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In higher eukaryotes, the DNA composition of centromeres displays a high degree of variation, even between
chromosomes of a single species. However, the long-range organization of centromeric DNA apparently follows
similar structural rules. In our study, a comparative analysis of the DNA at centromeric regions of Beta species,
including cultivated and wild beets, was performed using a set of repetitive DNA sequences. Our results show
that these regions in Beta genomes have a complex structure and consist of variable repetitive sequences, in-
cluding satellite DNA, Ty3-gypsy-like retrotransposons, and microsatellites. Based on their molecular charac-
terization and chromosomal distribution determined by fluorescent in situ hybridization (FISH), centromeric
repeated DNA sequences were grouped into three classes. By high-resolution multicolor-FISH on pachytene
chromosomes and extended DNA fibers we analyzed the long-range organization of centromeric DNA
sequences, leading to a structural model of a centromeric region of the wild beet species Beta procumbens. The
chromosomal mutants PROI and PAT2 contain a single wild beet minichromosome with centromere activity and
provide, together with cloned centromeric DNA sequences, an experimental system toward the molecular
isolation of individual plant centromeres. In particular, FISH to extended DNA fibers of the PROI minichro-
mosome and pulsed-field gel electrophoresis of large restriction fragments enabled estimations of the array size,
interspersion patterns, and higher order organization of these centromere-associated satellite families. Re-
garding the overall structure, Beta centromeric regions show similarities to their counterparts in the few animal
and plant species in which centromeres have been analyzed in detail.

[The sequence data described in this paper have been submitted to the EMBL data library under accession nos.

A)278751, A)278752, and A]243337.

Centromeres are the most prominent domains in eu-
karyotic chromosomes. These specialized domains can
often be identified as primary constrictions or hetero-
chromatic blocks in mitotic and meiotic chromo-
somes. They ensure cohesion of sister chromatids and
serve as assembly sites for kinetochore proteins, which
are necessary for spindle microtubule binding, facili-
tating faithful segregation of chromosomes to daugh-
ter nuclei. Although the functional aspect of centro-
meres is clearly defined, the composition and molecu-
lar organization of centromeric DNA is still poorly
understood.

Initial studies fueled hopes that a functional cen-
tromere is represented by a clonable piece of DNA with
a well-conserved consensus sequence. In fact, in the
budding yeast Saccharomyces cerevisiae a fully func-
tional centromere is contained within a stretch of 125
bp. This minimal centromere consists of three well-
characterized elements (CDE I, CDE II, CDE III) and is
flanked by DNA packed into arrays of highly ordered
nucleosomes (Clarke and Carbon 1980; Clarke 1990).
However, this point centromere might represent an ex-
ception; most higher eukaryotes that have been exam-
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ined so far have regional centromeres that can extend
up to several megabase pairs in size.

An elegant study in Drosophila melanogaster
showed that a 420-kb region in the X-chromosome-
derived Dp1187 minichromosome is sufficient for full
centromeric function in vivo (Murphy and Karpen
1995; Sun et al. 1997). This region consists predomi-
nantly of tandem arrays of conserved simple satellite
repeats and few interspersed retrotransposon-like ele-
ments, and it is accompanied by a 200-kb flanking re-
gion that is composed of another satellite motif. Dele-
tions in this region result in a significant decrease of
meiotic and mitotic stability of the minichromosome,
which is a good indication of an essential function of
these repeated elements. However, neither the two
simple satellites nor the interspersed retrotransposons
are exclusively restricted to centromeres, but are also
found in the heterochromatic regions outside the cy-
tologically visible centromeres. To make the situation
even more complex, these DNA sequences are not pre-
sent on all D. melanogaster centromeres. The conclu-
sion from these results is that centromeres, at least in
Drosophila, show a much higher degree of variability
than was initially anticipated and that epigenetic fac-
tors might contribute to centromere formation as well
(Karpen and Allshire 1997; Sun et al. 1997).

In human, the most prominent repetitive DNA is
the a-satellite DNA, a 171-bp monomer that is orga-
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nized as tandem repeats at all centromeres (Willard
and Waye 1987). It appears that the a-satellite DNA is
important for proper centromere activity, although it
remains unclear whether the satellites themselves or
other interspersed sequences facilitate this function or
if the satellites just provide a suitable structural envi-
ronment for centromere formation.

In contrast to the extensive studies on the centro-
meric regions of yeast, Drosophila, and human, infor-
mation on the structure of plant centromeres is still
limited (Clarke 1990; Harrington et al. 1997; Sun et al.
1997). A very high proportion of plant nuclear ge-
nomes consists of repetitive DNA, such as satellites,
microsatellites, and different types of retroelements.
Using fluorescent in situ hybridization (FISH) satellites
with monomer lengths of 150-180 bp, hence resem-
bling the human «-satellite repeat, and retrotrans-
poson-like elements have been physically mapped on
chromosomes of numerous plants and often account
for most of the centromeric heterochromatin (Kamm
et al. 1994; Harrison and Heslop-Harrison 1995; Kamm
et al. 1995; Jiang et al. 1996b; Dong et al. 1998; Kubis
et al. 1998). From a functional point of view, the cen-
tromere of a maize supernumerary B chromosome is
best characterized showing also the repeated nature of
the DNA at plant centromeres (Alfenito and Birchler
1993). These analyses showed that the B-chromosome
centromere can be divided into distinct functional
parts of a few hundred kilobases (Kaszas and Birchler
1996, 1998).

