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A major part of the nuclear genome of most plants is composed of different repetitive DNA elements. Studying these
sequence elements is essential for our understanding of the nature and consequences of genome size variation between
different species, and for studying the large-scale organization and evolution of plant genomes. Sugar beet (Beta
vulgaris L.) is an important crop and a suitable model for such investigations: with a genome size of 0-8 pg C (760
Mbp) it contains significant amounts of all major groups of repetitive sequences among its nine chromosome pairs,
but analysis is not complicated by polyploidy or the huge size of some genomes, and there are valuable genetic data,
recombinant DNA libraries and wild relatives to complement studies of sequence contribution to genome size in sugar
beet. A sophisticated understanding of the structure of the genome will provide valuable data about the major factors
responsible for genome size variation, useful aids in the development of a molecular understanding of genome
evolution, and perhaps indicate strategies for crop improvement. Using molecular and cytological approaches, we
have characterized a range of differentially organized repetitive DNA sequence elements from the genomes of
cultivated and wild beet species, leading to an extensive model of the repetitive DNA, its organization and evolution.
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INTRODUCTION

As reviewed in other papers in this volume, the amount of
nuclear DNA varies extensively between plant species. A
proportion of this variation is due to polyploidy, and it is
assumed that 50 % or more of angiosperms are polyploids.
The size of the unreplicated haploid genome is characteristic
for each species and expressed by the 1C value, which may
be converted to the number of Mbp in the genome.
Although all plants require approximately the same mini-
mum number of genes and regulatory sequences for their
development, including germination, growth, flowering and
reproduction, the nuclear DNA amount still differs by
several orders of magnitude in diploids, from about 02 pg
(approx. 150 Mbp) 1C for several species including Arabi-

dopsis thaliana L., up to nearly 90 pg (> 85000 Mbp) in
Fritillaria davisii Turrill (2n = 24) (Bennett and Leitch,
1995). Species of one taxonomic family show similar
morphology and, indeed, genes represented in all species
can be often regarded as allelic variants. Furthermore, genes
may be colinear (in the same genetic order) over large
taxonomic distances. However, the nuclear DNA content of
related species can vary widely; for example, the genomes of
Oryza sativa L. (rice) and Secale cereale L. (rye) in the
Gramineae differ by a factor of 16, with IC values of 06 pg
(580 Mbp) for rice and 9-5 pg (9300 Mbp) for rye (Bennett
and Smith, 1976). Thomas (1971) described this phenom-
enon as the C-value paradox.

In total, the DNA sequences of low-copy genes and
regulatory sequences make up a small proportion of the
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total amount of nuclear DNA in most plant species: the
major fraction of most plant nuclear genomes is made up of
repetitive DNA elements. Such DNA elements consist of
sequence motifs ranging in size from dinucleotides to more
than 10000 bp. Copy numbers of individual repetitive DNA
motifs can vary from several hundred to hundreds of
thousands, and single motifs may represent 10 or even 50 %
of a genome. Families of repetitive DNA sequences are
differentiated by their degree of sequence homology,
distribution among species and/or genomic and physical
organization. Repetitive DNA elements can be divided into
two major groups, distinguished by their genomic organ-
ization and localization on the chromosomes, although
intermediate forms of organization can exist too. One group
includes sequences showing an organization in tandem
repeating units, where individual copies are arranged
adjacently to each other forming tandem arrays of the
monomeric unit. Such tandemly repeated DNAs are found
preferentially at specific positions of the chromosomes, such
as the pericentromeric, subtelomeric, telomeric or interca-
lary regions. DNA elements arranged in tandem arrays
include different types of satellite DNAs, the telomeric
repeat and the rDNA.

