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Multiple repetitive DNA sequences in the paracentromeric regions of
Arabidopsis thaliana L.
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Nine repetitive DNA sequences, present in the haploid
Arabidopsis thaliana genome in 7–300 copies, were
hybridized in situ to metaphase and interphase chro-
mosomes. Every sequence was detected on all five
chromosome pairs, but was not evenly dispersed over
the genome. Clusters of signals were found in parti-
cular regions of the centromeric heterochromatin, and
each sequence showed a characteristic distribution
pattern. Some sequences hybridized more strongly on
different chromosomes, reflecting chromosome-spe-
cific amplification or the presence of homologous se-
quences. No hybridization signals could be detected
on euchromatic regions. In situ hybridization on ex-
tended chromatin fibres showed that the pAL1 repeats
are interrupted by another repetitive DNA sequence. A
cosmid subclone (74A) contained a (GA) 38 micro-
satellite motif, and hybridization with a (GA) oligonu-
cleotide revealed that most of the hybridization sites
of 74A correspond to the distribution of this micro-
satellite motif. The results show that the paracentro-
meric heterochromatin of A. thaliana chromosomes is
composed not only of the tandemly arranged 180-bp
repeat family pAL1/pAtMr, but also of some other re-
petitive sequences, thus giving a better understand-
ing of the organization of sequences at the
centromeres of A. thaliana .

Key words: centromere, fibre DNA, genome organi-
zation, in situ hybridization, microsatellite

Introduction

The Arabidopsis thaliana L. genome is among the smal-
lest plant genomes known (around 100–50 Mbp;
Meyerowitz 1994) and, in contrast to species with
larger genomes, the amount of repetitive DNA is low
(Meyerowitz 1994). The 18S–25S ribosomal RNA-en-
coding genes and the intergenic spacers represent the
most abundant repetitive sequences, accounting for
6–8% of the genome (Meyerowitz 1994), while the
5S rDNA makes up 0.7% (Campell et al. 1992) and
the telomeric sequences about 0.3% of the genome
(Richards & Ausubel 1988). The only major satellite
sequence, the pAL1/pAtMr family (Martinez-Zapater

et al. 1986, Murata et al. 1994), constitutes, together
with a related 500-bp HindIII repeat (Simoens et al.
1988), around 3.5% of the genome (Murata et al. 1994).
A 160-bp AluI repeat contributes to about 0.3% of the
genome (Simoens et al. 1988). Microsatellites, although
less abundant than in mammals (Bell & Ecker 1994,
Depeiges et al. 1995), as well as minisatellite sequences
(Tourmente et al. 1994), are scattered throughout the
genome. At least 2–3% of the nuclear DNA corre-
sponds to dispersed repetitive sequences (Pruitt &
Meyerowitz 1986); most dispersed repetitive sequences
in plants have been identified as mobile genetic ele-
ments or their remnants (Flavell 1986). In A. thaliana,
long terminal repeat (LTR) retrotransposons (Voytas &
Ausubel 1988, Konieczny et al. 1991) represent some
1% of the genome (Hirochika et al. 1992, Brandes et al.
1997). Non-LTR retrotransposons (Wright et al. 1996)
and an unusual retroelement, ‘Athila’ (0.3% of the
genome; Pélissier et al. 1995, 1996), have also been
found.