Extensive studies based on genome sequencing
and genetic mapping revealed the positions and large-
scale molecular organization of the centromeric het-
erochromatic regions of Arabidopsis thaliana chromo-
somes 2 and 4 (Round et al. 1997; Arabidopsis Genome
Sequencing Consortium 1999; Copenhaver and Preuss
1999; Copenhaver et al. 1999; Lin et al. 1999). The
centromeric regions are mainly composed of several
types of middle-repetitive DNA that flank long arrays
of a previously identified 180-bp satellite repeat
(Martinez-Zapater et al. 1986; Simoens et al. 1988;
Maluszynska and Heslop-Harrison 1991; Brandes et al.
1997; Heslop-Harrison et al. 1999). These studies re-
vealed a high variability between individual centro-
meres, which differ not only in their chromosomal po-
sition but also in their size and DNA composition.
Nevertheless, they also showed similarities in the orga-
nization of centromeres in higher eukaryotes. It is now
becoming clear that variability is a characteristic fea-
ture of centromeric DNA, which makes it necessary to
investigate these chromosomal domains in other plant
species (Richards and Dawe 1998).

The genus Beta consists of the sections Beta, Corol-
linae, Nanae, and Procumbentes, and represents a group
of closely and more distantly related species. A well-
known member of the genus Beta is the sugar beet Beta
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vulgaris, a plant with a relatively small genome of 758
Mbp (Arumuganathan and Earle 1991). Many families
of repetitive DNA, including >13 families of nonho-
mologous satellites and interspersed repeats, in addi-
tion to long terminal repeat (LTR) and non-LTR retro-
transposons, have been identified in B. vulgaris and its
wild relatives (Kubis et al. 1998). These repeat families
have been extensively characterized at the molecular
level and, together with high-resolution FISH, led to a
structural model of a plant chromosome (Schmidt and
Heslop-Harrison 1998). According to this model, large
regions of repetitive DNA, mostly consisting of tan-
demly arranged satellite repeats and interspersed retro-
transposons, are found at characteristic sites of the
chromosome.

In this study, we focus on the centromeric region
as one of these distinct domains of Beta chromosomes
and analyze the long-range organization of major re-
petitive DNA families. Together with chromosomal
mutants in B. vulgaris, which contain an additional ac-
rocentric fragment from B. procumbens with centro-
mere activity that resembles a plant minichromosome,
these repetitive elements provide an experimental sys-
tem for the molecular analysis of the structural orga-
nization of a genetically isolated plant centromere.

RESULTS

Major Sequence Classes at Centromeres

of Beta Chromosomes

Here we report the physical mapping of repetitive se-
quences, including retrotransposon-like sequences,
satellites, and microsatellites, that account for a large
proportion of the centromeric heterochromatin in Beta
species.

Using a pair of degenerated oligonucleotide prim-
ers for a conserved domain of retrotransposons (Friesen
et al. 2001) we amplified two 417-bp fragments from B.
vulgaris and B. procumbens. A BLAST search in GenBank
with the DNA sequences of the cloned PCR products,
named pBv26 (AJ278751) and pBp10 (AJ278752), re-
vealed high homology with the reverse transcriptase
gene of Ty3-gypsy-like retrotransposons (Fig. 1). The
two fragments share 71% homology at the DNA level
and contain a continuous open reading frame with
74% identity.

FISH was used to physically map the Ty3-gypsy-like
clones pBv26 and pBpl0 on mitotic metaphase and
meiotic pachytene chromosomes of B. vulgaris and B.
procumbens, respectively. Figure 2A shows that pBv26
hybridizes strongly to the centromeric heterochroma-
tin but also extends out to the pericentromeric regions
of all nine pairs of B. vulgaris chromosomes.

A higher mapping resolution of Ty3-gypsy-like se-
quences was achieved using B. procumbens chromo-
somes at pachytene of meiosis. At this stage, the chro-
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Figure 1 Homology of plant Ty3-gypsy-like retrotransposons. Predicted amino acid sequences of reverse
transcriptase domains of Beta vulgaris (pBv26), B. procumbens (pBp10), Oryza sativa (EMBL accession no.
AF111709), Sorghum bicolor (accession no. BAA95869), Arabidopsis thaliana (accession no. AAF67363).
Homologous amino acids that are conserved in at least two sequences are shaded.

matin is less condensed (De Jong et al. 1999), and the
homologous chromosomes are paired completely,
which gives rise to only one-half the number of signals.
In B. procumbens, clusters of Ty3-gypsy-like retrotrans-
posons are detected on five chromosome pairs; the sig-
nals clearly correspond to the centromeric heterochro-
matin visible as bright DAPI-stained regions (Fig. 2B).
Weak dispersed hybridization signals along all chro-
mosome arms indicate additional interspersed copies
of pBp10 and related Ty3-gypsy-like sequences in the
genome of B. procumbens. The signal intensity of pBp10
in B. procumbens appeared to be weaker compared with
pBv26 in B. vulgaris, which shows that pBp10 repre-
sents a less abundant or diverged subfamily of Ty3-
gypsy-like retrotransposons in the B. procumbens ge-
nome. Interestingly, different patterns of centromeric
organization of Ty3-gypsy-like sequences were observed
using pBp10 as a probe:

1. confined amplification of the retrotransposons
within the central constriction and smaller clusters
in the flanking large heterochromatic blocks (Fig.
2C, arrow),

2. clustering in the pericentromeric heterochromatin
with no detectable signal in the central constriction
(Fig. 2C, arrowhead),

3. no detectable amplification of Ty3-gypsy-like se-
quences.

Another important sequence class that is associated
with centromeric heterochromatin is satellite repeats.
A novel satellite DNA family, represented by the
monomer pHCS8 (AJ243337), has been identified in the

section Corollinae of the genus Beta. Members of this
sequence family are 162-bp long, AT-rich (67%), con-
tain numerous short runs of homo-oligonucleotides
and a conserved Haelll site. FISH analysis of this satel-
lite repeat has been performed on mitotic metaphase
chromosomes of the diploid Corollinae species B. lo-
matogona (2n = 2x = 18). The pHCS satellite family is
located on three chromosome pairs (Fig. 2D). However,
only one pair showed signals in the centromeric region
(Fig. 2D, arrows), whereas the other two chromosome
pairs contain intercalary pHCS arrays on either one or
two chromosome arms. This chromosome-specific cen-
tromeric localization might represent an interesting
exception, as all other centromeric satellite families
among the numerous satellite repeats isolated from the
genus Beta (for review, see Kubis et al. 1998) are not
restricted to single centromeres as shown by FISH (Fig.
2E,G,H). The satellite repeat pBV1, for example, is ex-
clusively localized in the centromeric heterochromatin
of all B. vulgaris chromosomes (Fig. 2E), where it ex-
tends over regions of several hundred kilobase pairs as
shown by PFGE (Schmidt and Metzlaff 1991). A similar
localization is observed using the microsatellite motif
CA as a FISH probe (not shown). However, as many
members of the pBV1 satellite family contain a variable
region of CA dinucleotides, it cannot be excluded that
this satellite contributes, at least in part, to the de-
tected FISH signals. Nevertheless, microsatellite arrays
are contributing to centromeric heterochromatin of at
least eight B. vulgaris chromosomes as shown for the
microsatellite motif GATA (Fig. 2F).