The other group of repetitive DNA sequences comprises
elements with a dispersed organization. Dispersed repetitive
DNA elements are scattered throughout the genome,
interspersed with other sequences and distributed along the
chromosomes, although regions of depletion or amplifi-
cation can be found. Blocks of nested copies of such
elements have been observed (SanMiguel et al., 1996;
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FIG. 1. For legend see facing page.
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Higashiyama et al., 1997). Dispersed DNA sequences
include mobile elements, like DNA transposable elements
and retroelements, their remnants and SINEs (short
interspersed nuclear elements), and other dispersed repeats.
DNA transposable elements move to new locations within
the host genome via exclusively DNA intermediates. They
code for a transposase responsible for integration and
excision processes and are flanked by short terminal inverted
repeats. During integration a short sequence of the host is
duplicated, leading to direct repeats of 3-8 bp at each side
of the transposon copy. The first transposon described in
plants was the Ac-Ds control element of maize (Zea mays
L.) discovered by Barbara McClintock (1951). Other well
described examples are the En-Spm elements of maize and
the Tam transposons of Antirrhinum majus L. (McClintock,
1961; Coen and Carpenter, 1986; Gierl et al., 1988).
Retroelements, the other major group of mobile elements,
use RNA intermediates for transposition (see below).
Retroelements are a major component of plant nuclear
genomes, representing up to 50% of the nuclear DNA
(Bennetzen, 1996; SanMiguel et al., 1996; Pearce et al.,
1996; SanMiguel and Bennetzen, 1998), and copies of
different types of retroelements were also detected in the
mitochondrial genome of A. thaliana (Knoop et al., 1996).

For cloning of highly repetitive DNA elements different
strategies are feasible. One way is the shot-gun cloning of
DNA fragments after digestion with a frequent cutting
restriction enzyme followed by selection of highly repetitive
clones through dot blot hybridization with total genomic
DNA as a probe. A different approach is the cloning of
distinct DNA fragments visible after gel electrophoresis of
digested DNA. In the present paper, we aim to review the
nature of these various elements as major contributors to
the size of genomes in plants.

SUGAR BEET AS A MODEL GENOME

Sugar beet (B. vulgaris L.) is an important crop and a
suitable model for investigations of the distribution of
different classes of repetitive DNA and their contribution to
genome size, and to investigate micro- and macro-evolution
of the sequences in the species, its wild and more distant
relatives. The genus Beta belongs to the widely distributed
family Chenopodiaceae Vent. Wild species of the genus
show a high genetic and phenotypic variability: the genus
Beta is divided into four sections: Beta, Corollinae, Nanae

and Procumbentes (Barocka, 1985). The basic chromosome
number is n = 9; most Beta species are diploid (2n = 2x =
18), but tetra-, penta- and hexaploid plants are found too,
and the triploid is grown commercially. The chromosomes
are small and morphologically uniform (meta- to sub-
metacentric; see Fig. 1). Cultivated beets, including sugar
beet, fodder beet, beet root, leaf beet and Swiss chard,
belong to the subspecies B. vulgaris vulgaris, with the
'maritima-complex' (B. vulgaris maritima) being close
relatives to cultivated beets.

The genome of sugar beet is 0-8 pg 1C (760 Mbp) in size
(Arumuganathan and Earle, 1991). About 63% of the
genome is composed of repetitive DNA sequences (Flavell
et al., 1974). During the last 10 years sugar beet has
increasingly become an object for studies using molecular
biological methods. Genetic markers have been developed
using different techniques, and genetic maps of sugar beet
have been constructed including RFLP- (restriction frag-
ment length polymorphism), RAPDs- (random amplified
polymorphic DNAs) and AFLP- (amplified fragment length
polymorphism) markers (Barzen et al., 1992, 1995; Pillen
et al., 1992, 1993; Hallden et al., 1996, 1993; Schondelmaier,
Steinriicken and Jung, 1996). YAC (yeast artificial chromo-
some) libraries of sugar beet have been constructed (Eyers,
Edwards and Schuch, 1992; Del-Favero et al., 1994; Kleine
et al., 1995). The existence of the genetic maps together with
the availability of the YAC libraries will be vital for the
isolation and characterization of economically important
traits or genes from sugar beet on the basis of their known
map position by positional cloning or chromosome walking.
In that respect the integration of physical and genetics maps
is a major task, since the frequency of recombination
between genes is not random over the genome. Low levels of
recombination around the centromeres have been observed
(Devos, Millan and Gale, 1993; Laurie et al., 1993;
Schondelmaier et al., 1997). Therefore while the order of
markers is the same, the genetic and physical distances
between them show little connection (Heslop-Harrison,
1991). It is important to know the physical distance between
genes to interpret genetic maps and to produce viable
strategies for map based cloning. An understanding of
repetitive DNA is critical for this study.

