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Abstract Molecular cytogenetic analysis of Lupinus
angustifolius and Lupinus cosentinii was performed using
flow cytometry, fluorescence in situ hybridisation (FISH)
and differential chromosome staining. Genome size was
determined as 2.07 pg for L. angustifolius and 1.54 pg for
L. cosentinii. Analysis of nuclear DNA amount in cells
during plant development has shown endopolyploidisa-
tion in different organs. The highest level of endopoly-
ploidy was in cotyledons and reached 32C in L.
angustifolius and 64C in L. cosentinii. Both of the
investigated Lupinus species belong to the polysomatic
type of plants. Double FISH with rDNA probes provided
chromosomal landmarks for 10 out of 40 chromosomes
for L. angustifolius and 8 out of 32 chromosomes for L.
cosentinii. In L. angustifolius, the number and localisation
of 25S rDNA hybridisation signals precisely correspond-
ed to the chromomycin A3 (CMAY) bands, while in L.
cosentinii both 25S and 5S rDNA loci overlapped with
CMA* bands. Silver staining revealed that only 45S
rRNA genes located in secondary constriction regions
were transcriptionally active. FISH with Arabidopsis-type
telomeric arrays revealed the presence of signals at
termini of all chromosomes. Despite the application of
different DNA probes for FISH and different chromosome
staining, a relatively small proportion of chromosomes in
the Lupinus karyotypes can be distinguished. Identifica-
tion of all chromosomes requires the use of more
chromosome-specific markers.
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Introduction

The genus Lupinus (Fabaceae) contains around 300
species of annual and perennial herbaceous plants and
small trees. The taxonomy of this genus is not fully
understood. During the past several decades, considerable
effort has been made including molecular analysis, to
improve the taxonomy and systematics of lupines (Ai-
nouche and Bayer 1999). Among the Old World species
two distinct groups have been recognised on the basis of
the seed coat texture: the smooth-seeded and the rough-
seeded species, Lupinus angustifolius and Lupinus cosen-
tinii, respectively. Some Lupinus species, including L.
angustifolius, are important crops as a source of protein
for humans and farm animals. Furthermore, some lupine
crops are cultivated on poor and contaminated soils, and
are widely used in sustainable agriculture as crops for soil
enrichment in nitrogen.

The genome size of Lupinus is relatively small. The
DNA amount ranges from 0.6 pg/1C in L. albus to 1.0 pg/
1C in L. luteus, which is slightly larger than Arabidopsis
thaliana (http://www.rbgkew.org.uk/cvalues/CvalServlet?
querytype=2). The chromosomes are small, numerous and
rather morphologically uniform. To date, cytogenetic
analysis has mainly been focused on a determination of
chromosome number and size (Naganowska and Ladon
2000), and DNA content in some Lupinus species
(Obermayer et al. 1999). Recently, Naganowska and
Zielinska (2002) roughly determined the number of 5S
and 18S-25S rDNA loci in some of the Lupinus species. It
was also established that endopolyploidy occurred in
different organs during plant development and could
reach the level of 32C in L. luteus (Olszewska and
Legocki 1989; Sakowicz and Olszewska 1997) and 64C
in L. albus (Le Gal et al. 1986). rDNA methylation and
nucleolar activity have also been studied in different
organs of L. luteus (Sakowicz and Olszewska 1997).

The continuous progress observed in molecular cyto-
genetics created new opportunities to study both the
chromosomes and interphase nuclei, including their
structure and function. Such techniques, as multicolour



fluorescence in situ hybridisation (mFISH) have allowed
simultaneous application of several DNA probes and their
localisation. TRNA genes have been widely used as
chromosome markers for karyotyping (e.g. in A. thali-
ana—Murata et al. 1997; Fransz et al. 1998, Hordeum
vulgare—Leitch and Heslop-Harrison 1993; Trifolium
repens—Ansari et al. 1999), and for studying the
evolutionary relationship within many genera (e.g.
Phaseolus—Moscone et al. 1999; Lathyrus—Ali et al.
2000; Brassica—Hasterok et al. 2001; Glycine—Singh et
al. 2001). The work on Beta vulgaris represents a good
example of the efficient use of both tandem and dispersed
repeats to saturate cytogenetic maps in plant species with
small and morphologically uniform chromosomes
(Schmidt and Heslop-Harrison 1998). However, the
modern molecular cytogenetic methods have not been
extensively applied to study Lupinus chromosomes.