Like pBV1 in B. vulgaris, the prominent satellite
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Figure 2 Physical mapping of centromere-associated, repetitive sequences on Beta chromosomes by fluorescent in situ hybridization
(FISH). Blue fluorescence in panels shows the DNA stained with DAPI. (A) Hybridization of the Ty3-gypsy-like sequence pBv26 to mitotic
metaphase chromosomes of B. vulgaris. Signals are largely confined to centromeric regions (green fluorescence). (B) Decondensed, paired
chromosomes of B. procumbens at pachytene stage of meiosis. The Ty3-gypsy-like sequence pBp10 strongly hybridizes to the centromeric
regions of five chromosome pairs (brightly stained with DAPI) and shows weak dispersion along chromosomes (red fluorescence). (C)
Close-up image of the polymorphic pBp10 hybridization (red signal) to pachytene chromosomes of B. procumbens. The Ty3-gypsy-like
sequence pBp10 shows confined amplification in the primary constriction (arrow) or clustering in the pericentromeric region with
depletion in the constriction (arrowhead). (D) The satellite repeat pHC8 is detectable on three pairs of mitotic metaphase chromosomes
of B. lomatogona (red fluorescence). Only one chromosome pair contains pHC8 arrays in the centromeric region (arrows) indicating
polymorphisms of the centromeric heterochromatin between chromosomes in Beta species. (E) Pachytene chromosomes of B. vulgaris
probed with the satellite family pBV1 (green signals). The satellite forms large arrays within the DAPI-positive heterochromatin of all
centromeres. (F) FISH with the oligonucleotide (GATA), to a mitotic metaphase plate of B. vulgaris shows that microsatellites are structural
components amplified at Beta centromeres. (G) Rehybridization of B. procumbens pachytene chromosomes. After removal of the probe,
chromosomes shown in (B) were hybridized with the satellite repeat pTS5 (strong green fluorescence). Note that the pTS5 satellite family
colocalizes with DAPI-positive regions which also showed amplification of the Ty3-gypsy-like sequence pBp10. (H) Multicolor FISH of
differently labeled satellite repeats to pachytene chromosomes of two cells of a heterozygous B. procumbens plant. The satellite family
pTS5 (red signals) is amplified at most centromeres (middle left), the merged image (middle right) shows the morphology of decon-
densed pachytene chromosomes (gray) to indicate sites of hybridization. Examination with Filter 09 (right) shows that pTS4.1 satellite
arrays (green signals) flank the prominent TS5 repeats (yellow). (/) Close examination of (H) showing the physical order of the pTS5
(yellow) and pTS4.1 (green) satellites at B. procumbens centromeres. (J) The chromosomal mutant PRO1 of B. vulgaris contains a B.
procumbens chromosome fragment, which resembles a minichromosome. At mitotic metaphase, the PRO1 minichromosome is highly
condensed, and both chromatides are visible (arrow). The minichromosome shows strong signals after FISH with the satellite repeat pTS5
(green fluorescence, arrow). (K) Close-up of FISH to pachytene chromosomes of PRO1. The arrow points to the minichromosome.
Hybridization with the satellite pTS5 (red signal) and pTS4.1 (green signal) indicates that the centromeric region is close to the physical
end of the minichromosome. (L) FISH to extended DNA fibers reveals the order of B. procumbens satellite repeats in the centromeric region
of the PROT minichromosome. Stretches of red fluorescence indicate arrays of the satellite pTS5 (top panel). Note, that the pTS5 arrays
are interrupted, detectable as gaps within the string of fluorescence signals. Double-target hybridization shows that the satellite pTS4.1
(green signals) forms an array adjacent to the longer pTS5 repeat block (red signals). Three examples are shown (lower panel). Yellow
fluorescence indicates overlapping signals caused by interspersion of pTS4.1 repeats within gaps of the neighboring pTS5 array. (M) In
the chromosomal mutant PAT2, the chromosome fragment from B. patellaris forms a minichromosome that is barely visible after DAPI
staining (top, arrow) but is clearly detectable after FISH with the satellite repeat pTS5 (bottom, green fluorescence). Orange signals
originate from simultaneous hybridization of the telomeric repeat (TTTAGGG).

family pTSS of the section Procumbentes is also local-
ized at centromeres. Depending on the genotype (ho-

ments listed in Table 1 within all four sections of the
genus Beta using genomic Southern blot hybridization.

mozygous or heterozygous) this satellite repeat exclu-
sively labels the centromeric region of 10-12 of the 18
chromosomes. Another nonhomologous satellite fam-
ily, pTS4.1, gives strong centromeric hybridization sig-
nals on eight of the nine chromosome pairs (Schmidt
and Heslop-Harrison 1996).

By multicolor FISH on B. procumbens pachytene
chromosomes we determined the organization of these
two satellite families at high resolution, showing that
pTS4.1 is localized in the pericentromeric regions and
flanks large pTSS repeat blocks (Fig. 2H,I). Interest-
ingly, the satellite pTSS was found at all centromeric
sites, which also showed strong amplification of the
Ty3-gypsy-like sequence pBp10. Subsequent hybridiza-
tion with pTS5 and pBp10 showed that both sequence
classes colocalize (Fig. 2B,G).

