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A cytogenetical and molecular analysis of the
ribosomal cistrons of A ilium sphaerocephalon

L. (Liliaceae)
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A/hum sphaerocephalon is a species with a high number of secondary constrictions and with ultra-
and interindividual variation in their number. We analysed whether all the secondary constrictions
are involved in nucleolus formation, whether the same variability exists in the number of NOR, and
the mechanism(s) responsible for this variability. Our cytological data have shown that (i) all the
secondary constrictions may be involved in the nucleolus organization, (ii) the variability in number
is in accordance with the numbers of NOR, and (iii) the variability could be due to unequal
exchanges among ribosomal genes on homologous and non-homologous chromosomes. Ribosomal
DNA sequence homogeneity detected in this species supports this conclusion.
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Introduction

Many studies concerning the nucleolar organizer
region (NOR) have revealed this area as a very variable
region of the eukaryotic chromosome. While there are
species like rye (Appels et at., 1980) or maize (Givens
& Phillips, 1976) in which the number of NOR is con-
stant, there are, in contrast, other cases such as man
(Ferraro & Prantera, 1988), mouse (Suzuki et a!.,
1990), some species of salmonids (Phillips et al., 1988)
or of the genus Alhium (Schubert & Wobus, 1985), in
which the number of NOR varies between individuals
or even between cells. Possible explanations for these
variations have been attributed to mechanisms such as
activation—inactivation (Ferraro & Prantera, 1988),
duplication—deletion (Sato, 1981; Jamilena et al.,
1990), unequal crossing-over (Suzuki et al., 1990), or
even transpositional phenomena (Schubert & Wobus,
1985). On the other hand, even when rDNA has one or
more chromosomal locations it is known that rDNA
sequences have a high degree of homogenization and
this has been explained as being due to unequal genetic
exchanges as reported by Arheim et at. (1980) for man
and by Suzuki et at. (1990) for Mus musculus. The
same process, which produces sequence homogeniza-
tion, can also increase or decrease ribosomal RNA
gene number, not only in homologues but also between
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non-homologous chromosomes (Arheim et at., 1980;
Suzuki etal., 1990).

In this paper, we analyse by cytogenetic and mole-
cular methods the ribosomal cistrons of A/hum sphaero-
cephalon, an exceptional species in the genus Ailium,
with a multichromosomal location of NOR and inter-
individual variability in their number (Pastor, 1982).

Our data demonstrate that all the secondary con-
strictions are involved in nucleolus formation and that
the intra- and interindividual variability in the number
of NOR can be due to recombination exchanges among
ribosomal genes on homologous and non-homologous
chromosomes.

Materials and methods

One population (composed of 21 individuals) of
A ilium sphaerocephaion L. from Padul (Granada, Spain)
was analysed. Meiotic analyses were performed on
flower buds fixed in alcohol—acetic acid 3:1 and
stained in 1 per cent acetic carmine. Root tips were
pretreated for 12 h in 0.2 per cent colchicine at 4°C for
mitotic analysis and fixed in alcohol—acetic acid 3:1.
Conventional staining was done with 2 per cent acetic
orcein. Silver staining was performed according to
Kodama et at. (1980). For the in-situ hybridization
technique the pRl2 probe containing radish rDNA
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(Delseny et a!., 1983) was labelled with li-biotin-
dUTP according to 'Nick Translation System' (Gibco-
BRL). The slides were pretreated with 100 1ug m1' of
RNase in 2 x SSC and the hybridization method was
performed according to Rayburn & Gill (1985). The
biotinylated probe was detected with a streptavi-
dine—alkaline phosphatase conjugate detection system
obtained from Gibco-BRL. DNA was isolated for
Southern blot analysis as previously described by
Dellaporta eta!. (1985) from frozen leaves of 10 differ-
ent individuals with a different number of NOR. Total
DNA was digested with the endonucleases Hindlil,
BamHI and EcoRT following the protocols provided
by the supplier (Boehringer Mannheim) and fraction-
ated by electrophoresis in 0.7 per cent agarose gels in
TBE (Tris-Borate-EDTA) buffer at 1.5 V cm' for 16
h. HindIII restriction fragments of lambda DNA
were used as molecular weight markers. DNA frag-

ments were blotted to a Hybond N (Amersham) nylon
membrane as described in Sambrook eta!. (1989) and
the filters were baked at 80°C for 2 h. The wheat rDNA
probe pTA 71 (Gerlach & Bedbrook, 1979) was used
for hybridization. Probe labeffing, hybridization and
detection procedure were carried out using the non-
radioactive biochemiluminiscence (ECL) gene detec-
tion system provided by Amersham following the
protocols provided by the manufacturer.

