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Introduction

Ribosomal RNA genes are one of the most extensively studied genetic
units in higher eukaryotes. McCLINTOCK in 1934 demonstrated that
nucleolus is always formed in association with a particular structure located
on the short arm of maize chromosome 6. Because of its role in the formation
of the nucleolus, this region of the chromosome has become known as the
nucleolus organizer region — NOR. The demonstration that the NOR of
Drosophila (RITOSSA, SPIEGELMAN, 1965) and Xenopus (BIRNSTIEL et
al., 1966) contained the coding region for 18S and 28S rRNA was the first
direct correlation between a cytologically discernible chromosomal structure
and a specific gene family. The rRNA genes offer several advantages for
cytogenetic and molecular studies. Some of the most important are: (i) their
presence and expression in each cell as housekeeping genes, (ii) their occurrence
in many copies per genome which minimizes the plant material needed for
investigation, (iii) availability of rDNA clones for analysis of genomic DNA by
digestion with restriction enzyme or by in situ hybridization. This overview will
summarise information about the structure and distribution of plant rRNA

genes.
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Structure and sequences of rDNA

There are two types of IDNA, the “large” rDNA which contain genes 188,
5.8S and 258 coding 458 preribosomal RNA and 5S rDNA for 5S rRNA. Both
types of TDNA belong to the genomic fraction of a middle repetitive DNA.
They are separated from each other on plant chromosomes. This is different
from the organisation of these genes in bacteria and in chloroplast where 5S
rRNA genes are physically linked to the other rRNA genes. The ribosomal
RNA genes can be present in many thousands of copies in plant genomes and
located in tandem arrays at one or several chromosomal loci. The number of
rRNA genes can range from 570 copies per haploid genome in Arabidopsis
(PRUITT, MEYEROWITZ, 1986) to 31,000 in Hyacinthus orientalis INGLE
et al., 1975). The number of 5S TRNA genes ranges in the flowering plant from
3,600 copies in Matthiola incana (HEMLEBEN, WERTS, 1988) to about
100,000 copies in flax (GOLDSBOURGH et al., 1981). There is no correlation
between the number of copies of IDNA and 5S rDNA. The number of 5S
rRNA genes in plants is often much higher than that of 18S-5.85-25S rRNA
(HEMLEBEN et al, 1978; APPELS et al., 1980). Arabidopsis contains 570
copies of 18S-5.85-25S rRNA genes (PRUITT, MEYEROWITZ, 1986) and
1,000 copies of 5SS rRNA genes (CAMPELL et al., 1992); in Vigna radiata there
are 1,500 and 3,600 copies, respectively (HEMLEBEN, WERTS, 1988) but in
tomato the copy number of 5S rDNA is much lower than that for 18S-5.8S-25S
TDNA (LAPITAN et al., 1991).

The data on rRNA genes suggest that the number of copies is not related to
the genome size. As is shown in Tab. 1, the TRNA gene number estimated on

Table 1
Comparison of number of rDNA copies per one picogram of genomic DNA
185-5.8-25S tDNA
Arabidopsis thaliana 0.2 570 2 850 (1)
Hordeum vulgare 5.5 4200 763 (2]
Triticum aestivum 17.3 4 500 264 3
5S tDNA
Arabidopsis thaliana 0.2 1000 5000 @
Linum usitatissimum 0.75 58 500 78 000 &)
Mathiola incana 1.5 2400 © 2400 (8
Lycopersicon esculentum 1.0 1 000 1000 | )

* BENNETT et al, 1995 (4) CAMPELL et al, 1992; (3) FLAVELL, SMITH, 1974; (6) HEMLEBEN, WERTS, 1988;
(7) LAPITAN et al, 1991; (1) PRUITT, MEYEROWITZ, 1986; (5) SCHNEEBERGER, CULLIS, 1992 (7} SUBRAHMANYAM

et al, 1994.
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the genomic picogram basis can vary hundreds and thousands of times
between different plant species. In some species, a large proportion of nuclear
genome is comprised of rRNA genes. The Arabidopsis genome contains 8%
of 18S-5.8S5-25S rDNA and 0.7% of 5S rDNA (PRUITT, MEYEROWITZ,
1986) while in flax 5S rDNA occupies some 3% of the genome (SCHNEE-
BERGER, CULLIS, 1992). The copy number of rRNA genes is different not
only in various species, but can also vary between loci within the genome.
For example, there are essential differences in the copy number between
particular loci of hexaploid wheat (Tab. 2).