In situ hybridization is a reliable method for the
localization of sequences to chromosome regions. Tan-
demly arranged repetitive sequences are often asso-
ciated with constitutive heterochromatic regions of
chromosomes, which remain condensed at interphase
and are localized at telomeric and subtelomeric posi-
tions (Bedbrook et al. 1980), pericentromeric regions
(Harrison & Heslop-Harrison 1995) or interstitial
blocks (Fuchs et al. 1994). In A. thaliana, heterochro-
matin is largely restricted to regions at or around the
centromeres of all five chromosome pairs (paracentro-
meric heterochromatin) and at the nucleolus organiz-
ing regions (NORs), accounting for some 12% of the
chromosomal target (Ambros & Schweizer 1976). The
pAL1/pAtMr family was found at the centromeric
regions of all chromosomes by in situ hybridization
(Maluszynska & Heslop-Harrison 1991, Murata et al.
1994). The related 500-bp and the 160-bp repeated
sequences also occur at the centromeres (Bauwens et
al. 1991). 5S rRNA loci on chromosome pairs 4 and 5
(Schmidt et al. 1995, Murata et al. 1997) and telomere-
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related repeat sequences on chromosome 1 (Richards et
al. 1991) have been assigned to the centromeric regions
by physical mapping and in situ hybridization. Re-
cently, dispersed repetitive sequences, including the
reverse transcriptase domain of Ty1-copia-like retro-
transposons and mi167, a repetitive sequence associ-
ated with a restriction fragment length polymorphism
(RFLP) marker, were found in the paracentromeric
regions of all chromosomes (Thompson et al. 1996a,
Brandes et al. 1997). The Ty1-copia elements hybridized
in clusters at the paracentromeric heterochromatin, an
organization that contrasts with the dispersed distri-
bution of Ty1-copia-like elements over the chromo-
somes of most plant species (Brandes et al. 1997).
Pélissier et al. (1995, 1996) described the association
of Athila retrotransposable elements and pAL1 in stret-
ches of cloned DNA.

Thompson et al. (1996a–c) isolated several cosmid
subclones and end clones from yeast artificial chromo-
somes (YACs) and mapped them on the YAC contig
map of chromosome 4. We were interested in the
physical location of these sequences and examined
their chromosomal and genomic distribution to gain

insights into the arrangement of repetitive DNA se-
quences in the Arabidopsis genome.

Materials and methods

Isolation and molecular characterization of A. thaliana plas-
mid probes are described in Thompson et al. (1996a–c), and
clones and their copy numbers are shown in Table 1. The 5S
rDNA probe pXV1 was isolated from sugar beet (Schmidt et
al. 1994). It includes the 5S rRNA gene and the adjacent
intergenic spacer. pAt18S, containing a part of the 18S rRNA
gene, was isolated by polymerase chain reaction (PCR) from
genomic A. thaliana ‘Columbia’ DNA and cloned into the
pCRII vector of the TA cloning kit (Invitrogene).

Cloned probes were labelled by PCR partially replacing
dTTP with biotin-16-dUTP (Boehringer) or with digoxigenin-
11-dUTP (Boehringer). The 18S–5.8S–25S rDNA probe pTa71
(Gerlach & Bedbrook 1979) was labelled by nick translation
and the microsatellite (GA)12 was labelled by oligonucleotide
tailing (Boehringer) with digoxigenin-11-dUTP.

Chromosome preparations were made from flower buds of
A. thaliana ‘Columbia’. Extended DNA fibres were prepared
from nuclei by treating them with the STE2 lysis buffer,
following the protocol of Parra & Windle (1993) and Fransz

Table 1 Size, copy number and chromosomal localization of clones isolated by Thompson et al. (1996a–c)

Name Size (bp) Copy number
estimated by

Southern
hybridization

Origins Localization by in situ hybridization Figure

mi1671 980 bp �90 RFLP marker Paracentromeric; extending beyond the pAL1 region,
not on the short arm of chromosome 4

2a–g

164A2 900 bp �150 Cosmid subclone Small clusters at the paracentromeric heterochroma-
tin of all chromosome pairs

2h,i

163A2 450 bp �90 Cosmid subclone Small clusters at the paracentromeric heterochroma-
tin of all chromosome pairs; two chromosome pairs
with weaker signals

2j,k

164B4 1100 bp ND Cosmid subclone Small clusters at the paracentromeric heterochroma-
tin; weaker signals on two or three chromosome
pairs, one of which is chromosome pair 4

2l–u

278A2 1300 bp �20 Cosmid subclone Small clusters of unequal strength at the paracentro-
meric heterochromatin

3a–c

106B2 400 bp �300 Cosmid subclone Dispersed over the paracentromeric heterochromatin
of all chromosomes; highly amplified at the centro-
meres of four chromosome pairs

3d,e

15C8LE3 1005 bp At least 5 Left end from
YAC

Small clusters at the paracentromeric heterochroma-
tin of all chromosomes; highly amplified on the short
arm of chromosome pairs 2 and 4

