by decreasing size and the chromosomes
bearing the in-situ hybridization signal ranked at an aver-
age position of 3.2. Their average centromere index was
calculated as 43.2%.
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Molecular structure of sugar beet 5S rDNA repeats

Restriction enzyme digestion of genomic sugar beet DNA
with Xbal and electrophoretic separation indicated the ex-
istence of a 350 bp repeated DNA fragment and multimers
thereof (data not shown). After elution and cloning, two
recombinant clones (pXV1 and pXV2) were chosen for se-
quence analysis. A homology search within the EMBL data
library revealed that both inserts contain the 5S rDNA re-
peat consisting of the 5S rRNA gene and the adjacent inter-
genic spacer. The B. vulgaris 5S rRNA gene is 120 bp
long as determined by sequence comparison with other
plant 5S rRNA genes. The coding region of the pXV2 in-
sert shows complete identity with the sequenced 58 RNA
from sugar beet (Barciszewska et al. 1987), whereas clone
pXV1 differs at nucleotides 16 and 75 of the gene. An AT-
rich element lies between -29 and ~24 upstream of the
gene; position —1 consists of a cytosine residue. The cloned
5S rDNA repeats are variants which share 94% sequence
identity and have a length of 349 and 351 bp, respectively
(Fig. 8). Most variation is found in the intergenic spacer
(8.3%). The sequence divergence is mainly due to single
nucleotide alterations. A deletion of three nucleotides was
observed within the T-rich region downstream from the
gene in clone pXV1. Several restriction enzyme recogni-
tion sites in both 5S rDNA repeats are affected by sequence
divergence (Fig. 8).

Discussion

The data report the first application of fluorescent in-situ
hybridization to chromosomes of B. vulgaris, an important
crop species. The use of digoxigenin-labelled probes in
combination with direct fluorochrome-labelled probes
enabled reliable double-target in-situ hybridization, with

low background and high signal strength, to the small chro-
mosomes of cultivated beet (Figs. 1-7). Our results show
that the use of fluorochrome-labelled probes for in-situ
hybridization is a useful method to map repeated DNA
sequences and gene families and to determine their phys-
ical relation to each other.

Localization of 18S-5.85-25S rRNA genes

Only one pair of nucleolus-organizing chromosomes, des-
ignated chromosome 1 in most cytological studies, has
been reported in mitotic cells of B. vulgaris (e.g., Bose-
mark and Bormotov 1971; de Jong and de Bock 1978). This
chromosome pair is one of the largest in the complement
and can be easily identified by its terminal secondary con-
striction (see Figs. 1 a and 2 a). Analysis at diakinesis of
meiotic prophase is more sensitive than morphological
analysis or silver-staining of mitotic metaphase chromo-
somes, since bivalents with an active nucleolus-organiz-
ing region are seen to associate with a nucleolus. Naka-
mura and Tsuchiya (1982) reported that at least three pairs
of chromosomes appeared to have a nucleolus-organizing
capacity, while Romagosa (1983, cited by Nakamura et al.
1991) found that four of the trisomic lines had extra chro-
mosomes that associated with the nucleolus at meiotic pro-
phase. After fluorescent in-situ hybridization (Figs. 3 band
6 b), very strong signals were detected in all metaphase
cells at or near the secondary constrictions of both chro-
mosomes 1, while one single minor site was detected on
one additional chromosome in 80% of the cells. The esti-
mated number of rRNA genes in sugar beet is approxi-
mately 2 300 (Ingle et al. 1975). Most of the rDNA repeats
are presumably localized on chromosome 1, and the very
strong in-situ hybridization signal supports this. The sig-
nal strength of the single minor site in many cells suggests
a copy number of approximately 20 after comparison with
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the signal strength of barley minor sites (Leitch and Hes-
lop-Harrison 1992). In-situ hybridization is often able to
reveal extra rDNA sites that were not previously known,
or were known only from meiotic association.

It is unlikely that there are additional rDNA loci in the
cultivar Rosamona that have not been detected by our in-
situ hybridization method. As beet is largely outbreeding,
with a complex, multi-locus self-incompatibility system
(Larsen 1977), once a polymorphism has arisen in a seed-
production stock, it may be maintained. Our results do not
exclude the possibility that the genome of B. vulgaris
contains additional sites that are homologous to inter-
genic spacer sequences (IGS) only. Such sites would not
be detected by a heterologous wheat -tDNA probe where
the homology to beet sequences is limited largely to the
coding sequences. Rearrangements of IGS and variability
in copy number and size of the 18S-5.85-25S rRNA genes
are often observed in plants (Flavell 1986; Rogers and
Bendich 1987). In wheat, long-term cell suspension
culture lines can loose rRNA genes and sites over a few
years (Leitch et al. 1993), so perhaps rDNA sites can be
lost (or presumably gained) over short-time periods, and it
is likely that the varieties studied by Nakamura and Tsu-
chiya (1982) and Romagosa (1983, cited by Nakamura et
al. 1991) had more sites than the cultivar Rosamona ana-
lyzed by us.