Table 2

Number of rRNA genes at the nucleolus organisers in four varieties of hexaploid wheat
(FLAVELL, SMITH, 1974)

. Chromosome
Variety
1B 6B 1A 5D
Chinese Spring 1350 2750 125 350
Cappelle-Desprez 1300 500 870 400
Triticum spelta 870 1800 1667 880
Cheyenne 1500 3000 280 130

Each rDNA unit for 18S-5.85-25S ribosomal RNA is composed of an
external transcribed space region (ETS), the gene encoding for 18S rRNA, an
internal transcribed spacer (ITS) on each side of the 5.8S rRNA gene and 258
rRNA gene followed by a nontranscribed spacer (NTS). This intergenic DNA
separates transcribed regions in the rDNA repeat unit. The sequences for
control, initiation and termination of their transcription are located in the
non-transcribed region (Fig. 1). The tDNA unit is transcribed, by polymerase I,

5.8 S IGS

25 S NTS* ers 18 25 S +NTS ers 18 S

promoter ITS terminator

458

Fig. 1. General structure of the rDNA repeating units for 185-5.8S8-25S rRNA in plants

IGS — intergenic spacer, NTS — nontranscribed spacer, ETS — external transcribed spacer, ITS — internal transcribed spacer
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into a large preribosomal 45S RNA transcript (Fig. 2). The transcript consists
of sequences which are present in mature TRNAs and sequences which are
removed during post-transcriptional modification (Fig. 3).

nucleolus

subunit O subunit

nucleus

v v

ribosomes

cytoplasm

Fig. 2. The function of the nucleolus in ribosome synthesis

The length of the 18S-5.85-25S rDNA unit varies between plant species,
from 7 kbp (Glycine max, VARSANYI-BREINER et al, 1979) to 18 kbp
(Trillium apetalon, YAKURA et al, 1983). In wheat, the TDNA unit, the
most frequently used for in situ hybridization and known as a pTa7l probe,
is about 9 kbp long (GERLACH, BEDBROOK, 1979). The length of IDNA
units, composition of sequences and number of copies can vary between
species, individual plants and also within a locus. This variation is mainly due
to differences in the length of intergenic DNA. In some species,
such as flax and soybean, the rDNA units are homogeneous. In others, such
as wheat, barley, rye, faba bean, pea and rice, they show length heterogeneity.
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Fig. 3. Processing of preribosomal 458 RNA transcript and formation of large and small
ribosomal subunits

In onion and radish they have the same length but sequence heterogeneity.
Other species have both length and sequence heterogeneity (FLAVELL, 1986).
The heterogeneity of rDNA repeat units at the species level, might be very
useful for plant breeding and evolutionary studies SUBRAHMANYAM et al.,
1994; BORISJUK et al., 1997). It is possible to distinguish between different
cultivars or wild populations by the restriction enzyme pattern of rDNA.

Relatively high polymorphisms in the rRNA genes within an individual
genome have been reported in several conifer species. The size of the rRNA
gene unit range between 21 and 40 kbp (BABOLA et al, 1992). Unlike most
angiosperms, the rRNA genes in conifers are divided among numerous
major and minor loci. In diploid species, with 24 chromosomes, the rDNA
was located on 1216 chromosomes (BROWN et al, 1993; DOUDRICK
et al., 1995).