3f–h

11B7RE3 349 bp �16 Right end from
YAC

Small clusters at the paracentromeric heterochroma-
tin of all chromosome pairs; more distal to the cen-
tromere

3i–k

74A2 700 bp �7* Cosmid subclone Small clusters at the paracentromeric heterochroma-
tin of all chromosomes; highly amplified on the short
arm of chromosome pairs 2 and 4

3l–o

All clones are not organized in long tandem arrays and no continuous open reading frames were found.
1�Thompson et al. (1996a).
2�Thompson et al. (1996b).
3�Thompson et al. (1996c).
4�This paper.
ND, not determined.
*For the MYB homology.
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et al. (1996). In situ hybridization was as described by Mal-
uszynska & Heslop-Harrison (1991) and Brandes et al. (1997).
Washing was carried out in several changes of standard saline
citrate (SSC; 206 SSC: 3 M NaCl, 0.3 M sodium citrate) with a
most stringent wash in 20% formamide, 0.16 SSC, which is
equivalent to 84% stringency. For in situ hybridization with
the microsatellite (GA)12, the conditions followed Schmidt &
Heslop-Harrison (1996a). Biotinylated probes were detected
by streptavidin-conjugated Cy3 (Sigma), and digoxigenin-
labelled probes by anti-digoxigenin–fluorescein (Boehringer).
Chromosomes were counterstained with DAPI (4’,6 diami-
dino-2-phenylindole, 6 mg/ml in McIlvaine’s citric buffer).
Photographs were taken on a Fujicolour 400 colour print film;
negatives were digitized with a Nikon film scanner LS 10E
and printed after contrast optimization of the whole image
with Adobe Photoshop 3.0.

The preparation of nuclei for electron microscopy followed
standard techniques (Heslop-Harrison 1996).

Results

Figure 1 shows an electron micrograph of an inter-
phase nuclei of A. thaliana. Most chromatin is decon-
densed and only visible as diffuse threads, but some
chromatin segments remain condensed. They are lo-
calized against the nucleolus (N) and the nuclear
envelope (arrowhead). The former most probably cor-
respond to unexpressed rRNA genes (Maluszynska &
Heslop-Harrison 1993) and the latter to the pAL1/
pAtMr repeat family (Martinez-Zapater et al. 1986,
Murata et al. 1994) and other repetitive sequences,
presumably included in the heterochromatin around
the centromeres. Our in situ hybridization reveals that

several repetitive sequences cluster at paracentromeric
regions of all five chromosome pairs (Figures 2 & 3),
partially collocalizing with the 180-bp repeat family
pAL1 (Maluszynska & Heslop-Harrison 1991).

mi167, a repetitive sequence of a genomic clone used
as a RFLP marker and not found on YACs mapping on
the short arm of chromosome 4 (Schmidt et al. 1995),
collocalizes over most parts of the paracentromeric
regions of metaphase chromosomes with the pAL1
sequences (Figure 2a–d). On at least one chromosome
pair, carrying the 18S, 5.8S and 25S rRNA genes and the
intergenic spacer (rDNA) and visible in the DAPI-
stained metaphase by chromatid morphology (arrows),
mi167 is restricted to the arm without rDNA, although
the extension of the small metaphase chromosomes is
not high enough to detect short clusters very close to
the centromere on the short arm. Decondensed inter-
phase chromosomes allow a more precise location, but
some chromosome regions remain condensed and are
visible as DAPI-positive sites (Figure 2e). Most of them
hybridize with the pAL1 sequence (Figure 2f) and
hence represent at least a part of the paracentromeric
heterochromatin. The remaining DAPI-positive chro-
mosome regions correspond to some of the 18S–25S
rDNA or the 5S rDNA, which may stay condensed
during interphase (Maluszynska & Heslop-Harrison
1993 and Figure 1). mi167 hybridizes to discrete
regions on interphase chromosomes (Figure 2g),
collocalizing with the pAL1 sequences as on the
metaphase chromosomes. However, additional sites
not hybridizing with the 180-bp repeats but with the
mi167 sequences are present (arrows).