Results
Conventional staining methods reveal four pairs of
chromosomes with secondary constrictions in A!lium
sphaerocepha!on (2 n = 16): the fifth pair of the karyo-
type has a secondary constriction very near to the
centromere, the sixth and the seventh pairs have inter-
calary secondary constrictions, and the eighth pair has

Fig. 1 Conventional staining of mitotic and meiotic cells of A. sphaerocephalon (2n =16). (a, b) Karyotypes obtained from cells
with eight (a) and six (b) secondary constrictions (arrows); (c) pollen mother cell (n =8). Three secondary constrictions are
actively engaged in nucleolus formation. Observe also two chromosomes associated with one nucleolus (d). Interphases nucleoli
and micronucleoli. Bar represents 10 1um in all figures.
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two, one in each arm. However, the number of
secondary constrictions may vary between the different
individuals (and even between cells of the same indi-
vidual), from two to eight (Fig. la and b). All these
secondary constrictions are actively engaged in the syn-
thesis of nucleoli as can be seen in diplotene and pollen
cells (Fig. ic). Frequently, two or more bivalents or
chromosomes are associated with a single nucleolus.

After silver staining, four to eight NOR are detec-
table in metaphase (Fig. 2 and Table 1). The locations
of these active NOR are normally coincident with the
secondary constrictions. However, in one individual
there was a NOR in one chromosome of the second
pair (see Fig. 2d). The intensity of Ag-staining differed
between the different NOR and the intensity of each
NOR could vary between cells and individuals,
especially for NOR of chromosomes 6 and 8. The
maximum numbers of nucleoli in interphases and

Fig. 2 Silver-staining of metaphase
chromosomal plates. Numbers indicate
the chromosome pair with active NOR.
Cells with five (a and b), seven (c) and
eight (d) active NOR are shown.

prophases corresponded to the numbers of active
NOR (see Table 2 for quantitave data from three
individuals). In some prophase cells two or more
chromosomes were associated with one nucleolus.
Micronucleoli occurred in some cells (Fig. id and
Table 2). In-situ hybridization confirmed the data
obtained by silver staining (Fig. 3 and Table 3) in five
individuals of Allium sphaerocephalon. The intensity
of the signal, comparable to silver bands, varied
between cells and individuals.

When the total DNA was digested with restriction
endonucleases no interindividual variability of the
rDNA appeared among the 10 individuals analysed,
i.e. all the individuals had the same HindIII bands, the
same BamHI bands and the same EcoRI bands.
HindIII showed a prominent band of 12.7 kb and a band
of higher molecular weight not cleaved (Fig. 4a). DNA
digested by BamHI showed a major band of 12.7 kb
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Table 1 Intra- and interindividual variability of the number of NOR (Ag-staining)
from 10 individuals of A. sphaerocephalon. Samples were normally more than 10
cells per individual, except where marked with an asterisk

Chromosome pair

2 5 6 7 8

Mean number of
Individual sa la NOR per cell

1 0 2 1.83 0 1.83 0.83 6.5
2 0 2 1 0 1.50 0.50 5
3* 0 0 2 1 1 0 4
4* 0 2 1 0 1 0 4
5* 0 2 2 0 1 0 5
6 1 2 1 1 2 1 8
7 0 2 1.20 0.60 1.20 0.80 5.8
8 0 1 1.50 0.50 1.50 1 5.5
9 0 2 1 1 2 1 7

10 0 1.80 1.60 0 1.20 0.60 5.2

sa =short arm; la = longarm.

Table 2 The number of nucleoli and percentage of cells with
micronucleoli in three individuals of A. sphaerocephalon.
Samples were approximately 200 cells per individual

Number of

Individual

nucleoli per cell
Percentage of cells
with micronucleoliMean Variance

2 3.45 1.27 0
4 3.64 1.52 25.45

10 4.43 2.28 34.60

and two minor bands of 8.5 and 4.2 kb (Fig. 4b). After
EcoRJ cleavage all individuals showed four different
bands of 5.6, 4.2, 2.5, and 0.6 kb although the 5.6-kb
band was less intense than the other three bands (Fig.
4c).

Discussion

A/hum sphaerocephalon has a high number of secon-
dary constrictions. Our analyses of meiotic cells and
silver staining show that all these secondary constric-
tions can be actively engaged in the synthesis of
nucleoli. We observed a maximum number of eight
active NOR and nucleoli per cell. This number is
exceptional in the genus A/hum, species of which
normally only have from two to four active NOR
(Bougourd & Parker, 1976; Sato, 1981; Loidl & Greil-
huber, 1983).

A variation in the number of secondary constric-
tions also exists in A. sphaerocephalon coincident with
that observed in the number of active NOR and
nucleoli. Two sets of data indicate that this variability
could be due to a process or processes acting on the
ribosomal areas which change (elongate, reduce or
even eliminate) the number of rDNA genes in the
NOR: (a) A/hum sphaerocephalon has from four to
eight Ag-NOR in different cells and individuals; this
variation is also observed after in-situ hybridization
and (b) the intensity of each NOR varies between cells
and individuals and some cells showed micronucleolj:
comparable variation was observed after in situ
hybridization. The latter observation suggests that the
variation in intensity of silver staining between
chromosomes and the presence of micronucleoli in
some cells is due to a decrease in the number of rDNA
genes rather than to a process of partial inactivation.