FUNCTIONAL TANDEM REPEATS

While most repetitive sequences have, at most, a con-
troversial role in the genome-sometimes being regarded as

FIG. 1. Chromosomal localization of different repetitive DNA elements in sugar beet (Beta vulgaris). The left panel of each part shows metaphase
chromosomes stained with DAPI (blue fluorescence). The right panel illustrates the signals of digoxygenin-labelled (detection with FITC green-
yellow fluorescence) and/or biotin-labelled (detection with Cy3 - red fluorescence) probes. A, Localization of the pEV1 satellite on both arms of
all sugar beet chromosomes in different size clusters (red fluorescence). One pair of 5S rRNA gene clusters is present on the short arm of one
chromosome (yellow fluorescence). B, Telomeric repeats (TTTAGGG) hybridize exclusively to chromosome ends (red fluorescence). C,
Hybridization with the SSR motif (GA)8 results in strong signals along all 18 chromosomes with exclusions from centromeric regions (red
fluorescence). D, Hybridization with clone pDV3, containing a compound SSR, shows specific amplification on two chromosome arms (green
fluorescence). E, The SSR motif (GATA)4 is amplified at six sites, on three chromosome pairs (green fluorescence). F, The satellite pSVI lies at
multiple sites along intercalary domains of metaphase chromosomes (green fluorescence). G, The satellite repeat pBVI hybridizes exclusively to
the pericentromeric heterochromatin of all 18 chromosomes (yellow-green fluorescence). It contains the SSR motif (AC) 8, which itself gives strong
hybridization signals at the centromere. H, The satellite pHC28 is amplified at the sites of intercalary heterochromatin of all 18 sugar beet
chromosomes (red fluorescence), but shows different amplification patterns to pEVI (Fig. 1 A). I, The Tyl-copia retroelement Tbvl is dispersed
along all chromosomes (red fluorescence). Exclusion from the 18S-5.8S-25S rDNA sites and centromeric regions was observed. J, The LINE
BNR1 shows organization in discrete clusters on all chromosomes (green fluorescence). It is excluded from centromeric regions and the 18S-5.8S-

25S rDNA sites.
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'junk DNA'-a few have important and well defined roles
in stabilizing the chromosomes and encoding genes required
in high copy numbers.

The ribosomal genes are highly repetitive and arranged in
tandem at a small number of sites (l6ci) in the genome. The
rDNA repeats include the 5S rRNA genes and the 18S-58S-
25S rRNA genes, with intergenic spacers. The repeat unit of
the latter may be 10 kbp long, and in A. thaliana the two

pairs of sites have some 570 copies, representing 5 % of the
total genome size. The discrete numbers of sites, evolu-
tionarily rapid change in copies at different loci, and easy
assay by in situ hybridization, have made the rDNA loci
valuable markers for investigating the evolution of chromo-
somes, particularly in the Triticeae (Leitch and Heslop-
Harrison, 1993; Dubcovsky and Dvorak, 1995; Castilho
and Heslop-Harrison, 1996). In sugar beet, the clusters of
the 18S-5.8S-25S rRNA genes and intergenic spacers were
localized at the secondary constriction at the end of the
short arm of chromosome 1 (Schmidt, Schwarzacher and
Heslop-Harrison, 1994) and the rDNA units have also been
used in phylogenetic studies of the genus Beta (Santoni and
Berville, 1992). Sugar beet contains one pair of 5S rRNA
gene clusters near the centromere on the short arm of one
chromosome (Fig. 1 A) and the locus was mapped genetically
to linkage group II using fluorescent in situ hybridization
(Schondelmaier et al., 1997).

Telomeric DNA consists in most plants of conserved 7 bp
repeats (TTTAGGG); unlike all other nuclear DNA
sequences, the terminal units are not replicated from pre-
existing DNA by semi-conservative replication, but are
added to the physical ends of the chromosomes by an
enzyme, telomerase. This unusual enzyme is a reverse
transcriptase (see retroelements below), incorporating an
RNA template. The control of the number of copies of the
sequence at chromosome ends is therefore under different
constraints from those on other genomic DNA sequences
(Schwarzacher and Heslop-Harrison, 1991), and the average
length may vary both from cell to cell and within
chromosome linkage groups, but is typically a few kilobases.
Telomeric arrays can be visualized by in situ hybridization
using a synthetic oligonucleotide probe complementary to
the TTTAGGG motif. In sugar beet, signals are detected
exclusively at the ends of chromosome arms of sugar beet
(Schmidt et al., 1998b; Fig. 1B). Intercalary arrays of the
sequence are also known (Fuchs, Brandes and Schubert,
1995), but are presumably replicated by the usual mech-
anisms.