All identified repetitive sequences associated with
Beta centromeres are summarized in Table 1. According
to their chromosomal organization they were assigned
to three classes reflecting their exclusive presence on
all or most centromeres (class I and class II) or on cen-
tromeres with additional dispersed distribution (class III).

Evolutionary Aspects of Centromere-Associated
Repeated DNA of Beta Genomes

We investigated the genomic organization and conser-
vation of the six centromere-associated repetitive ele-

As a related outgroup species Spinacea oleracea was in-
cluded, which belongs like Beta to the Chenopodiacae
family.

The satellite repeats pBV1, pHCS, pTS4.1, and
pTSS produced a ladder pattern, which is typical for a
tandemly repeated organization (Fig. 3A-D3). The sat-
ellite families showed exclusive amplification in indi-
vidual sections only; the high abundance and similar
hybridization indicate that these repeat families are
conserved. Because pHCS is also present in low abun-
dance in two additional sections, we concluded that
pHCS is an ancient sequence that was already present
in the progenitor of the sections Beta, Corollinae, and
Nanae but was reamplified only in the section Corolli-
nae in which speciation is still an ongoing process (L.
Frese, pers. comm.).

Our results indicate that in most cases satellite am-
plification took place after separation of species or spe-
cies groups. The pattern of amplification and possible
reamplification of centromeric satellites matches the
phylogeny of the genus Beta (Kubis et al. 1998).

In contrast to the satellite families the two Ty3-
gypsy-like retrotransposons pBv26 and pBp10 showed
complex hybridization patterns that are specific for
each element (Fig. 3E,F). The hybridization pattern of
pBv26 was similar in most analyzed Beta species,
whereas only a subset of the restriction fragments de-

Genome Research 257
www.genome.org



Gindullis et al.

Table 1. Repetitive Sequences Associated with Beta Centromeres

Distribution
Length within sections Chromosomal
Class Repeat Type (bp) Origin of the genus Beta position Figure Reference
1 pBV1 Satellite DNA  326-327  B. vulgaris Beta all centromeres 2E Schmidt and
(amplified) Metzlaff (1991)
2 pTS5 Satellite DNA  158-160 B. procumbens Procumbentes most centromeres 2G,H,|,M,L  Schmidt and
(amplified) Heslop-Harrison
(1996)
pTS4.1  Satellite DNA 312 B. procumbens  Procumbentes 2H,K,L
(amplified)
3 pBp10  Ty3-gypsy-like 417 B. procumbens  Beta, Corollinae, centromeres and  2B,C this paper
element Nanae (amplified) dispers
Procumbentes
(low copy)
pBv26  Ty3-gypsy-like 417 B. vulgaris Beta, Corollinae, 2A this paper
element Nanae (amplified)
Procumbentes
(low copy)
pHC8  Satellite DNA 162 B. corolliflora  Corollinae 2D this paper
(amplified)
Beta, Nanae
(low copy)

Not listed are the microsatellite motifs CA or GATA (Fig. 2A) which show a class 3 chromosomal distribution.

tected by pBpl0 appeared to be conserved across the
Chenopodiacae.

Alignment of the predicted protein sequences of
pBv26 and pBp10 with the corresponding domains of
other Ty3-gypsy-like retrotransposons revealed a re-
markable degree of conservation between these ele-
ments, especially at the N-terminal portion of the
shown domains (Fig. 1). Although pBp10 is more
closely related to the listed Ty3-gypsy-like sequences in
rice, sorghum, and A. thaliana than it is to pBv26 from
sugar beet, analysis of >20 Ty3-gypsy-like sequences of
all Beta sections revealed considerable conservation of
these sequences within the genus (Galasso, in prep.).
Compared with other retrotransposons such as Tyl-
copia-like retroelements (Flavell et al. 1992), the ana-
lyzed Ty3-gypsy-like sequences showed a notably lower
divergence.

Minichromosome Mutants: An Experimental System
Toward the Characterization of Beta Centromeres
Based on the data shown above we developed a model
of the large-scale organization of the heterochromatin
at a B. procumbens centromere (Fig. 4). According to our
model, the centromeric region consists of at least three
different major DNA sequences: Two nonhomologous
satellite DNAs and Ty3-gypsy-like retrotransposons and
possibly microsatellites as shown in B. vulgaris, which
lead to a hierarchical tripartite structure.

The central region is predominantly composed of
the satellite repeat pTSS with a monomer length of
158-160 bp (Fig. 2H,I). Under stringent hybridization
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conditions (79%) it has been shown that this array is
made up of diverged subfamilies with 70%-75% ho-
mology to each other and that more diverged copies
flank a central repeat block of conserved pTS5 mono-
mers (Schmidt and Heslop-Harrison 1996). Arrays of
the nonhomologous satellite repeat pTS4.1, which
has a monomer length of 312 bp, flank this central
pTSS region. It is likely that some interspersion of the
satellite repeats pTSS and pTS4.1 occurs and that the
arrays are not completely spatially separated (Fig. 2L).
In addition, Ty3-gypsy-like retrotransposons (pBp10)
were colocalized within the centromeric region, and
we assume that they form islands of higher sequence
complexity (Fig. 2B). Superimposed on the model of
the organization of repetitive sequences around the
centromere (Fig. 4), our data indicate that there are
interchromosomal polymorphisms in the primary se-
quence, abundance of each class, and organization
among individual centromere regions (Fig. 2B,C,G,H).
Such variation is likely to be of key importance in dif-
ferentiating chromosomes during meiotic pairing and
segregation.