The gene regions of the rDNA unit represent highly conserved sequences.
They show substantial sequence homology between plant species, there is also
homology between plants and species of other kingdoms. For example a pTa71
probe of rDNA from wheat hybridized with grasshopper chromosomes
(LOPEZ-LEON et al., 1994). In contrast, the intergenic region shows sequence
divergence between plant species, even closely related ones. The intergenic
region contains tandemly repeated sequences with different length in different
species, such subrepeat sequences are about 135 bp in wheat (APPELS,
DVORAK, 1982) and 325 bp in faba bean (YAKURA, TANIFUJI, 1983).
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Study of the rDNA spacer length polymorphism in different population of
three grass species indicates that this polymorphism may be of great importan-
ce for adaptation of plant populations, and is not just a random variability in
multicopy genetic loci (POLONCO, PEREZ de la VEGA, 1995). The rtDNA
may be useful at different levels of the taxonomic hierarchy studies, depending
on what part of the basic unit is investigated.

The internal transcribed spacer region (ITS) of rDNA seems to be one of
the most attractive for plant molecular phylogenetic studies. These sequences
are transcribed but not incorporated into mature rRNA. Several features of
ITS make them very convenient for investigation. They are small and
easy to obtain, are present in high copy number with highly conserved
flanks and can be amplified by PCR. The ITS sequences have been used
for phylogenetic studies in several angiosperm taxa and have shown that they
are a particularly valuable resource for plant systematic (BALDWIN et al.,
1995).

The number of copies and the structure of rRNA genes, as in phylogenetic
studies, was investigated in relation to somaclonal variation among plants
regenerated from in vitro culture. Sequence changes of rDNA were more
frequently reported for non transcribed regions than for the coding region.
Several studies have shown a decrease in the number of rRNA genes in plants
resulting from tissue cultures of potato and triticale (LANDSMANN,
UHRIG, 1985; BRETTELI et al., 1986). In wheat, variation in the organization
of non transcribed regions of rDNA has been found in doubled haploid lines
and in plants regenerated from callus (RODE et al, 1987, BENSLIMANE
et al., 1988; BREIMAN et al.,, 1987).

The 5S rDNA consists of highly conserved 120 bp coding regions and
a variable nontranscribed spacer region of 80-900 bp. The transcription of 5S
rDNA is directed by polymerase III. Similarly to 18S-5.8S-25S5 rDNA, the
intergenic spacer exhibits considerable interspecific divergence. The nucleotide
sequence of 5S DNA units has been determined in many plants and these data
suggest that 5SS DNA can provide a good model system for studying the nature
of evolutionary changes at a locus composed of tandem arrays of units. The
units at a given locus are very similar in the DNA sequences but differences
have been observed between loci. Evolutionary studies in the Triticeae showed
that 5S rRNA genes consist of two size classes, classified as “short” (units
ranging from 327 to 469 bp) and “long” (units greater than 469 bp) (BAUM,
APPELS, 1992; BAUM, JOHNSON, 1994). These two different repeat units
are not intermixed within a tandem array but they form separate clusters,
each on separate chromosomes. In most species of Triticeae, 5S rRNA
genes have been located on homoeologous chromosome group 1 and 5. The
short repeat sequences were localized on chromosome 1 and the long on

chromosome 5 (APPELS et al, 1992).
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The studies of 5SS RNA gene structure and copy number in gymnosperms have
also shown the presence of two size classes of 5S rDNA. Gene units
were about 525 and 850 bp long in Pinus radiata. The difference in the two
size classes was due to 330 bp insertion in the spacer region of the long unit.
Among thirty examined Pinus species, the New World species had both
short and long units whereas the Old World species had only long units
(MORAN et al., 1992).

NOR — chromosomes

Chromosomes with a nucleolar organizer region, NOR chromosomes,
possess secondary constriction which makes it easy to distinguish them with
conventional cytological methods even among such small chromosomes as
chromosomes of Arabidopsis (MALUSZYNSKA, HESLOP—HARRISON,
1991). There are specific methods which allow detection of the rDNA loci on
chromosomes and interphase nuclei The following methods of selective
staining are most frequently applied:

— FISH — fluorescent in situ hybridization — for detection and localization
of rDNA sequences on chromosomes and interphase nuclei MALUSZYN-
SKA, HESLOP-—HARRISON, 1992; LEITCH et al., 1994).