TANDEMLY REPEATED DNA

Simple sequence repeats and minisatellites

According to the size of the repeating unit, simple
sequence repeats (SSRs or microsatellites) with motifs of
2-6 bp and minisatellites with monomeric units of 10-40 bp
are distinguished from other satellite DNA families with
larger repeat monomers (see below). Different SSRs are
major components of the repeated DNA fraction in many
species, and some motifs can be used to give 'fingerprint'
patterns when probed to size-separated genomic DNA
digests. In Beta, short exposures, indicating high genomic

abundance, can differentiate subspecies and cultivars
(Schmidt et al., 1993). In beet, the chromosomal distribution
pattern of di-, tri- and tetra-nucleotide microsatellites has

been investigated by in situ hybridization (Schmidt and
Heslop-Harrison, 1996b). Each microsatellite sequence
shows a characteristic genomic distribution and motif-

dependent dispersion, with site-specific amplification on one
to seven pairs of centromeres or intercalary chromosomal
regions (Fig. 1 C-E). Several motifs revealed a weaker,
dispersed hybridization along chromosomes (Fig. 1 D).
Microsatellites were excluded from 18S-5.8S-25S rDNA
clusters and some motifs were further absent from cen-
tromeres and particular intercalary regions.

SSRs are ubiquitous in plants and evolve rapidly-hence
they are valuable as molecular markers and for finger-
printing. Sometimes SSRs are components of large repeat
motifs: pBVL (Table 1 and Fig. I G) is a sequence 327-328
bp long containing a (AC)8 motif. Other SSRs may be
present as much longer arrays not associated with other
repetitive motifs. In vitro experiments suggest that slippage
replication is the main mechanism responsible for the
formation and expansion of microsatellite arrays (Schloet-
terer and Tautz, 1992).

Satellite DNA repeat families

Satellite DNA families or tandem DNA repeats are
groups of identical or similar sequences, which are organized
in blocks of tandemly repeated monomers. Satellite DNAs
were first discovered in plants as additional bands of DNA
beside the major fraction after ultracentrifugation in CsCl-
density gradients due to their differing GC-content from
the average genomic content of 40-45 % (Hemleben, 1990).
Alternatively, they are detectable as restriction satellite
DNAs after gel electrophoretic separation of enzyme-
digested DNA, where they are visible as distinct size
fragments in the smear of restricted genomic DNA (Pech,
Igo-Kemenes and Zachau, 1979). Many satellite DNA
families have been identified in this way. Repeats from rye
(S. cereale) were among the first satellite DNAs isolated,
with one of them representing 6% of the rye genome
(Bedbrook et al., 1980). The genomic localization of such
tandem DNA repeats was first demonstrated using tritium-
labelled DNA probes. The development of fluorescent in

situ hybridization enabled detailed studies of the physical
organization of these repetitive DNA elements, and is now
widely used for such analyses. Satellite DNA families
were found to be localized in regions of the constitutive
heterochromatin, present in pericentric, subtelomeric and,
dependent on the plant species, distinct intercalary chromo-
somal regions (Traut, 1991). High resolution physical
mapping on chromosomes in prophase and DNA fibres
revealed that blocks of distinct satellite DNA families can
alternate and that the repeats can be interspersed with other
sequences, including retroelements (see below, Schmidt and
Heslop-Harrison, 1996a; Brandes et al., 1997).

The length of the monomeric unit of satellite DNA
families is variable, but preferential sizes of 150-180 bp and
320-360 bp for the monomeric unit have been observed in
dicotyledonous plant species, similar to the length of DNA
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TABLE 1. Tandemly repeated DNA sequences in the genus Beta

Repeat
Isolated size Chromosomal

Satellite Enzyme from (bp) position

pBVI BamHI B. vulgaris L. 327-328 Pericentric; Fig. 1G
pEVI EcoRI B. vulgaris L. 156-160 Intercalary; Fig. I A
pSVI Sau3AI B. vulgaris L. 143 Intercalary; Fig. 1F
pHT30 HaeIII B. trigyna W. et K. 140-149 Not tested
pHT49 HaeIII B. trigyna W. et K. 162 Not tested
pHC28 Hinfl B. corolliflora Zos. 149 Intercalary; Fig. 1 H
pRNI RsaI B. nana Bois. & Held. 209-233 Pericentric/intercalary
pTS5 Sau3AI B. procumbens Chr. Sm. 153-160 Pericentric
pTS4.1 Sau3AI B. procumbens Chr. Sm. 312 Pericentric/intercalary