The aim of the present study was to localise the
chromosomal position of 5S rRNA and 25S rRNA genes
by FISH, along with the fluorescent CMA/DAPI banding
pattern and silver staining. The study also utilised FISH
with telomeric (TTTAGGG),, arrays to check if and where
they are distributed in the chromosomes of Lupinus
species. In addition, the nuclear DNA content and pattern
of ploidy level in different organs of young plants of L.
angustifoius and L. cosentinii were determined.

Materials and methods
Plant material and chromosome preparation

Seeds of L. angustifolius L. cv Emir (2n = 40) and L. cosentinii
Guss. (2n = 32) were hydrated with running tap water at room
temperature (RT—approximately 22 °C) for 24 h. After removing
seed coats the seeds were germinated on moist filter paper in Petri
dishes. To induce development of secondary roots, the tip of the
primary root was removed. Secondary roots 1.5-2 cm long were
treated with 2 mM 8-hydroxyquinoline for 2 h at RT and then 1 h at
4 °C, and finally fixed for 4 h in freshly prepared 3:1
methanol:glacial acetic acid. Fixed roots were washed in 0.01 M
citric acid—sodium citric buffer (pH 4.8) and digested in a mixture
of 40% (v/v) pectinase (Sigma), 2% (w/v) cellulase (Calbiochem)
and 2% (w/v) cellulase “Onozuka R-10" (Serva) for 4 h (L.
angustifolius) or 3 h (L. cosentinii) at 37 °C. Single root-tips were
transferred into a drop of 45% acetic acid on a microscope slide and
squashed. The coverslips were removed after freezing and the
preparations were briefly post-fixed in 3:1 pre-chilled ethanol:gla-
cial acetic acid and dehydrated for 30 min in absolute ethanol. The
air-dried slides were stored at 4 °C before use.

Staining methods

Chromosome analysis was carried out using double fluorescent
staining with chromomycin A3 (CMA) and 4', 6-diamidino-2-
phenylindole (DAPI) (Schweizer 1976). Slides were stained with
0.5 mg/ml of CMA solution (Serva) in the dark for 1.5 h, briefly
rinsed in distilled water, air-dried and mounted in Vectashield
(Vector Laboratories—H-1000) containing 2.5 ug/ml of DAPI
(Serva). After staining, for better band differentiation, the slides
were ‘matured’ at 37 °C for 3—4 days prior to examination. When
the images of CMA fluorescent staining were taken, the coverslips
were gently removed and the preparations were de-stained in 3:1
ethanol:glacial acetic acid, and then used for FISH.
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Transcriptional activity of 45S (18-5.8-25S) rRNA genes was
determined using silver staining (Hizume et al. 1980). Slides were
immersed in a borate buffer (pH 9.2), dried, and several drops of
freshly prepared 50% (w/v) silver nitrate (Merck) in re-distilled
water were applied. Then the slides were immediately covered with
a nylon mesh, incubated in a moisture chamber for about 15 min at
42 °C, washed in distilled water, air-dried and mounted in DPX.

Probe labelling
The following probes were used in this study:

(1). Telomeric probe (HT100.3): arrays of Arabidopsis-type telo-
meric repeats (TTTAGGG), were assembled by annealing
oligonucleotides TELAC2 (5-CTA AAC CCT AAA CCC
TAA ACC CTA A-3') and TELGT2 (5'-GGT TTA GGG TTT
AGG GTT TAG GGT TTA G-3'). Following gap repair with
DNA polymerase (Klenow fragment) and T4 DNA ligase,
arrays were tailed with Tag DNA polymerase and cloned into
pGEM-T Easy (Promega) following manufacturer’s instruc-
tions. A clone containing approximately 30 copies of the repeat
was used as the template for subsequent PCR labelling reaction
with rhodamine-4-dUTP (Amersham—RNP 2122). Oligonu-
cleotides and conditions used for PCR labelling were as
follows: universal M 13 forward (5'-CAG GGT TTT CCC AGT
CAC GA-3') and reverse (5'-CGG ATA ACA ATT TCA CAC
AGG A-3') sequencing primers, 93 °C x 5 min, 35 cycles of
94 °C x305,55°Cx30s,72°Cx90s,and 1 cycle of 72 °C x
5 min.