— Ag — staining of NOR — to indicate the activity of TDNA (BLOOM,
GOODPASTURE, 1976; HIZUME et al., 1980). Chemical groups respon-
sible for silver staining have not yet been identified with certainty. Most of
the nucleolar proteins, which are substrates for silver staining, are phosp-
hoproteins associated with metaphase chromosomes at the NOR which
were active at the previous interphase. One of these proteins is e.g. RNA
polymerase ]| (HERNANDEZ-VERDUN et al., 1993). It was shown that
the sites of Ag-NOR staining are not within the chromatin itself but lie at
the sides of the chromatids (SCHWARZACHER et al., 1978).

— CMA — (fluorescent staining with chromomycin A3) for detection of G+C
rich chromosomal segments. It usually stains the NOR region but does not
distinguish between NOR and other G—C rich chromosomal segments
(SCHWEIZER, AMBROS, 1994).

— N — banding — for NOR staining. In this technique the extraction of
nucleic acid and histons from chromosomes is followed by Giemsa staining.
It is less sensitive than silver staining (FUNAKI et al., 1975).
Fluorescent in situ hybridization provides high resolution for chromosome

mapping. Since this technique was adopted knowledge of the location of IDNA

on metaphase chromosomes and interphase nuclei has increased significantly.

6 Plant.
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This is the only method for the localization of 5S rRNA genes. Using this
method it is also possible to detect new 18S-5.8S-25S rDNA loci. The appli-
cation of FISH enabled detection of the rDNA sequences on specific
chromosomes such as the B chromosome of Crepis capillaris and Triticum
(MALUSZYNSKA, SCHWEIZER, 1989; FRIEBE et al., 1995). The develop-
ment and improvement of hybridization and detection methods provide a new
possibility to visualise subsequent loci of rDNA. Using immunocytochemical
detection of hybridization sites in B. napus it was possible to identify six loci of
the IDNA (MALUSZYNSKA, HESLOP-HARRISON, 1993), while direct Cy3
labelled DNA probe enabled localization of seven loci (MALUSZYNSKA,
HASTEROK, 1997). Similarly, the high sensitivity of the technique enabled the
identification of new rDNA loci on tomato chromosomes (XU, EARLE, 1994).

Table 3

The number of rDNA loci at different plant species estimated by in situ hybridization

Species im%l;?oge 185;15)'%8,;‘255 5S rDNA References
Aegilops umbellulata 14 2 1 (1)

Arabidopsis thaliana 10 2 3 (12; 16)
Avena strigosa 14 2 1 (10)
Beta vulgaris 18 2 1 (18)
Brassica campestris 20 5 3 (13)
Brassica nigra 16 2 1 (13)
Brassica oleracea 18 2 2 (13)

Crepis capillaris 6 1 1 14; 7)
Glycine max 40 1 1 (19)
Gossypium hirsutum 52 11 2 (5
Hordeum vulgare 14 4 4 9
Larix decidua 24 3 1 (11)
Lycopersicon esculentum 24 5 1 (20)
Pennisetum glaucum 14 2 1 (15)
Phaseolus vulgaris 22 4 4 (19
Picea abies 24 6 1 (11)
Pinus elliottii 24 8 3 (3)
Pinus silvestris 24 7 2 (11)
Secale cereale 14 1 3 2
Triticum aestivum 42 8 3 (10)
Vicia faba 12 1 4 6; 7)
Vigna unguiculata 22 5 2 (4)
Zea mays 20 1 1 17

(1) CASTILHO, HESLOP-HARRISON, 1995; (2) CUADRADO et al, 1995; (3) DOUDRICK, 1996; (4) GALASSO et al,
1995; (5) HANSON et al, 1996; (6) HIZUME, 1992; (7) HIZUME, 1993; (8) JIANG, GILL, 1994; (9) LEITCH, HESLOP-
-HARRISON, 1993; (10) LINARES et al, 1996; (11) LUBARETZ et al., 1996; (12) MALUSZYNSKA, HESLOP-HARRISON,
1991; (13) MALUSZYNSKA, HESLOP-HARRISON, 1993, unpublished; (14) MALUSZYNSKA, SCHWEIZER, 1989; (15)
MARTEL et al., 1996; (16) MURATA et al, 1997; (17) McMULLEN et al., 1991; (18) SCHMIDT et al, 1994; (19) SHI et al, 1996;