Distribution within the genus Beta
Copy number in section:

AT-content
Satellite (%) Beta Corollinae Nanae Procumbentes Reference

pBV1 69 High n.d. n.d. n.d. Schmidt and Metzlaff, 1991
pEVI 59 High Low n.d. Middle Schmidt et al., 1991
pSVI 57 High Middle Middle n.d. Schmidt et al., 1998a
pHT30 67 Low High Middle n.d Schmidt and
pHT49 41 Low High Low n.d. Heslop-Harrison, 1993
pHC28 43 High High Middle Low
pRNI 58 Low Middle High n.d. Kubis et al., 1997
pTS5 70 n.d. n.d. Low High Schmidt and
pTS4.1 49 n.d. n.d. Low High Heslop-Harrison, 1996a/b

n.d., not detected by Southern hybridisation.

of mono- and di-nucleosomes (Hemleben, 1990; Traut,
1991). Satellite DNA repeats have been shown to interact
with proteins and to be involved in nucleosomal phasing
(Fischer et al., 1994; Vershinin and Heslop-Harrison, 1998).
Several examples of satellite DNAs with larger monomeric
units have been found. Those monomers are often derived
of complex rearrangements of smaller units and/or insertion
and duplication events, as observed in Anemone blanda
Schott & Ky. and Aveneae species (Hagemann, Scheer and
Schweizer, 1993; Grebenstein et al., 1996). Furthermore,
higher order structures of monomeric repeats have been
detected for many satellite DNA families (Vershinin,
Schwarzacher and Heslop-Harrison, 1995; Schmidt et al.,
1998a). Some satellite monomers are composed of smaller
units and may be derived from other classes of DNA
sequence: for example, in Brassica campestris L., a
centromeric tandem repeat is made up of three extensively
diverged 60 bp units which are related to tRNA genes and
SINEs (see below; Harrison and Heslop-Harrison, 1995).

Families of tandem repeats show varying levels of
abundance and homology and distribution pattern between
related species of a plant genus or family. They can exhibit
species-, genome- and even chromosome-specificity (Zhao
et al., 1989; Preizner et al., 1994; Wang et al., 1995), and are
therefore useful probes for studying taxonomic questions
and phylogenetic relationships of plant species (Svitashev et
al., 1994; Nagaki et al., 1995). Satellite DNA probes can be
further helpful for the detection of hybrid species (Kamm et
al., 1995) and the selection of hybrid genomes, like somatic
hybrids after protoplast fusion, chromosome-addition or

translocation lines (Stadler et al., 1995; Schmidt, Junghans
and Metzlaff, 1990; Schmidt et al., 1997).

Most tandem repeats are not routinely transcribed (Nagl
and Schmitt, 1985), but occasionally transcripts are found:
in rice, they have been shown to account for up to 3 % of the
total cellular RNA (Wu, Wang and Wu, 1994). We believe
read-through of stop codons by RNA polymerase may
account for this, and such transcription may be enhanced
under stress conditions. Although the function of satellite
DNA within the genome is unclear, the data can be
interpreted to suggest that they play an important role in the
stabilization and maintenance of chromosomal structures,
and are involved in centromere formation and correct
chromosome pairing during meiosis (Irick, 1994; Vig, 1994;
Vershinin et al., 1995; Csink and Henikoff, 1998). Tandem
repeats are furthermore sites of recombination through
crossing-over, which could lead to larger chromosomal
rearrangements. Eberl, Duyf and Hilliker (1993) observed
that a heterochromatic environment, constituted mainly by
satellite DNA repeats, is essential for the full function of
some genes in Drosophila melanogaster, and it is possible
that such structures are present in plant species too.

Nine different satellite DNA families have been isolated
from different Beta species, summarized in Table 1. Seven
satellite repeats are abundant in sugar beet and related
cultivars and wild beets of section Beta and four of them are
highly amplified (Fig. 1 A, F-H). It is unlikely that other
highly amplified satellite DNA families are present in sugar
beet, but additional families with low copy numbers could
be detected. The satellite DNAs show variation in their
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distribution, abundance, genomic organization and chromo-
somal localization between different sections of the genus
Beta, reflecting differences in age and evolution of individual
repeat families and phylogenetic relationships of Beta
species. Some satellite DNA repeats can be used as species-
specific probes. In sugar beet, the BamHI satellite family is
located at the centromeres of all 18 chromosomes as
revealed by in situ hybridization (Schmidt et al., 1998b).
Other satellite DNAs (e.g. pEV1, pSVI; Fig. 1 A and F) are
clustered at intercalary sites, and chromosome specific
variants of the size of repeat arrays have been observed.