(2). 5S rDNA (pTa794): a 410-bp clone was isolated from Triticum
aestivum (Gerlach and Dyer 1980). Label, oligonucleotides and
conditions used for PCR labelling were the same as for the
telomeric probe.

(3). For 45S rDNA a 2.3-kb Clal fragment of the 25S rRNA gene
isolated from A. thaliana (Unfried and Gruendler 1990) was
labelled with digoxigenin-11-dUTP (Roche—1093 088) using
a nick translation kit (Roche—976 776) according to the
manufacturer’s protocol.

Fluorescence in situ hybridisation

FISH was carried out according to the standard method (Hasterok et
al. 2001). The slides were pre-treated with RNase (100 pg/ml) in 2
x SCC at 37 °C for 1 h, washed in 2 x SCC and dehydrated in
ethanol. The hybridisation mixture (50% de-ionised formamide,
10% dextran sulphate, 2 x SSC, 0.5% SDS, salmon sperm blocking
DNA in 75-100 x the excess of labelled probe and 2.5-3 ng/ul of
probe DNA) was pre-denatured at 75 °C for 10 min and applied to
the chromosome preparations. Slides and the DNA probe were then
denatured together at 75 °C for 5 min in an in situ Thermal Cycler
(Hybaid) and then allowed to hybridise overnight in a humid
chamber at 37 °C. After stringent washes (20% formamide in 0.1 x
SSC at 42 °C) the immunodetection of a digoxygenated DNA probe
was carried out with FITC-conjugated anti-digoxygenin primary
antibodies (Roche—1 207 741) and FITC-conjugated anti-sheep
secondary antibodies (DAKO—F135). Dehydrated preparations
were counterstained and mounted in 2.5 pg/ml of DAPI in
Vectashield antifade buffer.

Image capturing and processing

All pictures were taken using a Hamamatsu (C5810) CCD camera
attached to an Olympus (Provis AX) microscope, then uniformly
processed and superimposed using Micrografx Picture Publisher
software.
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Flow cytometry

For flow cytometry analyses, suspensions of nuclei of both L.
angustifolius and L. cosentinii were prepared from 4-day old
seedlings grown on moist filter paper in Petri dishes or young plants
grown in soil. Young leaves were used for measuring DNA content
in absolute units. The seedlings were used to determine the ploidy
pattern in different organs. The samples were individually chopped
with a sharp razor blade in nuclei extraction buffer (Dolezel et al.
1998), filtered through a 30 um nylon sieve (Partec CellTrics) and
stained. Nuclei were stained with DAPI for ploidy level determi-
nation and with PI (propidium iodide) for DNA content measure-
ment. In both cases a Partec high-resolution DNA kit was used. For
each sample at least 5,000 nuclei were analysed. Samples were
measured with a DAKO Galaxy flow cytometer equipped with an
HBO-100 mercury lamp and an air-cooled argon ion laser. A
mercury lamp with the set of filters and mirrors (KG1, UG1, BG38,
TK420, GG435) was used for DAPI-stained samples. The laser
with an RG 590 filter and a TK 560 mirror was used for PI-stained
nuclei.

Ploidy pattern was determined for ten individual plants from
each species. Seedlings were divided into several parts correspond-
ing to different organs: shoot tip with immature leaves, hypocotyl,
cotyledons, upper part of root and root tip. Each part from each
seedling was measured individually. The DNA content for each of
the two species was calculated from three independent measure-
ments of five plants. The nuclear DNA content of L. cosentinii was
calculated using nuclei isolated from young leaves of Glycine max
cv Polanka—2C DNA, 2.50 pg (Dolezel et al. 1994), and
Lycopersicon esculentum cv Stupicke—2C DNA, 1.96 pg (Dolezel
et al. 1992), as internal standards. G. max cv Polanka and L.
cosentinii (2C 1.54 pg, estimated in this work) were used as the
standards for measuring the DNA amount in L. angustifolius nuclei.
The FloMax software processed data were plotted on a semi-
logarithmic (for ploidy pattern) and linear (for DNA content) scale.
The value of the DNA content was estimated as an average of 30
measurements for each species.