(20) XU, EARLE, 199.
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What is the distribution of rRNA genes within the NOR region? Investiga-
tion of double translocation lines of maize, where either the heterochromatin or
secondary constriction regions of NOR were duplicated, indicated that the
majority of the rRNA genes were located in the NOR heterochromatin. On the
basis of this study it was estimated that 70-—-90% of rRNA genes were in
heterochromatin. Heterochromatic DNA is associated with transcriptional
inactivity. Apparently, only a small fraction of TRNA genes located in the
secondary constriction are transcribed (McMULLEN et al, 1991).

58 rDNA does not occupy a structurally differentiated site on chromo-
somes and has been shown to have no distinctive staining properties. The
distribution of 5S rDNA can be determined by in situ hybridization. The 5S
rRNA genes are most often located at the telomeric or subtelomeric chromo-
some region (APPELS et al., 1980) but other positions, for example in tomato
— near the centromer — were also reported (LAPITAN et al, 1991)
Arabidopsis contains one interstitial locus and two loci of 5S rDNA near the
centromer (MURATA et al, 1997).

There is no correlation between the number of rDNA and 5S rDNA loci
nor between loci number and chromosome number (Tab. 3). Two species, with
low and high numbers of chromosomes (Crepis capillaris, 2n = 6 and Glycine
max, 2n = 40) possess the same number of loci, one of IDNA and one of 58
rDNA, while Brassica campestris (2n = 20) has 5 pairs of chromosomes with
rDNA sequences and 3 pairs with 5S rDNA.

Nucleolus

The nucleolus is the intracellular site where ribosomal genes (rDNA) are
transcribed and where biogenesis of ribosomes occurs at interphase. Besides
tandemly repeated rRNA genes, the presence of more than 100 ribosomal
proteins, nucleolar proteins and ribonucleoproteins (RNPs) is required for the
nucleolar function including RNA polimerase I, DNA topoisomerases, trans-
cription factors, processing enzymes, 5S TRNA and small nucleolar RNAs
(snoRNAs).

A functionally active nucleolus is composed of three major structural
domains: (i) fibrillar centre — FC — which is the interphasic counterpart of the
nucleolar organizer regions (NOR) of metaphase chromosomes, (ii) dense
fibrillar component — DFC — usually surrounding FC and apparently
containing transcripts of rRNA genes, (iii) a granular component — GC
— which is associated with specific proteins and snoRNAs (RASKA,

DUNDR, 1993).

6‘
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The behaviour of the nucleolus in proliferating cells is linked to phases of
the cell cycle and is called the nucleolar cycle. When cells enter mitosis and
rDNA is not transcribed, nucleoli structurally disintegrate and a major portion
of nucleolar proteins and RNAs are translocated to the cytoplasm. A relatively
small proportion of nucleolar proteins remains associated with the nucleolus
organizing region of mitotic chromosomes. After chromosome segregation, at
telophase, the rDNA transcription is reactivated and nucleoli start to reassem-
ble (SCHEER et al., 1993; SHAW, JORDAN, 1995). This process is accom-
panied by the formation of extranucleolar bodies called the prenucleolar bodies
(PNBs). The precise role of PNBs in nucleologenesis is not clear (ZATSEPINA
et al., 1997). The pre-rRNA has been found in PNBs of onion telophase cells
(MEDINA et al., 1995).

The umber of nucleoli per nucleus can be as high as the number of NOR
chromosomes but this is seldom the case, usually the number of nucleoli is
much less. There are two ways to explain this observation: either not
all NORs are active or more than one NOR takes part in the formation of
a nucleolus. In fact, both possibilities may be realized. Numbers of nucleoli
have been extensively investigated in wheat. It was observed that four
major nucleoli can fuse in different combinations. There were nine com-
binations, but the frequency of various fusions was different in different
genotypes of wheat. This observation raises the question of whether fusion
is random or not. The conclusion from wheat study was that genotype
may play a major role in determining the pattern of nucleolar fusion. The
fusion depends on the length of the cell cycle. The fusion frequency increases
and the number of nucleoli per cell is lower in certain genotypes with a longer
cell cycle. It should be noted that even when only one major pair of NORs
is active the number of nucleoli per nucleus is usually more than one, for
example in a substitution line where 1B is replaced by 1U from Aegilops
and 6B is strongly suppressed (JORDAN et al., 1982). The situation is different
in chromocentric nuclei, where, with much less chromatin there is usually
a single nucleolus. Cells with one nucleolus dominate in Brassica species.
However, in Arabidopsis meristematic cells four nucleoli are frequently
observed in addition to nuclei with three, two and one nucleolus (FRAS,
MALUSZYNSKA, unpublished).