DISPERSED DNA SEQUENCES

Retroelements

The term retroelement is used here as a short form of
eukaryotic nonviral retroelement. The terminology of
retroelements differs in the literature, but here the division
of retroelements as defined by Hull and Covey (1996) will be
followed. Retroelements are divided into three subgroups,
depending on the presence and absence of different features.
These subgroups are retrotransposons, retroposons and
retrosequences; retroviruses are abundant in mammals, but
not known in plants. The retrosequences comprise cDNAs
and pseudogenes and cannot replicate autonomously. The
major structural difference between retrotransposons and
retroposons is the presence or absence of long terminal
repeats (LTRs), respectively. Retrotransposons contain,
like retroviruses, several open reading frames (ORFs),
which code for specific proteins.

Dependent on the order of genes in the second ORF, two
groups of retrotransposons are distinguished. One of them
is the Ty3-gypsy retrotransposons, named after the first
characterized elements of this group, Ty3 from Saccharo-
myces cerevisiae (Hansen, Chalker and Sandmeyer, 1988)
and gypsy from D. melanogaster (Marlor, Parkhurst and
Corces, 1986). In Ty3-gypsy elements the integrase domain
is located downstream of reverse transcriptase and RNaseH,
as found in retroviruses. Some elements feature a third ORF
and therefore, Ty3-gypsy retrotransposons show the highest
similarity to retroviruses. Several examples from plant
species such as maize, Sorghum bicolor (L.) Moenchi, Pinus
radiata and Lilium henryi have been described (for review
see Bennetzen, 1996). Recently, Suoniemi, Tanskanen and
Schulman (1998) illustrated the widespread presence of Ty3-
gypsy elements in many plant species.

The other group is the Tyl-copia retrotransposons,
named after the Tyl element from S. cerevisiae (Clare and
Farabaugh, 1985) and copia from D. melanogaster (Mount
and Rubin, 1985). Here the integrase domain is located
upstream of the reverse transcriptase. Several full length
elements have been described in plants (for review see
Bennetzen, 1996), ranging in size from 48 kb (Hopscotch
from Zea mays; White, Habera and Wessler, 1994) to more
than 12 kb (BARE-1 from Hordeum vulgare L; Manninen
and Schulmann, 1993). Studies based on a PCR assay for a
part of the reverse transcriptase gene revealed their presence
in all lineages of higher plants and green algae, showing
them to be ubiquitous components of plant genomes

(Flavell, Smith and Kumar, 1992a; Flavell et al., 1992b;
Voytas et al., 1992; Hirochika and Hirochika, 1993;
Lindauer et al., 1993). Tyl-copia retroelements are mainly
evenly distributed along plant chromosomes, but regions of
depletion or amplification, differing between species, have
been observed (Brandes et al., 1997; Heslop-Harrison et al.,
1997). Members of Tyl-copia retrotransposons in plants
feature a higher sequence divergence than observed in fungi
or insects and many subfamilies of divergent elements are
found (Flavell et al., 1992a). Tyl-copia retroelements are
amplified in plant genomes with copy numbers up to 1
million as found in Viciafaba L. (Pearce et al., 1996). Most
copies show stop codons and/or frame shifts, indicating
that they are defective. The majority of plant Tyl-copia
retrotransposons are transcriptionally inactive, but some
examples of transcribed elements have been found
(Manninen and Schulman, 1993; Suoniemi, Narvanto and
Schulman, 1996; Grandbastien et al., 1997). In tobacco
and rice, actively amplifying elements have been identified
(Grandbastien, Spielmann and Caboche, 1989; Hirochika
et al., 1996a, b).

Although a major component of the genome, retro-
transposons can diverge between related species. In the
hexaploid oat, Avena sativa L., Tyl-copia fragments isolated
from the diploid progenitor-like species A. strigosa Schreb.
and A. clauda Dur. and the tetraploid A. vaviloviana Malz.
are able to distinguish the genomes when used as probes for
in situ hybridization by their uniform labelling of chromo-
somes along their length (Katsiotis, Schmidt and Heslop-
Harrison, 1996). Presumably all species had a common
ancestor and the elements have diverged and amplified
during evolution.