To verify this structural model, a Beta centromere
has to be analyzed on the molecular level. Suitable ex-
perimental systems are monosomic addition lines se-
lected from interspecific Beta hybrids. Here, an alien
chromosome is detectable with genome-specific DNA
probes that are maintained in a heterologous genetic
background, which prevents possible ambiguities in
physical mapping caused by allelic variations as the
centromere of a single chromosome can be analyzed.
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Figure 3 Genomic organization and conservation of six cen-
tromere-associated repetitive sequences of the genus Beta. Rep-
resentative species of the sections Beta (1-3), Corollinae (4-6),
Nanae (7), and Procumbentes (8-9) were investigated. The fol-
lowing samples were loaded: (1) B. vulgaris (cultivar 'Rosamona’),
(2) B. vulgaris cicla, (3) B. patula, (4) B. corolliflora, (5) B. lomato-
gona, (6) B. macrorhiza, (7) B. nana, (8) B. procumbens, and (9) B.
patellaris. Spinacea oleracea (10) was included as an out-group
species. Genomic DNA was digested with (A) BamHlI, (B) Haelll,
(C,D) Sau3Al, and (E,F) Rsal, size-separated and transferred onto
nylon membranes. Filters were hybridized with (A) pBV1, (B)
pHCS, (C) pTS4.1, (D) pTS5, (E) pBv26, and (F) pBp10.

There are a number of chromosomal mutants in B.
vulgaris; of particular interest are the lines PRO1 and
PAT2, which contain a chromosome fragment of B.
procumbens or B. patellaris, respectively. These chromo-
some fragments resemble single functional minichro-
mosomes added to the full B. vulgaris complement.
Based on a haploid genome size, a B. vulgaris chromo-
some contains, on average, 80-85 Mbp DNA. From
measurements of several DAPI-stained cells at pachy-
tene, we calculated that the minichromosome in PRO1
has a size of 6-9 Mbp, whereas the B. patellaris-derived
fragment in PAT2 is even smaller.

The two satellite families, pTS4.1 and pTSS5, are
highly specific for the section Procumbentes (Fig. 3C,D).
At mitotic metaphases pTSS was exclusively detected
on the wild-beet-derived chromosome fragments (Fig.
2J,M). FISH on PRO1 meiotic pachytene chromosomes
using pTSS5 and pTS4.1 as probes showed that the ar-
rays of these centromere-associated satellite families re-
side close to one end of the minichromosome (Fig. 2K).
Therefore, it can be concluded that the minichromo-
some in PRO1 is acrocentric.

We also performed FISH to DNA fibers released
from lysed PRO1 nuclei to estimate the array size, in-
terspersion pattern, and higher order organization of
the two satellite families on the PRO1 minichromo-
some.

Based on a stretching degree of 3.3 kb/um, a mo-
lecular resolution can be achieved by FISH to extended
DNA fibers (Fransz et al. 1996). Measurement of 15
PRO1 nuclei revealed an array size of ~65 pm for the
pTSS satellite family (Fig. 2L, top panel). Gaps within
the fluorescent tracks indicatedthat this array is not
homogenous but is interrupted by unrelated se-
quences. For the pTS4.1 array, we determined a size of
35.5-37.3 ym (Fig. 2L, green signals in lower panel). In
addition, FISH to DNA fibers showed that there is no
gap between the two satellite regions. The relative ori-

Large-scale organization of repetitive sequences at a B. procumbens centromere

+—Telomere

Telomere—»

I Array of conserved pTS5 satellite repeats I Array of pTS4.1 satellite repeats

Array of pTS5 satellite repeats,

diverged or interspersed with pT54.1

Islands of complex DNA,
e.g. Ty3-gypsy-iike retroelements

Figure 4 A model of the organization of repetitive DNA sequences at a Beta procumbens centromere. Major
satellite families are represented by different colors. The region containing the presumable chromosomal break-
point that results in the PRO1 minichromosome is indicated by a dotted line. Not included are microsatellite

sequences, such as GATA.
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entation of the satellite blocks can be concluded from
the hybridization of these satellites to PRO1 pachytene
chromosomes (Fig. 2K), showing a distal localization of
pTSS. Because of the detection of a single pTS4.1 signal
adjacent to the pTSS array (Fig. 2K,L), we assume that
chromosome breakage occurred in the pTSS satellite
block that occupies the physical end of the PRO1 mini-
chromosome.

The hybridization pattern of large restriction frag-
ments that contain centromere-associated satellites is
consistent with the relatively small array sizes detected
by FISH on extended DNA fibers (Fig. 5A,B).

Fragments that harbor the majority of pTSS and
pTS4.1 repeats, which are indicated by strong hybrid-
ization signals, are <50 kb. Weaker bands correspond
to fragments with fewer repeats, or they originate from
tflanking regions. The monomer of pTS4.1 has three
internal Haelll recognition sites and this restriction en-
zyme digests the satellite array to completion as no
restriction fragments were detected (Fig. 5A, lane 2).
Therefore, we assume that monomers of this satellite
family are relatively homogenous in PRO1 and that the
intensity of hybridization signals correspond to copy

A B
1234 1

2

4 kb

e

Figure 5 Southern hybridization of high-molecular-weight
DNA fragments of the minichromosome containing Beta vulgaris
line PRO1. DNA was digested with Hindlll (1), Haelll (2), Hpall
(3), Xbal (4), and restriction fragments were separated by pulsed-
field gel electrophoresis. After transfer onto nylon membranes,
filters were hybridized with radioactively labeled pTS4.1 (A) and
pTS5 (B).
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number and not to sequence divergence of the satellite
repeats.

In the B. vulgaris chromosome mutant line PAT2,
the wild beet minichromosome is considerably
smaller. In DAPI-stained metaphases, the minichromo-
some is hardly visible (Fig. 2M, arrow), and a weaker
signal of the pTS5 array is observed, which shows that
fewer copies of this satellite repeat are present. Al-
though both minichromosomes are faithfully inher-
ited in mitosis, the meiotic stability of the PAT2 chro-
mosome fragment is drastically reduced compared
with PRO1 (18.3% vs. 34.8%; Brandes et al.
1987,1992). As it cannot be excluded that regions nec-
essary for full centromeric activity are at least partially
deleted in the PAT2 minichromosome, PRO1 repre-
sents the more suitable experimental system in which
to study Beta centromeres.