The repetitive clones 164A, 164B, 163A and 278A
hybridize to all five chromosome pairs in varying
strengths, reflecting different copy numbers and/or
the existence of closely related sequences on the chro-
mosomes (Figures 2h–u & 3a–c). Unlike mi167, the
164A, 164B and 163A repeats cluster at the pericen-
tromeric regions in addition to some dispersed hybri-
dization. 164A shows major signals on every
chromosome (Figure 2h & i), whereas 163A hybridized
only on six chromosomes with multiple strong sites
(Figure 2j & k). Four to six chromosomes show stronger
signals after hybridizing with 164B (Figure 2l – u). On
two chromosomes, weaker signals on only one arm
appeared (arrowed). These chromosomes hybridized
on the opposite arm with 5S rDNA and with 18S rDNA
sequences as shown by the yellow–green fluorescence
in Figure 2n–p & s–u. As chromosome 4 is the only
chromosome harbouring genes of both rDNA sequen-
ces (Schmidt et al. 1995, Murata et al. 1997), it can be
concluded that one of the chromosome pairs with the
weaker 164B hybridization signals is chromosome pair
4.

To define the arrangement of sequences in the cen-
tromeric regions, double hybridization with pAL1 and
one of the repetitive sequences, clone 164B, was carried
out on extended DNA fibres. This high-resolution
mapping method revealed that tandem arrays of pAL1

Figure 1. Electron micrograph of an ovule wall interphase
nucleus of A. thaliana. The nuclear envelope (arrowhead)
surrounds the nuclei. The dark-stained nucleolus (N) and
dark condensed chromatin representing unexpressed
rDNA sequences (adjacent to the nucleolus) and para-
centromeric heterochromatin (peripheral, arrows) are visi-
ble. Decondensed chromatin is detected as diffuse darker
regions. Bar � 500 nm.
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(yellow–green fluorescence) are interrupted by sequen-
ces hybridizing with 164B (red fluorescence, Figure
2w).

In agreement with the low copy number estimate
(Table 1), clone 278A shows fewer and weaker hybri-
dization signals (Figure 3a–c) than the sequences de-
scribed above. Double hybridization with the 5S rDNA
probe pXV1 (yellow–green fluorescence in Figure 3c)
marks the chromosomes 3, 4 and 5 (Murata et al. 1997).

Clone 106B, a diverged part of the long terminal
repeat of the Athila element (Pélissier et al. 1995),
present in the genome in about 300 copies, is dispersed
over the paracentromeric regions of all chromosomes
but amplified in regions most proximal to the centro-
mere (Figure 3d & e). This is consistent with the close
association of Athila elements and the 180-bp repeats
(Pélissier et al. 1996).

15C8LE sequences also localize throughout the
DAPI-positive chromosome regions and show discrete
hybridization clusters (Figure 3f–h). Different copy
numbers or different homology on individual chromo-
somes is evident from the strength of hybridization.
This sequence is most amplified on chromosome pairs
2 and 4 (arrows), which are identified by the 18S, 5.8S
and 25S rRNA genes (Figure 3h).

The right end sequence of YAC 11B7, 11B7RE, hy-
bridizes to the paracentromeric heterochromatic re-
gions of all five chromosome pairs, showing
discrete clusters and some dispersion (Figure 3i–k).
In most cases, the clustered signals appeared at the
transition between the heterochromatin and the eu-
chromatin.

74A, a cosmid subclone, which includes a (GA)38

microsatellite repeat in addition to a region showing
homology to the Arabidopsis MYB gene GL1, is ampli-
fied in approximately seven copies per haploid gen-
ome (Table 1). 74A shows bright signals on the two
NOR chromosome pairs, as revealed by double in situ
hybridization with the 18S–5.8S–25S rRNA genes (Fig-
ure 3l–o, arrowed). On all other chromosomes, only
faint signals were visible at the heterochromatic re-
gions. Thompson et al. (1996b) demonstrated that the
microsatellite motif in 74A accounts for the highly

repetitive pattern on Southern blots. Hybridization
with a microsatellite probe, (GA)12, reveals four chro-
mosomes with strong hybridization sites (Figure 3p &
q, arrowed). The prometaphase shows two heterochro-
matic spots, probably the NORs, hybridizing with the
microsatellite (Figure 3r & s, arrowed). The elongated
chromosomes enabled the assignment of the microsa-
tellite to the paracentromeric heterochromatin of all
chromosomes, with some chromosomes showing a gap
between the signals, most probably the primary con-
striction at the centromere.