Furthermore, our data from Southern blot hybrid-
ization show a high degree of sequence homogeneity
within the rDNA of Allium sphaerocephalon. This
species has only one tandem repetitive rDNA sequence
of 12.7 kb. Hindu found only one recognition site in
the rDNA unit to produce a band of 12.7 kb. BamHI
has two recognition sites in each repetitive unit. EcoRI
has four recognition sites in all ribosomal genes. If we
compare these results with those reported for species
of the same genus such as Allium cepa (Maggini &
Carmona, 1981) or in the same family, e.g. Scilla
peruviana (Carmona et al., 1984), we conclude that A.
sphaerocephalon has a similar pattern to BamHI and
Hindu. These data are in agreement with those
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Fig. 3 Somatic metaphase cells after in-situ hybridization and variability in the number of rDNA areas (arrows): cells with five
(a), or with five labelled areas and three more poorly labelled (arrowheads) (b). (5c) Karyotype obtained from a cell with eight
rDNA regions.

Table 3 Intra- and interindividual variability in the number
of rDNA regions shown after in-situ hybridization from five
individuals of A. sphaerocephalon

Individual

Chromosome pair

Mean number of
sites per cell

56 78
sa la

1*
4*
9

10
11

2 2
2 1.83
2 1.60
1.8 1.20
2 2

0 2
0 1.83
1 2
0.8 1.20 2

1
1.83
1
0.8
2

7
6.5
7.6
5.8
8

Samples were normally > 10 cells per individual except
where marked with an

reported by Maggini (1975) who found a very high
sequence homology (about 95 per cent) in the rDNA of
the Liliaceae family. However, EcoRl shows one band
of 4.2 kb like the two abovementioned species but in
addition another three different bands of 5.4, 2.5 and
0.6 kb. These new bands can be explained if A.
sphaerocephalon rDNA has gained another two targets
for EcoRI that digest the 8.5 kb band and that have
been propagated throughout the ribosomal gene family
in this species. This degree of homogenization within
ribosomal multigene families in A. sphaerocephalon, a
species where rDNA are located in multiple chromo-
somes, may result from unequal genetic exchanges
between rDNA from homologous and non-homo-
logous chromosomes because if ribosomal genes on
non-homologous chromosomes were genetically iso-
lated from each other then it might be expected that
each NOR would evolve independently (Arheim et a!.,
1980). The same mechanism can also explain the intra-
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had a higher probability of unequal synapsis such as
repetitive rRNA genes areas.

It is also possible, however, that some NOR variants
in this species are due to translocations. This is
suggested by individuals with one NOR in the second
or the seventh pairs. Previously, Guillén & Ruiz Rejón
(1984) have detected the presence of translocations in
this species. An exceptional case, not yet described in
natural populations, was observed in A. sphaero-
cephalon: the presence of two NOR in the same
chromosome, one in each arm. In this case, there was
no resultant nucleólar competition such as occurs in
barley translocation lines with reconstructed sat-
chromosomes (Nicoloff et a!., 1979). In A. sphaero-
cephalon, when only one active NOR appears, the
absence of the NOR in the other arm can be explained
by some of the mechanisms discussed above (reduction
or elimination by unequal crossing-over and/or trans-
locations), which are more likely to occur than inactiva-
tion of the NOR.
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Fig. 4 Restriction pattern of the ribosomal RNA genes of
A ilium sphaerocephalon digested either with Hindffl (a),
BamHI (b) and EcoRl (c), electrophoresed and hybridized
with pTA7 1 probe. Undigested rDNA observed after Hind-
III digests may be due to the absence of a specific target for
this enzyme in some ribosomal units. BamHI involves two
recognition sites in each repetitive unit although either the
absence or methylation of a recognition site may prevent
digestion in some units producing the observed large band of
12.7 kb (see, for example Maggini & Carmona, 1981). Little
intensity of the 5.6 kb band in the EcoRI pattern can be due
to the heterologous probe used and less homology in the
non-transcribed spacer. Numbers indicate the length of the
fragment.

and intervariability in the number and size of NOR.
This phenomenon could occur in meiotic or even
mitotic prophase or interphase: in fact, we have
observed the association or different NOR-bearing
bivalents or chromosomes with the same nucleolus in
both types of cells. It is important to mention that Loidl
(1988), who studied synaptonemal complex formation
at the diploid level of A. sphaerocephalon, observed
the existence of many lateral element thickenings, some
associated with the nucleolus. This was interpreted as
the expression of a rectifying process in regions which
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