Retroposons are retroelements without LTRs and are
exemplified by LINEs (long interspersed nuclear elements),
best characterized in human and other mammals. In human
there are an estimated 100000 copies of the LINE-family
LlHs and full length elements are about 7 kb in size
(Hutchison et al., 1989). LINEs can be frequently truncated
at their 5' ends as found for the majority of cin4 and LlHs
elements from maize and human (Schwarz-Sommer et al.,
1987, Hutchison et al., 1989). LINE-like retroelements are
well characterized in human, insects and other animal
species. Plant LINEs include the cin4 element from Z. mays,
del2 from Lilium speciosum Thunb., BNRI (partial se-
quence) from Beta vulgaris, Tall-I from A. thaliana and
Zepp from Chlorella vulgaris (Schwarz-Sommer et al., 1987;
Leeton and Smyth, 1993; Schmidt, Kubis and Heslop-
Harrison, 1995; Wright et al., 1996; Higashiyama et al.,
1997). Recent studies have investigated the distribution of
the LINE-class of retroelements in plants, showing their
presence in a wide range of plant species (Kubis et al., 1998;
Noma, Ohtsubo and Ohtsubo, 1998).

DNA sequences of the reverse transcriptase gene of two
different groups of retroelements have been isolated from
sugar beet by PCR (Schmidt et al., 1995). Both LINEs and
Tyl-copia retroelements are amplified in the sugar beet
genome and show high levels of sequence divergence. The
chromosomal distribution of the two types of retroelements
is contrasting. Although both are excluded from centromeric
and the 18S-5.8S-25S rDNA regions, the Tyl-copia retro-
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transposons are distributed uniformly along chromosomes
(Fig. 1 F), whereas LINEs show an organization in discrete
clusters (Fig. I J). No analysis of LTR-retroelements of the
Ty3-gypsy group have been performed to date in sugar beet.

Retroelements of different classes are abundant in plant
genomes and show wide dispersion and a high variability
indicating their contribution to the host genome organi-
zation, function and evolution (Bennetzen, 1996; Kumar,
1996; Flavell et al., 1997). In maize, retrotransposons
account for at least 50% of the DNA in large genomic
regions and maybe the whole genome (SanMiguel et al.,
1996). In a 280 kb region around the maize adhl gene,
retroelements were found in large blocks (> 50 kb) between
single-copy gene sequences. Twenty families of retro-
transposons were identified in the 280 kb region, with the
five most abundant families comprising alone about 25 % of
the maize genome, some showing copy numbers of up to
30000 per haploid genome (SanMiguel et al., 1996). In Vicia
faba, Tyl-copia-like retroelements are estimated to account
for at least 10 % and possibly 40% of the genome (Pearce
et al., 1996; Kumar et al., 1997). Similarly, the Tyl-copia
Bis-l family comprises about 5% of the wheat genome
(Moore et al., 1991) and the LINE del2 about 4 % of Lilium
speciosum with about 250000 copies (Leeton and Smyth,
1993). These examples show that enormous copy numbers
can be attained by retroelements, indicating that their
amplification is one of the major factors for some very large
plant genomes (Wessler, Bureau and White, 1995). Retro-
elements are not restricted to the nuclear genome but have
also been found in the mitochondrial genome (Knoop et al.,
1996). Interestingly, the families of retrotransposons most
abundant in the genome are not found within or next
(within 25 to 50 kb) to genes (SanMiguel et al., 1996),
although retroelements or parts of them are frequently
found in flanking regions of plant genes (White et al., 1994).

SINEs (short interspersed nuclear elements) show some
structural similarities to LINEs. They are 100-500 bp in
length, exhibit homology to tRNAs or 7SL RNA at their 5'
end, but feature a polyA-tail like LINEs (Deininger, 1989;
Smit, 1996). SINEs are very abundant in human, where the
Alu family comprises about 500000 copies, representing 5 %
of the human genome. Studies in animal species revealed
that the 3' end of SINEs corresponds to the 3' end of
LINEs, but in plant species this relationship has not been
investigated in detail (Okada and Hamada, 1997).