Discussion

The results demonstrate the complex genomic orga-
nization of repetitive DNA sequences around, and
perhaps at, the centromeres of A. thaliana chromo-
somes. They show that, in addition to the pAL1/
pAtMr family, multiple middle repetitive DNA se-
quences are amplified at the paracentromeric hetero-
chromatin of all chromosomes. Each repeat has a
different and characteristic distribution over the gen-
ome, reflecting chromosome- and sequence-specific
amplification (Table 1, Figures 2 & 3). Unlike many
other plant species (Ganal et al. 1988, Schmidt & Hes-
lop-Harrison 1996b), A. thaliana shows no uniform
distribution of middle repetitive sequences over the
chromosomes. Thus, the majority of the chromosome
arms are composed predominantly of low- and single-
copy DNA sequences with only a few repetitive DNA
sequence motifs, as is also clear from the well-devel-
oped contigs of chromosomes 2 (Zachgo et al. 1996) and
4 (Schmidt et al. 1995). It agrees with the calculation of
Pruitt & Meyerowitz (1986) that single-copy DNA is
present in extremely long contiguous blocks in the
Arabidopsis genome with an average length of sin-
gle-copy sequence regions of 125 kb. The small pro-
portion of repetitive sequences on the chromosome
arms is also obvious from the extreme decondensation
of chromatin in interphase nuclei, assuming that re-
petitive sequences remain condensed at interphase
(Figure 1).

Figure 2. a Metaphase, after hybridization with pAL1 (b) and with mi167(c & d). Heterochromatic regions show strong
DAPI staining. Arrows point to two NOR chromosomes, recognizable by their typical shape in the microscope (clearer in l).
mi167 sequences hybridize to these two chromosomes only on the arm not carrying the genes for the 18S–25S rDNA. e
Interphase, showing DAPI-positive regions of condensed chromatin. Hybridization with pAL1 (f) revealed that most of the
DAPI-positive regions collocate with the paracentromeric heterochromatin. The other DAPI-positive sites correspond to
condensed sites of 5S rDNA or 18S–25S rDNA. g The same interphase after hybridization with mi167, showing
collocalization of pAL1 and mi167 on most of the paracentromeric heterochromatin. Arrows point to some chromosome
sites only hybridizing with mi167. h & j DAPI-stained metaphases. i & k The same metaphases after hybridization with
164A (i) and 163A (k); both probes show distinct clusters at the paracentromeric heterochromatin of all chromosomes with
some dispersed hybridization. 163A sequences hybridize only on six chromosomes with stronger sites. l Metaphase; two
NOR chromosomes, identified by their chromosome morphology, are arrowed. m 164B hybridized to all chromosomes; the
two NOR chromosomes arrowed in l show weaker signals. n The same metaphase after detection of the 5S rDNA sites
reveals the two NOR chromosomes as chromosome pair 4. o Overlay of m and n .p Overlay of l , m and n. q–u As(l—p),
but 18S rDNA sites on chromosome pairs 2 and 4 were detected with probe pAt18s. v and w Double hybridization of pAL1
(green fluorescence) and 164B (red fluorescence) to extended DNA fibres, showing interruption of pAL1 repeats with 164B
sequences. Scale bars�10 mm.
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Figure 2.