DISCUSSION

In this report, we describe the molecular structure and
organization of various repetitive DNA sequences that
are associated with the centromeres of Beta chromo-
somes and developed a structural model of the centro-
meric region of a wild beet. Furthermore, we present an
experimental system that provides access to the mo-
lecular analysis of centromeric DNA using chromo-
somal mutants that contain a single acrocentric mini-
chromosome.

Centromeres are essential DNA domains that are
necessary for the faithful segregation of chromosomes
at mitosis and meiosis in eukaryotes, except for organ-
isms with holocentric chromosomes like Caenorhabdi-
tis elegans (The C. elegans Sequencing Consortium
1998). In contrast to telomeres, which are very con-
served in plants and even among higher eukaryotes,
centromeres appear much more variable. While the
telomeric DNA consists of simple repeats enzymati-
cally added to the physical ends of the chromosomes
by telomerases, the DNA at centromeres is an integral
component of the chromosomes and is subject to evo-
lution and has a far more complex structure and orga-
nization, even within a single species.

Evidence comes from molecular analyses of the
centromeric heterochromatin of A. thaliana chromo-
somes 2 and 4, which reveals only a limited degree of
similarity in these chromosomal regions (Arabidopsis
Genome Sequencing Consortium 1999; Copenhaver et
al. 1999; Lin et al. 1999).

Similar to other eukaryotes, plant centromeric re-
gions consist of repetitive DNA, and many satellite
families and retroelements have been isolated and lo-
calized there by in situ hybridization (Kamm et al.
1994; Harrison and Heslop-Harrison 1995; Aragon-
Alcaide et al. 1996; Brandes et al. 1997). However, only
a small number of centromeric repeat families have
been studied in more detail (Jiang et al. 1996b; Round
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et al. 1997; Dong et al. 1998; Heslop-Harrison et al.
1999), and information about their organization is lim-
ited. Knowledge of the spatial arrangement of major
satellite arrays is critical for understanding the long-
range organization of the DNA at centromeres. FISH to
mitotic metaphase chromosomes has only a resolution
of ~2-5 Mbp (Trask 1991; Jiang et al. 1996a). Higher
resolution is achieved when extended chromosomal
targets, such as DNA fibers or meiotic chromosomes,
are used for FISH studies (De Jong et al. 1999; Fransz et
al. 2000).

We performed FISH to pachytene chromosomes
and DNA fibers (Fig. 2B,G,H,I) to develop a structural
model of the large-scale organization of repetitive se-
quences at a B. procumbens centromere (Fig. 4).

According to our model, this chromosomal region
has a hierarchical tripartite structure and consists of
different repetitive sequence elements including Ty3-
gypsy-like retrotransposons. The central array is mainly
composed of conserved monomers of the satellite pTSS
bordered by diverged subfamilies (Schmidt and Hes-
lop-Harrison 1996). Arrays of the nonhomologous sat-
ellite repeat pTS4.1 flank this central region.

Misdivision analyses of B-chromosome derivatives
in maize have shown that 370 kb of centromeric DNA
is the minimum size required for stable meiotic trans-
mission (Kéaszas and Birchler 1998). Based on several in
situ hybridizations to DNA fibers, we calculated that
the pTSS array in PRO1 is ~215 kb in size, whereas the
array of the pTS4.1 satellite repeats extends over 117-
123 kb. This would correspond to <1300-1400 pTSS
repeats and 300-400 pTS4.1 repeats, which is probably
an overestimation because of the gaps detected in the
fluorescent tracks (Fig. 2L). Simultaneous hybridiza-
tion with pTSS and pTS4.1 also gave insight into the
nature of the gaps in the pTSS arrays: Some of them
consist of pTS4.1 sequences as indicated by green and
yellow fluorescence. As the PRO1 minichromosome is
acrocentric and only a single pTS4.1 array was ob-
served on extended DNA fibers and meiotic chromo-
somes (Fig. 2L,K), we conclude that one breakpoint of
the minichromosome is located within the centro-
meric pTSS array of the B. procumbens wild-type chro-
mosome. This is consistent with FISH to DNA fibers of
monosomic addition lines of B. procumbens in B. vul-
garis, which has shown that members of the pTSS sat-
ellite family form arrays that span alone <755 kb (Mes-
bah et al. 2000). The centromeric location of the break-
point would also explain the reduced meiotic stability
of the PRO1 minichromosome, and it is tempting to
speculate about the location of the breakpoint in the
PAT2 minichromosome, which has an even lower
transmission rate.

An ordered arrangement of satellite DNA has also
been found at human centromeres. Here, the central
a-satellite is surrounded by the nonhomologous satel-

lites 1-3 or B-satellite residing in the pericentromeric
regions of many chromosomes (for review, see Choo
1997). A hallmark of the human «-satellite is the
largely chromosome-specific organization in distinct
subfamilies. Similarly, the pTSS satellite is a repetitive
sequence family of the B. procumbens genome, and the
monomers analyzed so far revealed a considerable de-
gree of sequence divergence. The pTS5 arrays are not
detectable on all B. procumbens centromeres under
standard hybridization conditions, and an explanation
for this finding might be repeat divergence or variation
in abundance between different chromosomes.

Chromosome-specific variants of satellites have
also been observed in other plants such as Brassica, Zea
mays, and A. suecica (Harrison and Heslop-Harrison
1995; Kamm et al. 1995; Ananiev et al. 1998). In the
model species A. thaliana, the 180-bp satellite repeat
PAL1 contributes to most of the centromeric hetero-
chromatin as examined by FISH (Maluszynska and
Heslop-Harrison 1991). The existence of chromosome-
specific pAL1 arrays in A. thaliana has been shown re-
cently by primed in situ hybridization using conserved
regions of the satellite monomer. In addition, two
boxes with notable similarity to the binding motif of
the centromeric protein B (CENP-B) were found in
pAL1 (Heslop-Harrison et al. 1999). This 17-bp motif
has also been found in many «-satellite repeats (for
review, see Choo 1997). There are convincing studies
showing that the human «-satellite DNA is involved in
centromere formation and nucleation of the kineto-
chore (Haaf et al. 1992). Synthetic arrays of a-satellite
repeats in human artificial chromosomes provided ex-
perimental evidence that an array of binding sites of
CENP-B is sufficient for kinetochore assembly (Har-
rington et al. 1997; Ikeno et al. 1998; Henning et al.
1999). However, even if CENP-B is not essential for
proper chromosome segregation (Hudson et al. 1998;
Perez-Castro et al. 1998), it might be important for the
organization and arrangement of centromeric DNA
(Kipling and Warburton 1997).