Results and discussion

Genome size

Results presented for L. cosentinii and L. angustifolius
enrich the list of Lupinus species with an estimated
nuclear DNA content. Flow cytometric analysis of
nuclear DNA content was done using two standards for
each Lupinus species. The genome size of L. cosentinii
calculated using L. esculentum cv Stupicke (2C = 1.96 pg)
as an internal standard was 1.51 + 0.04 pg. When G. max
cv Polanka (2C = 2.50 pg) was used as a standard this
value was 1.57 = 0.02 pg, so we assume that the 2C DNA
content in the L. cosentinii genome is 1.54 + 0.04 pg. We
also used L. cosentinii and the value of its nuclear DNA
content as a standard for the L. angustifolius genome-size
calculation. The 2C DNA of L. angustifolius calculated on
that basis was 2.04 + 0.02 pg. The second standard was as
previously G. max and obtained a value of 2.11 + 0.02 pg.
We assume that the genome size (2C) of L. angustifolius
is therefore 2.07 + 0.04 pg.

L. cosentinii has a smaller genome than L. angusti-
folius which is directly correlated with the number of
chromosomes, because an average DNA content of a
single chromosome of L. cosentinii and L. angustifolius is
similar and amounts to 0.048 pg and 0.051 pg respec-

tively. The nuclear DNA content of the investigated
species is in a range of known data for other Lupinus
species. Genome size determinated by propidium iodide
flow cytometry ranged between 1.12 pg (2C) in Lupinus
anatolicus and 2.36 pg (2C) in L. luteus (Obermayer et al.
1999).

Data presented in the Angiosperm C-values Data-
base Query Results (http://www.rbgkew.org.uk/cvalues/
CvalServlet?querytype=2) includes the genome size of L.
angustifolius (2C = 1.85 pg), which is slightly different
from results obtained in this work. This difference could
be due to the different cultivars of L. angustifolius used
for investigation, the different method of genome size
estimation or, more likely, to the different standards
selected for genome size calculation. There is no data for
L. cosentinii in the above database.

Polyploidy pattern

Nuclear DNA amount is known to change from 2C to 4C
during each cell cycle as a result of DNA replication, and
then back to 2C again after mitosis. Somatic cells have an
ability to modify the classical cell cycle and undergo
DNA synthesis independently from mitosis. This partial
cell cycle, called endoreduplication, leads to an increase
of ploidy level resulting in mixoploid tissue. This
phenomenon is common in most angiosperm plants and
is under developmental regulation (Joubes and Chevalier
2000).

The pattern of endopolyploidization of two Lupinus
species was determined by flow cytometric analysis of
nuclei released from seedling tissues stained with DAPI.
Different ploidy levels were observed in five selected
parts of a seedling: root tip, differentiated part of root,
hypocotyl, cotyledon and shoot tip (Fig. 1). In root and
shoot tips mainly two peaks were distinguished, 2C and
4C corresponding to G1 and G2 cells in these meristem-
atic tissues, while in other parts, especially in hypocotyls
and cotyledons, more peaks were observed. It should be
noted that in general the pattern of endoreduplication was
very similar for both species although the participation of
the particular peaks in the whole population of nuclei was
slightly different. The highest level of ploidy was
observed in cotyledons and reached 64C in L. cosentinii
and 32C in L. angustifolius. This means that some cells of
L. cosentinii have undergone more endocycles than in L.
angustifolius. A very high level of polyploidy in cotyle-
dons seems to be typical for seed storage organs (Larkins
et al. 2001), which could be connected with high
metabolic activity of the tissue.