Figures 2 & 3. In situ hybridization of repetitive sequences to metaphase and interphase chromosomes of A. thaliana
(2n�10). Chromosomes were stained with DAPI (blue fluorescence), and the sites of the probe were visualized by red or
yellow–green fluorescence. Magnification in Figures 2a–d and h–u and 3a–o, �2880. Bar�10 mm.
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Figure 3.
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The arrangement and genomic location of the repe-
titive sequences used was investigated by Southern
hybridization onto YAC and cosmid clones (Schmidt et
al. 1995, Thompson et al. 1996a–c). These hybridiza-
tions showed association between some sequences,
supporting the in situ hybridization results (Figures
2 & 3) showing the collocalization of the sequences at
all paracentromeric heterochromatic regions. However,
there were some differences between chromosomes.
The short arm of chromosome 4 is mainly composed of
sequences coding for the 5S (Murata et al 1997) and the
18S–5.8S–25S rRNA, and sequences homologous to
mi167 and 163A were not detected on this arm by
either in situ hybridization or genetic mapping approa-
ches (Schmidt et al. 1995, Thompson et al. 1996a,b).
164B sequences were mapped to only a very small
region of the short arm of chromosome 4, but no
signals were visible after in situ hybridization. The
hybridization of 278A to chromosome 4, although not
found by Thompson et al. (1996b) on the YAC contigs
available for chromosome 4, may be caused by strin-
gency differences, hybridization kinetics or sequences
not represented in the YAC library.

Because in situ hybridization shows the genomic
distribution of sequences, it may facilitate the genera-
tion of YAC contigs for further chromosomes. For
instance, 15C8LE hybridized to YAC libraries available
for chromosomes 2, 3, 4 and 5 (Thompson et al. 1996c),
but we also found 15C8LE sequences on chromosome
1. Subclone 11B7RE hybridized to YAC clones posi-
tioned on chromosomes 4 and 5 (Thompson et al.
1996c). In situ hybridization revealed that chromo-
somes 1, 2 and 3 also contain sequences homologous
to 11B7RE. Furthermore, the localization and intersper-
sion data may be of value in the interpretation of
genomic sequence data, in which large arrays of tan-
dem repeats are difficult to align.

The resolution of in situ hybridization signals on
metaphase and interphase chromosomes is not high
enough for the investigation of the precise arrange-
ment of different sequences on a chromosome. Tandem
repeated elements are arranged in continuous blocks
like the TGRI repeat of tomato (Ganal et al. 1988) or are
interspersed with other sequences like the type IV

repeat in Cucumis sativus (Ganal & Hemleben 1988).
The long-range organization of the pAL1/pAtMr se-
quences, which are present in arrays of 50 kb (Marti-
nez-Zapater et al. 1986, Murata et al. 1994), is not well
characterized, but there is some evidence for inter-
spersion with other sequences. Telomere-like repeated
sequences (Simoens et al. 1988) and Athila retroele-
ments (Pélissier et al. 1996) are inserted in pAL1 re-
peats, and mi167 sequences have been detected in YAC
clones containing pAL1 repeats (Thompson et al.
1996a). We showed that both sequences, mi167 and
the subclone 106B, which has homology to the LTR of
the Athila retrotransposon, hybridized to the same
heterochromatic regions of A. thaliana chromosomes
as pAL1.

Further evidence for the interspersion of pAL1 re-
peat arrays comes from double hybridization with
164B sequences on extended DNA fibres, which give
extremely high resolution of hybridization signals
(Figure 2v & w). Short stretches of the DNA fibre
hybridized only with pAL1 sequences and were inter-
rupted by signals of 164B sequences. The gaps between
the signals seen in Figure 2w often occur after the
hybridization of repetitive sequences on DNA fibres
and their interpretation is still a matter of discussion
(Gerdes et al. 1994, Houseal & Klinger 1994). However,
DNA fibres have been used for ordering YAC contigs,
cosmid and lambda clones and repetitive sequences
(Haaf & Ward 1994, Fransz et al. 1996). Here, we have
shown that this technique may be especially useful for
the mapping of large chromosomal arrays composed of
different repetitive DNA sequences and for investigat-
ing the arrangement of these sequences within the
arrays. YACs containing tandemly repeated sequences
are often unstable because of recombination events
(Schmidt et al. 1995), leaving a gap in their grouping
into contigs and their positioning on a physical map.