The nucleolar volume is variable in different cell types of an individual
plant. This can be related to the phase of cell cycle, transcriptional activity and
fusion of nucleoli. Usually, nucleolar volume increases during early stages of
the cell cycle. The relationship between total nucleolus volume and the number
of TRNA genes at the nucleolus organiser has been studied. Results from
different wheat genotypes indicate that the volume of the nucleolus, formed at
a given NOR in a given cell type, is more closely related to the proportion of
the total active TRNA genes than to the absolute number of TRNA genes at
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NOR (FLAVELL, O'DELL, 1979; MARTINI, FLAVELL, 1985). There is
some evidence that the volume of a nucleolus can be controlled by genes other
than rRNA genes (FLAVELL, O’'DELL, 1979).

Small spherical bodies associated with the nucleolus known as nucleolus
associated bodies or karyosomes or micronucleoli, can be observed in the
interphase nucleus of many plant species. These bodies are related to the
nucleolar chromosomes and mainly consist of different ribonuloproteins
('CHAMBERLAND, LAFONTAINE, 1993). Such structures have also been
observed in Arabidopsis nuclei of meristematic and callus cells as well
(MALUSZYNSKA, unpublished).

rDNA activity

The number of rRNA genes in plants is considerably greater than that
required to sustain ribosome synthesis. This large number of rRNA genes raises
many questions such as: why are there so many genes, how do the genes evolve,
which genes are selected to be active from the gene family? The total nucleolus
activity in the cell is regulated in response to the need for ribosomes. There are
many genes involved in this regulation at the different levels of RNA
transcription, RNA processing, protein and 5S RNA accumulation and
ribosome formation. The activity of the rRNA genes at each NOR is reflected
in the size of the nucleolus and on this basis it is possible to estimate gene
activity by cytological observation. This is an advantage which is not available
for many other genes and makes this set of genes especially useful for studying
the activity of a chromosomal locus and control of its expression.

In species with more than one rDNA locus variability can be observed
between nonhomologous NORs. Selective silver staining is used to distinguish
between active and inactive rRNA gene clusters while in situ hybridization
localises all the rDNA sequences. Sequential use of both methods allows
us to distinguish active and inactive loci in the same cell (HASTEROK,
MALUSZYNSKA, 1998). In species with numerous rDNA loci many of them
are non active. For example, in B. campestris 10 among 20 chromosomes bear
rRNA genes of which only 2 NORs are active, in Brassica napus from 14 sites
of tDNA only 4 are active. The size of the silver deposit on the NOR is
positively correlated to the degree of transcriptional activity of rDNA loci.

The amplification of rDNA repeats has also been reported (LLOYD et al.,
1994, SUBRAHMANYAM et al, 1994). During vascular cambium reac-
tivation in Abies balsamea the relative rRNA genes content and nucleolar
volume increased transiently prior to cambial cell division. This amplification
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of the number of TRNA gene copies is probably necessary because of slower
rates of transcription and translation in the cold temperature of early spring.
The increase in relative content of rDNA and nucleolar activity were delayed in
the tree in which reactivation was late (LLOYD et al., 1994).