The histograms (Fig. 1) indicated that the level of
polyploidy was increasing with age of the tissue. In the
root tip only 2C and 4C cells were seen. In the upper part
of the root, where cell differentiation has already started,
the peak corresponding to 8C nuclei appeared. In
hypocotyls, an 8C peak was higher than in the root and
additionally 16C nuclei were present. Of interest is the
comparison of 2C and 4C nuclei proportion in both



Fig. 1 Flow cytometric analysis
of endopolyploidy pattern in L.
cosentinii and L. angustifolius
seedlings. X-axis, intensity of
fluorescence; Y-axis, number of
nuclei

meristematic tissues. In roots the highest peak corre-
sponded to cells in G2 (4C) while in the shoots the highest
was peak Gl (2C) and a small peak at the 8C level
appeared. This small 8C peak probably came from young
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diploid level of the shoot meristem can be related to the
prevention of genetic unstable germ line cells, originating
from the shoot apical meristem tissue. This is in
agreement with the results of investigations on A. thaliana
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(Galbraith et al. 1991) where multiploidy is restricted to
non-reproductive tissues.

The results of flow cytometric analysis of the ploidy
level in the two Lupinus species showed that these
species, like most angiosperms, are polysomatic types of
plants. Endopolyploidization has been earlier reported for
L. luteus (Sakowicz and Olszewska 1997) and L. albus
(Le Gal et al. 1986), and the maximum of ploidy was
similar, 64C and 32C, respectively. Analysis of endore-
duplication during pod wall development in L. albus has
also shown a maximum level of polyploidy as 32C
(Lagunes-Espinoza et al. 2000). Similar patterns of
endopolyploidy were also observed in Lycopersicon
esculentum seedlings (Smulders et al. 1994), and Brassica
rapa and Brassica oleracea plants (Kudo and Kimura
2001).

Karyotype

Somatic metaphase chromosomes of L. angustifolius (2n =
40) and L. cosentinii (2n = 32) are shown in Fig. 2. The
chromosomes of both species are relatively small and
morphologically uniform. Their length ranges from 0.6 to
1.3 um. Despite rather well defined centromeric regions,
which are often visible as a negative DAPI band in the
chromosomes of both species, the chromosome identifi-
cation based on chromosome or arm lengths is very
difficult. As in the genera Brassica (Hasterok and
Maluszynska 2000a), Solanum (Srebrniak et al. 2002)
and in other species with small chromosomes, morpho-
metric analyses of Lupinus chromosomes allow only their
rough classification into groups according to their centro-
mere positions. An exact determination of homologous
chromosomes was restricted to one pair of NOR chromo-
somes in each complement. These chromosomes can be
easily recognised on the basis of the secondary constric-
tion present in the short arm. All other chromosomes were
unclassified and require additional landmarks.

rRNA gene distribution and activity

The distribution of ribosomal RNA gene families, 5S and
255, differed between the two investigated Lupinus
species. Double FISH with rDNA probes to metaphase
chromosomes showed that two types of rRNA genes were
located on different chromosomes. The FISH of L.
angustifolius chromosomes tagged 10 out of 40 chromo-
somes (Fig. 2A, G). One pair of chromosomes carried the
25S rRNA gene cluster, which occupied the large distal
part of the short arm and fully distended the secondary
constrictions of NOR chromosomes. All 5S rDNA sites of
varying size were localised on the short arms of four pairs
of chromosomes, and were distributed in either pericen-
tric or distal parts of the relevant chromosome arm. One
pair of 5S rDNA loci was significantly bigger than the
others. The results obtained in this study contradict these
reported by Naganowska and Zielinska (2002), who

observed only the biggest pair of 5S rDNA sites. The
difference in a number of rDNA loci can be explained by
intraspecific variation. Such variation has already been
observed in some other species, for example in the genus
Brassica (Kulak et al. 2002). Another explanation can be
technical differences in the FISH procedure and image
capturing, which can increase resolution and therefore
allow visualisation of smaller hybridisation signals.

Contrary to L. angustifolius, FISH analysis of somatic
chromosomes of L. cosentinii (Fig. 2D, H) revealed the
presence of only two 5S rDNA sites and six 25S rDNA
sites, which tagged 8 out of 32 chromosomes. The former
are significant in size, indicating a high copy number in
the locus and seem to occupy the terminal part of the long
arm, whilst the latter display a polymorphism in size
(Fig. 2H). The most distinct 25S rDNA hybridisation
signals were these in the secondary constriction region of
NOR chromosomes. Two other pairs of chromosomes
bear significantly smaller 25S rDNA loci in their
pericentric regions.