Non-retroelement dispersed repeats

The tandemly repeated DNA sequences and retroelements
discussed above represent a major fraction of most plant
genomes. However, there are also other repetitive DNA
sequences which can be shown by in situ hybridization to be
dispersed throughout the genome. For example, random
repetitive clones in barley were found to localize over all
chromosomes, although many were not homologous to
retroelements (Busch et al., 1995). Furthermore, the genome-
specificity of the retroelements and dispersion of the
tandemly repeated DNA classes together are not enough
to account for the efficiency with which total genomic

DNA-genomic in situ and Southern hybridization-can be
used as a probe to distinguish closely related plant species
by differential hybridization to chromosomes of different
origins in hybrids or chromosomal addition and recom-
binant lines (see Schwarzacher et al., 1992; Heslop-Harrison
and Schwarzacher, 1996).

The pDRV sequence family in sugar beet is typical of
non-retroelement repetitive DNA characterized by an
interspersed genomic organization: the family is dispersed
over all chromosomes of sugar beet with some regions of
clustering and centromeric depletion (Schmidt et al., 1998 a).
It is present in all sections of genus Beta with the highest
amplification in sugar beet and other species of section Beta.

CONCLUSIONS

The question as to why particular repetitive DNA elements
are amplified highly in some species but not in others (e.g.
Table 1) remains unanswered. Earlier theories suggested
that repetitive DNA elements are purely parasitic to the
host genome and are able to amplify as long as they do not
cause deleterious mutations or defects in essential gene
sequences (Doolittle and Sapienza, 1980). But research over
the last 15 years indicates that repetitive DNA elements,
especially retroelements, have played a significant role in
genome and species evolution, modulation of genes or gene
expression, and in maintaining important structural features
of chromosomes, such as the paracentromeric hetero-
chromatin and telomeric/subtelomeric regions.

There is no reason to believe that plant genomes are now
all larger than they ever have been. Indeed, some of the
smaller genomes, such as that of Arabidopsis thaliana are
probably reduced in size from their immediate ancestors.
Nevertheless, where genome sizes are approximately the
same in groups of related species, there are often con-
siderable differences in the repetitive DNA sequences,
leading to one sequence family being abundant in one
species, but essentially absent in another (e.g. Table 1). As
well as studies of the species distribution of individual
repetitive elements, the experiments using genomic in situ
hybridization show that the composition of most of the
repetitive DNA may vary extensively between the species.
One model might suggest that the common ancestor of each
species group had a much smaller genome, and different
sequences have been amplified during the speciation events.
However, it would be surprising if no existing species in
large groups such as the Triticeae tended to have such a
'primitive' character, so other mechanisms are more likely
to account for the directional change in repetitive DNA
composition of all chromosomes in individual species. We
can note that slight differences in the average sizes of the
DNA sequences coiled around nucleosomes can be detected
between pairs of species such as wheat and rye (Vershinin
and Heslop-Harrison, 1998). If the repeat length of one
repetitive sequence were more stable than another in packing
around a particular set of histones-including potentially
species-specific modifications under genetic control such as
acetylation-then amplification of one repeat class would
be favoured over another. Where packing of the repetitive
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FIG. 2. Possible model of satellite repeat amplification based on the species-distribution analysis (Southern hybridization; Table I) within the genus
Beta and taking into account only amplification processes (no decrease or divergence of repeats). Shaded boxes indicate rounds of reamplification.

sequences were less stable, chromosome breakage would be
slightly more frequent, leading to a selective disadvantage
and having the consequence of directional turnover of
repetitive sequence families. Interspecific hybrids often show
increased chromosomal breakage and instability compared
to species, and such unstable packing might contribute to
this phenomenon.

Extensive studies on repetitive DNA elements have been
performed on sugar beet and wild beet species. Elements
belonging to both major groups of repetitive sequences
(tandemly repeated and dispersed) have been identified.
Using data on the species distribution of repetitive DNA
families, we can examine which sequences have amplified in
the different sections and suggest an order for amplification
and re-amplification of the major sequence families (Fig. 2).
In the future, it will be valuable to compare groups of
related species with both contrasting genome sizes and fully
characterized repetitive DNA sequence composition. The
genus Vicia, where we have contrasts but no correlation
between genome size and Tyl-copia-like retrotransposon
copy number (Pearce et al., 1996) may be a suitable
candidate. The data for sugar beet, especially from in situ

hybridization experiments (and including data presented
here), led to the proposal of a generalized chromosome
model showing the various repetitive elements along the
chromosome arms, with clusters of genes between some of
the regions of tandemly repeated DNA (Schmidt and
Heslop-Harrison, 1998). The comparison of genome sizes
and sequence distribution both within chromosomes and
between species is already adding to our knowledge of the
biological significance of genome size variation, and the
importance of genome size in plant evolution and speciation.
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