Greater activity of one TDNA locus compared to another in the same cell
(nucleolar dominance) is observed in many species with multiple loci of rRNA
genes. The comparison of the activity of rRNA loci in aneuploid and
substitution lines of the Chinese Spring variety of hexaploid wheat has shown
that the 1B locus is dominant to the 6B which is dominant to the 5D
(MARTIN, FLAVELL, 1985). When chromosome 1U from Aegilops umbel-
lulata was introduced into wheat its TDNA locus was dominant over all the
wheat TRNA loci. This dominance is not due to a larger number of rRNA genes
at the locus. The relative activity of rDNA loci is correlated with the number of
135 bp repeats that lie upstream from the gene promoter, the locus with, the
greater activity is the one with more these repeats (FLAVELL et al., 1990;
1993).

Chromosomal dominance was also observed in barley. The NOR 6 (1600 of
rRNA genes) organizes a larger nucleolus than NOR7 (2 600 of TRNA genes).
When both these NORs were combined in one chromosome through trans-
location, the activity of NOR7 was reduced (ANASTASSOVA-KRISTEVA
et al., 1980; SUBRAHMANYAM et al, 1994).

The nucleolar dominance in interspecific hybrids or allopoliploid species is
widespread, but the epigenetic phenomenon leading to the formation of
a nucleolus around the rRNA genes of only one parent is poorly understood.
The nucleolar competition which can occur in interspecific hybrid is called
differential amphiplasty. This phenomenon was first described by NAVASHIN
(1934) in some interspecific hybrid of Crepis. The secondary constriction
of the SAT-chromosome of one parental species is lacking in the hybrid, thus
the satellite is retracted onto the chromosome and is not distinguishable
(WALLACE, LANGRIDGE, 1971). Differential amphiplasty has been repor-
ted in natural allopoliploid species such as wheat and artificial amphiploids
such as triticale. The behaviour of rye rRNA genes in wheat x rye hybrid has
been investigated by several authors. It has been determined that rye TRNA
genes in a wheat background show significantly less activity than in diploid rye.
The suppression of rye rDNA activity is because the rye NOR locus contains
shorter tDNA spacer than those of wheat (LACADENA et al, 1984
GUSTAFSON et al., 1988).

CHEN and co-workers (1996), on the basis of molecular analysis of rDNA
have shown nucleolar dominance in Brassica genus. In B. carinata there is
a dominance of TRNA genes from B. nigra over genes of B. oleracea. In both
natural and synthetic B. napus the rRNA genes of B. campestris dominate over
genes of B. oleracea. In cytogenetic analysis of Brassica species we did
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not observe such dominance. In all allotetraploid species the number of active
rDNA loci was equal to the sum of active loci in ancestral species.
In B. oleracea, 2 out of 4 loci of rRNA genes were active; in B. campestris 2 out
of 10 loci were active and in B. napus 4 loci were active. Similar results were
obtained for the hybrid B. oleracea x B. campestris — a synthetic rapeseed
(MALUSZYNSKA, HASTEROK, 1998; HASTEROK, unpublished).

The difference between results of molecular analysis and cytogenetic
observations can be due to different developmental stages of tissues used for
analysis. The DNA for molecular analysis was isolated from leaves, from
differentiated tissue, while chromosomal analysis was done in root meris-
tematic cells of seedlings. This explanation can be supported by observing
different NOR activity in meristematic cells of different root types of Allium
cepa. In primary roots obtained from germinated seeds, 4 strong Ag-NORs
were detected while in cells of adventitious roots, from bulbs, only one
pair of TRNA genes loci was active (HASTEROK, MALUSZYNSKA, 1998).
Other investigations have shown a different rDNA expression during plant
development. In normal wheat and rye plants the TDNA genes are active at
least up to late gametogenesis but in wheat x rye F, hybrids inactivation of the
rye tDNA occurs during embryogenesis, 4-5 days after pollination (NEVES et
al., 1995). Similar results were obtained for triticale embryo development. In
normal triticale plants rye-origin rDNA is inactive. During microsporgenesis
the inactivation undergoes meiotic reprogramming which leads to the expres-
sion of rye rRNA genes in pollen grain (SILVA et al., 1995).