Interestingly, the consensus sequence derived
from >20 B. procumbens and B. patellaris monomers
that belong to the pTSS satellite family revealed two
regions, designated box I and box II, which show simi-
larity to the CENP-B-binding motif (Fig. 6). CENP-B
box-like motifs have also been found in other plant
centromeric repeats; however, many of them are not
satellites but derivates of Ty3-gypsy-like retrotrans-
posons (Aragon-Alcaide et al. 1996; Kipling and War-
burton 1997; Presting et al. 1998; Nonomura and Ku-
rata 1999).

The repetitive DNA at plant centromeres extends
over large regions that are easily detectable by DAPI as
C-bands at microscopic level in Beta species (e.g., Fig.
2B,E, H). The physical mapping of the A. thaliana ge-
nome and sequencing of chromosomes 2 and 4 have
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Figure 6 Alignment of sequences showing homology with the CENP-B motif.
The following plant centromeric sequences were included: pTS5 from Beta pro-
cumbens (this paper), CCS1 from Brachypodium sylvaticum, RCS1 from Oryza sativa,
BCS1 from Hordeum vulgare, and MCS1A from Zea mays (all taken from Aragon-
Aclaide et al. 1996). (A) Nucleotides matching the CENP-B motif are shaded. (B)
Cladogram representing the homology of plant centromeric sequences containing
a region with similarity to the CENP-B consensus motif and the CENP-B sequence

ment and might enable assignment of
physical maps to specific regions of the
minichromosome.

Although the molecular composition
of eukaryotic centromeres appears to be
variable even between chromosomes of a
single species, it follows similar structural
rules. Our model of a wild beet centromere
is, with respect to the overall structure,
consistent with centromeres from human,
D. melanogaster, and A. thaliana. Our data
indicate that centromeres of Beta have a
complex anatomy caused by both chromo-
some-specific and ubiquitous sets of re-
peated DNA elements. We could identify
elements that are specific for Beta centro-
meres, whereas others are accumulated
there but show also additional distribution
in other chromosomal regions. Based on
their chromosomal distribution, we
grouped the DNA sequences into three dif-
ferent classes that reflect different centro-

of the human alphoid DNA (Choo 1997).

shown that it is difficult to assemble contigs spanning
centromeric regions of intact chromosomes with
clones from large-insert libraries (Arabidopsis Genome
Sequencing Consortium 1999; Copenhaver et al. 1999;
Lin et al. 1999; Mozo et al. 1999).

It may be more favorable to use subchromosomal
derivates, such as minichromosomes or supernumer-
ary B chromosomes (Alfenito and Birchler 1993; Kaszas
and Birchler 1996; Sun et al. 1997; Kaszas and Birchler
1998). The molecular dissection of a D. melanogaster
minichromosome showed that a functional centro-
mere is located within a 420-kb region that consists of
a 220-kb island predominantly composed of tandemly
repeated DNA interspersed with few transposable ele-
ments. This core region is flanked by a 200-kb region of
another nonhomologous family of tandemly repeated
DNA (Sun et al. 1997). Therefore, the chromosomal
mutants PRO1 or PAT2 of B. vulgaris are a suitable ex-
perimental system for the analysis of plant centro-
meres. Although both minichromosomes are mitoti-
cally stable, they differ in transmission rates during
meiosis (Brandes et al. 1987,1992). Comparative map-
ping of centromeric regions might reveal DNA se-
quences necessary for full centromere function in
meiosis. For PRO1 the physical mapping by PFGE and
FISH to extended DNA fibers indicated that the satellite
DNA associated with B. procumbens centromeres con-
tained in restriction fragments that should be clonable
in artificial chromosome vectors. Multicolor high-
resolution FISH on pachytene chromosomes with se-
lected large-insert clones can support contig establish-
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mere specificity (Table 1). It remains to be
determined whether these elements indeed
provide centromere activity and serve as
sites of spindle attachment or if they are subject to
epigenetic modulations such as DNA methylation, his-
tone modification, or formation of higher-order struc-
tures as suggested (Sun et al. 1997; Copenhaver and
Preuss 1999).

METHODS

Plant Material and DNA Preparation

Plants were grown under greenhouse conditions. The follow-
ing species were included in this study: B. vulgaris (cultivar
'Rosamona’), B. vulgaris cicla (accession no. 56736), B. patula
(accession no. 56782), B. corolliflora (accession no. PI 264352),
B. lomatogona (accession 17830), B. macrorhiza (accession no.
18259), B. nana (accession no. 81FD6), B. procumbens (acces-
sion no. 35336), and B. patellaris (accession 57667). Wild beet
seeds were obtained from Dr. L. Frese ) and Dr. B. Ford-Lloyd.
The chromosomal B. vulgaris mutants PRO1 and PAT2 were
selected for the presence of the minichromosome from B. pro-
cumbens and B. patellaris, respectively, by dot blot hybridiza-
tion using radioactively labeled wild beet DNA (Schmidt et al.
1990).

Genomic DNA was isolated from young leaves using a
CTAB (cetyltrimethyl/ammonium bromide) standard proto-
col (Saghai-Maroof et al. 1984). High-molecular-weight DNA
for PFGE was isolated according to Zhang et al. (1995).