Differential staining of L. angustifolius chromosomes
with chromomycin Az (CMA, Fig. 2B), the fluorochrome
which binds preferentially to G-C rich regions (Schweizer
1976), revealed the presence of two bright CMA* bands
in secondary constriction regions, which closely corre-
spond to the FISH signals utilising a 25S rDNA probe.
This indicated that, as in many other plant genomes, e.g.
Cucumis sativus (Hoshi et al. 1999), Solanum (Srebniak et
al. 2002) and Brassica (Hasterok and Maluszynska
2000a), the regions occupied by genes for 18S-5.85—
25S rRNA are the only large G-C rich blocks of
chromatin in the L. angustifolius genome. Results of
CMA staining and FISH signals with rDNA in the same
metaphase plate of L. cosentinii (Fig. 2D, E) revealed the
presence of eight bright CMA* bands. Six of them
corresponded to the localisation of 25S rDNA hybridisa-
tion sites, while two further ones obviously overlapped
with the signals of 5S rDNA, suggesting a G-C rich
composition of these regions. This is a particularly
interesting observation, which has so far probably not
been reported for other plant species.

As was expected, the only pair of 25S rDNA loci in the
L. angustifolius genome was transcriptionally active and
gave positive results with silver staining (Fig. 2C). In the
L. cosentinii genome the Ag* bands were also limited to
secondary constrictions only (Fig. 2F), which indicated
that the two remaining pericentromeric pairs of 25S
rDNA loci were either transcriptionally inactive or their
expression was below detection. A similar situation was
observed in the species of Brassica, where the only active
18S-5.8-25S rRNA genes were these at the secondary
constrictions, whilst all others did not express possibly
due to DNA methylation or other expression-regulating
mechanisms (Hasterok and Maluszynska 2000b).

Ribosomal genes are housekeeping genes that occur in
many copies per genome, and are present and express in
each cell that contains a nucleolus, regardless of tissue-
type and developmental stage (Maluszynska et al. 1998).
The chromosomal distribution of rDNA has been exten-
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Fig. 2 Somatic metaphase chromosomes of L. angustifolius (A, B, bands overlapping with 5S rDNA hybridisation sites; C and F,
C, G) and L. cosentinii (D, E, F, H); A and D, localisation of rRNA  detection of active 18S-5.85-25S rRNA genes by silver staining;
genes by double-target fluorescence in situ hybridisation (FISH) of D-E, FISH and CMA staining of the same chromosome comple-
5S tDNA (red) and 25S rDNA (green) probes; B and E, differential ment; G-H, partial karyotype showing 25S rDNA and 5S rDNA
fluorescent staining with chromomycin A3, CMA* bands indicate carrying chromosomes. Bar = 5 um

large G-C rich regions of chromatin, arrows in (E) show CMA*
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Fig. 3 Fluorescence in situ hybridisation of 5S rDNA (red) and 25S
rDNA (green) probes to interphase nuclei of L. angustifolius (A)
and L. cosentinii (B). Arrows in (B) indicate decondensed ‘ribbon-

sively studied in vast number of plant species providing
the information about the phylogeny of closely related
taxa (e.g. Kitamura et al. 2001; Li et al. 2001; Raina et al.
2001; Singh 2001). Often rDNA localisation has been
used in karyotyping as landmarks for chromosome
identification (e.g. Moscone et al. 1999; Kulak et al.
2002). However, the efficiency of rDNA as chromosome
markers highly depends on the number of rDNA loci in
comparison with the total number of chromosomes in the
complement, on their variation in size and their chromo-
somal distribution. In some plant species, such as H.
vulgare (Leitch and Heslop-Harrison 1993), Pinus elliottii
(Doudrick et al. 1995), A. thaliana (Murata et al. 1997)
and some of the species of Brassica (Hasterok et al.
2001), simultaneous FISH with 5S and 25S rDNA probes
has enabled the identification of all or many chromo-

like’ nucleolar organising region. The plant telomeric (TT-
TAGGG), probe hybridising to chromosomes of L. angustifolius
(C) and L. cosentinii (D). Bar = 5 um

somes in the complement. However, the results of this
study (Fig. 2) show clearly that this was not the case for
both studied species of Lupinus, where relatively low
polymorphic loci of both types of rDNA allowed
identification of only 25% of chromosomes in the
genome, which is not efficient for karyotyping. Addition-
al markers are required to identify chromosomes for
karyotype construction or phylogenetic analysis.