A. thaliana chromosomes show a remarkable amount
and concentration of heterochromatin around the cen-
tromeres. Sequences may have accumulated and
homogenized by exchange events between different
centromeres. It is noteworthy that most of the sequen-
ces revealed no homology to any known nucleotide or
protein sequence in the database (Thompson et al.

Figure 3. a DAPI-stained metaphase with 278A (b) hybridizing in small clusters to each chromosome. c 5S rDNA sites are
detected by pXV1 on three chromosome pairs. d Metaphase with the distribution of 106B (e), a sequence with homology to
the LTR of the Athila retroelement, hybridizing to all five chromosome pairs with concentration near four pairs of
centromeres. f Metaphase. g Clone 15C8LE is distributed over the centromeric regions of all chromosomes but amplified
on four chromosomes (arrows), identified as chromosomes 2 and 4 by the presence of the 18S–25S rDNA (h). i and j
Hybridization of 11B7RE to metaphase chromosomes (red fluorescence in j) results in small clusters on all chromosomes,
mostly between centromeric heterochromatin and euchromatin of the chromosome arms. k The same metaphase after
hybridization with the 18S–25S rDNA genes (clone pTa71), overlaid with the metaphases in i and j . l Metaphase with 74A
(m and n), showing faint signals on three and stronger signals on two chromosome pairs (arrows), identified as the NOR
chromosome pairs 2 and 4 by the 18S–25S rRNA genes (o). p and r DAPI-stained metaphase (p) and prometaphase (r)
chromosomes and the appropriate metaphase (q) and prometaphase (s) after detection of the microsatellite motif (GA)12. q
Four chromosomes show stronger signals (arrows). q The prometaphase reveals amplification of the microsatellite in the
paracentromeric regions of all chromosomes and near two NOR regions, which stayed condensed during prometaphase
(arrows). Scale bar�10 mm.
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1996a–c). The functional relevance of repetitive se-
quences (without those coding for rRNA) is still spec-
ulative and controversial, but the accumulation of
different types of repetitive sequences in the centro-
meric regions of many eukaryotes, including plants,
indicates an involvement in centromeric activity, pos-
sibly as a stereophysical factor. For instance, the tan-
demly arranged 171-bp a-satellite repeats found at all
human centromeres have been shown to be important
for centromeric function (Haaf et al. 1992). Some plant
species also have tandemly arranged satellite repeats
at their centromeric regions, such as Pennisetum glau-
cum (Kamm et al. 1994), Brassica species (Harrison &
Heslop-Harrison 1995), Vigna unguiculata (Galasso et al.
1995) and sugar beet (Schmidt & Heslop-Harrison
1996a). Chromosome-specific subrepeats of the
pAL1/pAtMr family have been isolated in A. thaliana
(F. Motoyoshi, M. Murata & J.S. Heslop-Harrison, un-
published results), thus resembling the organization of
the a-satellite repeats in humans (Willard & Waye
1987). Nevertheless, in plant species like Vicia faba,
rye and wheat, no major, highly abundant centromere-
associated satellite sequences have been found. Other
plant species, such as barley and sugar beet, show
amplification of microsatellite sequences around their
centromeric regions (Pedersen & Linde-Laursen 1994,
Schmidt & Heslop-Harrison 1996a). We have shown
clustering of a (GA) microsatellite motif at the para-
centromeric regions of prolonged prometaphase chro-
mosomes of A. thaliana, but the centromeric
constrictions themselves were free of hybridization
signals.

Sequences and the arrangement of sequences mak-
ing up a functional centromere in higher eukaryotes
are still unknown. We have demonstrated that the
paracentromeric regions of A. thaliana chromosomes
are composed of many different repetitive sequences,
each with a characteristic distribution between chro-
mosomes, ranging from tandem repeated sequences to
microsatellites and several middle repetitive sequences
and even a single-copy sequence (Schmidt et al. 1995).
The arrangement of different sequences around the
centromere resembles the heterogeneous DNA com-
position of fission yeast centromeres (Baum et al. 1994)
and of Drosophila melanogaster centromeres (Murphy &
Karpen 1995), in which long stretches of complex
repeated DNA sequences are required for centromere
function. Thus, A. thaliana centromeres may be used as
a model for the composition of plant centromeres.
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