Restriction Analysis and Southern Hybridization

For conventional gel electrophoresis, genomic DNA (7 ng)
was digested to completion with BamHI, Haelll, or Rsal and
separated in 1.2% agarose gels in 1 X TAE (40 mM Tris-HCI
pH 8, 0.114% acetic acid, 1 mM EDTA). High-molecular-
weight DNA embedded in agarose plugs was incubated over-
night with 100 units restriction enzyme (HindlIll, Haelll,
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Hpall, or Xbal) and the appropriate buffer in a total volume of
200 pL. After digestion, the DNA was separated in a CHEF-
DRIII system (Biorad) in 1% agarose gels (Seakem LE) in
1 X TAE using the following conditions: Linear ramping with
switch times 1-40 sec, 6 V/cm voltage, 16-h running time,
14°C buffer temperature, 120° included angle.

For Southern hybridization, agarose gels were transferred
onto positively charged nylon membranes (Pharmacia Amer-
sham). Gels containing high-molecular-weight DNA frag-
ments separated by PFGE were exposed to UV light for 3 min
before transfer. Filters were hybridized at 60°C overnight and
washed twice at 60°C in 1xSSC/0.1% SDS for 30 min.

DNA Probes and Labeling

Repetitive DNA sequences of Beta centromeres used as probes
are listed in Table 1.

Sequences pBv26 and pBp10 are derived from Ty3-gypsy
retrotransposons and were amplified from genomic beet DNA
with the degenerated primers GYR1 (MRNATGTGYGTNGAY
TAYMG) and GYR4 (RCAYTTNSWNARYTTNGCR) described
by Friesen et al. (2001). After initial denaturation at 94°C, PCR
was performed in an MJ Research thermocycler PCT200 for 35
cycles using the following program: 50 sec annealing at 39°C,
40 sec elongation at 72°C, and 90 sec denaturation at 94°C.

The centromeric satellite DNA repeats pTSS, pTS4.1, and
pBV1 isolated from B. procumbens and B. vulgaris, respectively,
were used in this study and have been previously described
(Schmidt and Metzlaff 1991; Schmidt and Heslop-Harrison
1996). The novel satellite repeat pHC8 was identified as a
highly repetitive DNA fragment in size-fractionated, Haelll
digested B. corolliflora DNA. Restriction satellites and PCR
products were cloned and sequenced according to standard
protocols (Sambrook et al. 1989). For Southern hybridization,
probes were labeled with *?P-dCTP and *?P-dATP by random
priming. For FISH, DNA probes cloned in plasmid vectors
were labeled by insert PCR with M13 universal primers in the
presence of biotin-11-dUTP or digoxigenin-11-dUTP. The oli-
gonucleotide (GATA), was 3’-endlabeled with digoxigenin-
11-dUTP by terminal transferase, according to the instruction
of the manufacturer (Roche).

Preparation of Chromosomes and Extended
Chromatin Fibers

The meristem of young leaves and flower buds were used for
the preparation of mitotic and meiotic chromosomes, respec-
tively. Before fixation in methanol:acetic acid (3:1), leaves
were incubated for 3-5 h in 2 mM 8-hydroxyquinoline. Fixed
plant material was macerated in an enzyme mixture consist-
ing of 0.3% (w/v) cytohelicase (Sigma), 1.8% (w/v) cellulase
from Aspergillus niger (Sigma), 0.2% (w/v) cellulase Onozuka-
R10 (Serva), and 20% (v/v) pectinase from A. niger and
squashed onto slides as described (Desel et al. 2001). Extended
DNA fibers were prepared according to Fransz et al. (1996)
with some modifications. After spotting onto microscope
slides and air drying, nuclei were disrupted in 10 pL STE (0.5%
SDS, 50mM EDTA, 100mM Tris-HCI pH 7.0). Following a
5-min incubation at room temperature, the released chroma-
tin was stretched by tilting the slide. DNA fibers were rinsed in
methanol:acetic acid (3:1) and fixed on the glass surface by
incubation at 60°C for 3 h.

Fluorescent in situ Hybridization
FISH to Beta chromosomes was performed as described by

Schmidt et al. (1994) with some modifications. After denatur-
ation of chromosomes at 70°C for 8 min, temperature was
decreased stepwise, and hybridization was performed in 50%
formamide/2 X SSC in a moist chamber at 37°C. DNA fibers
were denatured in 70% formamide in 2 X SSC at 70°C for 2
min, dehydrated in a cold ethanol series and air dried before
application of the heat-denatured hybridization mixture. Af-
ter hybridization slides were washed in 20% formamide/
0.2 X SSC at 42°C followed by several washes in 2 X SSC at
42°C. Slides were equilibrated in detection buffer consisting of
4 X SSC/0.2% (v/v) Tween 20 and blocked in 5% (w/v) bovine
serum albumin in detection buffer. For immunochemical de-
tection of hybridization sites, slides were incubated with 2.6
pg/mL sheep anti-digoxigenin-FITC (Roche) or 5.6 ng/mL
streptavidin conjugated to Cy3 (Roche) in 3% BSA/4xSSC/
0.2% Tween 20. Chromosome preparations were counter-
stained with DAPI (4',6'-diamidino-2-phenylindole) and
mounted in antifade solution (Vectashield H-1000).

For reprobing, slides were washed in 2 X SSC for an ex-
tended period of time, dehydrated in an ethanol series, and
rehybridized. Examination of slides was performed with a
fluorescence microscope (Zeiss Axioplan 2 imaging) equipped
with Filter 09 (FITC), Filter 15 (Cy3), and Filter 01 (DAPI).

Photographs were taken on Fujicolor SUPERIA 400 print
film. Negative films were digitized on a Nikon LS-1000 scan-
ner, contrast optimized using only functions affecting the
whole image equally, and printed using Adobe Photoshop
software.

Sequencing and Computer Analysis

Clones representing novel centromeric repeats were se-
quenced on LI-COR automated sequencers using a cycle-
sequencing kit (Biozyme). The software DNAStar was used for
the analysis of sequence data. For the calculation of the
CENP-B motif similarities, the default parameters were used.
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