The number and distribution of hybridisation sites after
FISH with rDNA are useful not only for chromosome
identification, but also in analysis of interphase nucleus
structure. The position of chromosomes carrying rRNA
genes can be determined in each stage of the cell cycle by
FISH. The number of hybridisation sites in the nucleus
can help to determine the ploidy level of the cell or even
detect chromosome rearrangements. Figure 3A and B



shows the organisation of rRNA genes in interphase
nuclei of root-tip cells of L. angustifolius and L.
cosentinii. In both species the nucleolus is hardly visible
as an unstained area within DAPI-stained chromatin. In
the nuclei of L. angustifolius the number and size of 5S
rDNA signals corresponded to those observed on the
metaphase chromosomes (Fig. 3A). The number of 25S
rDNA signals was consistently four, which was twice the
number of sites observed on the chromosomes. This
apparent discrepancy is most likely caused by the
characteristic pattern of de-condensation of the nucleolar
organising region in the interphase nucleus. The second-
ary constriction is highly de-condensed and therefore is
almost or completely invisible, whilst the distal part of the
short arm and the satellite were highly compact and
appeared as two seemingly separate signals. In L.
cosentinii interphase nuclei (Fig. 3B) the number of 5S
rDNA and 25S rDNA signals usually reflects the number
of respective loci in the metaphase chromosomes. In most
nuclei four sites were compact and two others highly de-
condensed and could be seen as a dotted ribbon-like
structure twisted in the nucleolus. The de-condensed
status of rDNA can reflect its high activity, which has
been reported for other species (Maluszynska and Heslop-
Harrison 1991).

Distribution of telomeric arrays

The Arabidopsis-type telomeric repeat sequence (TRS)
comprising the (TTTAGGG),, motif is known to hybridise
with chromosomes of numerous plant species, e.g. Secale
cereale (Schwarzacher and Heslop-Harrison 1991), Cre-
pis capillaris (Maluszynska and Schweizer 1993) and
Vigna unguiculata (Galasso et al. 1995). However, there
are some genera like Allium, Aloe, Nothoscordum and
Tulbaghia (Fay and Chase 1996; Adams et al. 2000), in
which chromosomes do not hybridise with (TTTAGGG),
repeats and most-likely contain alternative telomeric
sequences (Pich et al. 1996; Pich and Schubert 1998).
Recently Weiss and Schertan (2002) reported the pres-
ence of vertebrate-like telomeric sequences at the ends of
Aloe chromosomes.

In both species of Lupinus, FISH with TRS revealed
distinct signals at termini of all chromosomes (Fig. 3C,
D), but the size of the signals varied. This can be the
result of a different number of repeats at the telomere of
each arm, but the difference observed is too faint and
inconsistent to be used as a landmark for chromosome
identification. Similar variation was observed in rye
chromosomes (Schwarzacher and Heslop-Harrison 1991).
Chromosomal distribution of TRS was restricted exclu-
sively to telomere regions, suggesting lack of chromo-
some fusions and translocations of terminal fragments in
Lupinus genomes, while the non-telomeric distribution of
these sequences was observed in the chromosomes of A.
thaliana and Vicia faba (Richards et al. 1992; Schubert
1992).
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Further identification of chromosomes and the devel-
opment of cytogenetic analysis of Lupinus species will
require chromosome-specific markers. A similar problem
was solved with bacterial artificial chromosomes (BAC)
in potato. The BACs were used as probes for FISH and a
set of 12 clones specific for each chromosome was
isolated (Dong et al. 2000). Also recently, Howell et al.
(2002) successfully used BAC-FISH to identify individual
chromosomes of B. oleracea.
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