DNA methylation in rRNA genes

There is substantial evidence that the activity of some genes is correlated
with modifications of specific DNA bases, among which the most frequent is
the methylation of cytosine. Up to 20—30% of the cytosine is methylated in
nuclear plant genomes (RICHARDS, 1997). It has been shown that met-
hylation of the cytosine influences the activity of rDNA in many animals and
plants. In wheat, TRNA gene expression depends on tDNA methylation and on
the structure of the intergenic region between 18S and 25S in the TDNA repeat
unit. FLAVELL et al. (1993) postulated that more actively transcribed wheat
rDNA loci have longer rDNA intergenic spacer and a higher number of genes
with more unmethylated cytosine sites. Longer rDNA intregenic spacer can
provide more binding sites for proteins which protect against methylation and
for factor allowing transcription. Sites where proteins are not bound become
methylated and genes without regulatory proteins are condense into hetero-
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chromatin and the genes are thus removed from nucleolus formation. The
authors propose a model to explain the differential expression of rRNA
genes.

The drug 5-azacytidine (5-AC), a structurally modified cytidine analogue,
when incorporated into a newly synthesized DNA strand leads to its
undermethylation and a subsequent gene activation. 5-AC is known to cause
activation of silent genes, decondensation of chromatin, and affects the time
and level of DNA synthesis. The presence of 5-AC during germination of
wheat-rye hybrid allowed the expression of the nucleolus organizer region
belonging to the rye genome which is normally inactive in a wheat background
(VIEIRA et al., 1990). When hybrids were treated with 5-AC shortly after
pollination the activity of rye origin rDNA loci was present in the resulting
seedlings (NEVES et al., 1995). This strongly suggests that by unmethylation of
cytosines the phenomenon of differential expression and nucleolar dominance
are removed.

rDNA as a chromosome marker

NOR-chromosomes can be distinguished easier than many other chromo-
somes in the complement even in very altered karyotypes of long term callus
culture. It was reported that secondary constriction is a common breakage
point in the chromosome. In several investigations of tissue cultures of Crepis,
the NOR chromosomes were most frequently involved in the different
chromosomal rearrangements (SACRISTAN, 1971; ASHMORE, GOULD,
1981; MALUSZYNSKA, 1990).

The 5S and 18S-5.8S-26S gene loci provide useful chromosome markers to
examine genome evolution or chromosome variation in tissue culture in vitro.
DNA-DNA in situ hybridization has become the method of choice for
localizing these sequences, especially where multiple loci cannot be differen-
tiated by restriction fragment length polymorphism..Simultaneous in situ
hybridization of two rDNA probes, 5S rDNA (pTa794) and main rDNA
(pTa71) allow identification of each arm of each Hordeum chromosome
(LEITCH, HESLOP-HARRISON, 1993), Arabidopsis, (MALUSZYNSKA,
unpublished; MURATA et al.,, 1997) or Pinus (DOUDRICK, 1996) (Fig. 4).
Comparative mapping of rRNA genes on chromosome 1 and 5 within Triticeae
has shown multiple and complex evolutionary rearrangement of the chromo-
some arms (CASTILHO, HESLOP-HARRISON, 1995).

rDNA is the first chromosome marker to be used in an investigation of
nucleus architecture (HESLOP-HARRISON, BENNETT, 1990; ROWLINS,
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Fig. 4. Localization of 18S-5.88-25S and 5S rDNA on the chromosomes of
A — Arabidopsis thaliana, B — Hordeum vulgare, C — Pinus elliottii (from: MURATA et al, 1997, LEITCH, HESLOP-
-HARRISON, 1993; DOUDRICK, 1996; modified)

SHAW, 1990; LEITCH et al, 1992; JORDAN et al, 1992; LEITCH,
HESLOP-HARRISON, 1993 ). The position of individual or pair of chromo-
somes in interphase nuclei is one of the most difficult problems in genome
structure investigation. Whether chromosomes lie in random positions with
respect to each other or have special compartments is still an open question.
One such compartment is the nucleolus, a well defined structure with a well
defined function, in which many copies of the rRNA gene are transcribed,
where the 45S primary transcript is processed and combined with the 5S
transcripts. The nucleolus is therefore an ideal system for studying transcrip-
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tion, transcript processing and transport. It is the only structure in the
interphase nucleus where gene expression can be investigated at both the
molecular and cytogenetic level.
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