Interphase tDNA condensation

When the rDNA is being actively transcribed during inter-
phase, it forms a nucleolus within which it decondenses.
The active, decondensed chromatin may be barely visible
in the light microscope, while dispersed, small sites, of in-
active condensed chromatin are present within the nucle-
olus as punctuate hybridization sites (Leitch et al. 1992).
Larger, unexpressed and condensed sites of rDNA are of-
ten found adjacent to the nucleolus or away from it. In cul-
tivated beet, both major rDNA sites are expressed and may
form two nucleoli or fuse to form one which often shows
two individual threads of hybridization sites (Figs. 5 b and
7 b). These threads varied considerably in length and fell
into two groups: (1) most of the rDNA was extended and
formed long strands which might form loops but in most
cases exited the nucleolus at the opposite end to the enter-
ing point and (2) shorter threads connected larger blocks
of perinucleolar unexpressed sites indicating that the
rDNA units in the middle of the site were expressed. The
latter pattern contrasts to that seen in wheat and rye, where
the distal units are expressed and one large block of unex-
pressed rDNA is adjacent to the proximal end of the nu-
cleolus (Leitch et al. 1992). In general, interphase nuclei
with pronounced DAPI chromocentres showed more con-
densed tDNA sites whereas long rDNA threads corre-
sponded to diffusely DAPI-stained nuclei (compare Figs.
5 b and 7 b). The two different decondensation patterns
could reflect different stages during the cell cycle as pro-
phase nuclei showed long threads and telophase nuclei had
condensed rDNA loci (Fig. 7 b). Alternatively, they could

represent different classes of overall cell activity or pro-
liferation.

Localization of 5S rRNA genes

Using in-situ hybridization, we identified one pair of sites
of 5S RNA genes in cultivated beet, near the centromere
on the short arm of one of the largest chromosomes in the
complement. The centromere index of this chromosome
falls into the range of centromere indices described for
chromosomes 2, 3 or 4 of haploid B. vulgaris lines (de Jong
and de Bock 1978). However, as morphological characters
(length and centromere index) are not able to distinguish
reliably between the very equally sized cultivated beet
chromosomes (e.g., Bosemark and Bormotov 1971; de
Jong and de Bock 1978; Nakamura et al. 1991), we sug-
gest using the presence of the 5S gene cluster to identify
this chromosome pair.

A centromeric location of 5S genes has also been re-
ported for tomato (Lapitan et al. 1991), while in rye, wheat,
barley and pea the 5S rDNA sites are intercalary (Ellis et
al. 1988; Mukai et al. 1990; Leitch and Heslop-Harrison
1993). The 5S rRNA genes are not associated with the 18S-
5.85-25S rRNA genes in cultivated beet, as demonstrated
by double-target in-situ hybridization using both probes
which localize onto different chromosomes (Fig. 3b). For
the in-situ hybridization experiments shown here (Figs.
1-4), we have used a clone containing the 5S rDNA se-
quence from T. aestivum. The cross hybridization to culti-
vated beet demonstrates the high homology between the
58 rRNA genes which have been shown to be very con-
served between different species (for review see Specht et
al. 1990). An increased strength of the in-situ hybridiza-
tion signal was observed using the entire sugar beet 5S
rDNA repeat (clone pXV1) as a probe. However, no extra
sites could be detected, confirming the results achieved
with the wheat probe pTa 794.

Structure and variation of 5S rDNA repeats

In higher eukaryotes, the 5S TRNA genes are arranged in
long tandem arrays of 200-500 bp repeat units containing
the coding sequence of about 120 bp and conserved se-
quence motifs which have been postulated to have a regu-
latory function. An AT-rich element similar to the sequence
required for the transcription initiation of the 55 tRNA
genes in Neurospora (Selker et al. 1986), and found up-
stream of many other plant 35S rRNA genes (Hemleben and
Werts 1988; Venkateswarlu et al. 1991), is localized
between —29 and —24 upstream of the sugar beet 5SS IRNA
gene. The C residue at -1 supports the proposed cytosine
conservation at this position (Venkateswarlu et al. 1991).
Clusters of T residues found downstream from the gene are
assumed to be transcription termination signals (Hemle-
ben and Werts 1988).

Recently, an RFLP-based map (Pillen et al. 1992) and
the linkage of molecular markers to virus resistance genes



(Barzen et al. 1992) have been reported. The localization
of 58 rRNA genes on RFLP maps, although not yet avail-
able, will allow the physical chromosome organization to
be related to the genetic map, and trisomic lines (Butter-
fass 1963) can be used to identify the particular chromo-
somes. The observed variation of restriction enzyme sites
within the 5S tDNA repeats could result in polymorphic
restriction fragments after digestion and be valuable for
RFLP mapping studies. Tagl, Maelll and Sful have multi-
ple sites and hence should give single-digest polymor-
phisms. The use of 5S rDNA repeats or spacer sequences
as RFLP probes for linkage analysis was described in
tomato (Lapitan et al. 1991). Hypervariability of 5S ribo-
somal gene clusters was observed after pulsed-field-gel
electrophoresis of different wheat accessions and the poly-
morphisms observed were proposed to serve as Mendelian
markers (Roder et al. 1992).

The molecular analysis of B. vulgaris revealed that the
genome of this crop species contains a high number of
repetitive sequences (Schmidt et al. 1991; Schmidt and
Heslop-Harrison 1993) and microsatellite repeats (Schmidt
et al. 1993). The chromosomal localization and distribu-
tion of major classes of repeated DNA sequences is cur-
rently in progress and we aim to develop an integrated mo-
lecular and cytological model of the B. vulgaris genome.
Fluorescent in-situ hybridization opens up new ways for
detailed karyotype analysis, by providing chromosomal
markers, for mapping DNA sequences and genes to chro-
mosomes, for correlating linkage groups of genetic and
RFLP maps to chromosomes, and for the positive identifi-
cation of alien translocation lines that are used to transfer
resistance genes from wild to cultivated beet.
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