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Abstract

This paper reports on state-of-the-art achievements of chromosome painting in Arabidopsis thaliana
(2n ¼ 10). Arabidopsis chromosomes 1, 2 and 4 were painted using chromosome-speci¢c BAC contigs.
We consider technical aspects of the painting approach and document major applications, such as the
tracing of Arabidopsis chromosomes as interphase chromosome territories and during mitotic and meiotic
cell cycles as well as comparative chromosome painting in related species. This is the ¢rst report of suc-
cessful interspeci¢c chromosome painting in plants. The evolutionary history of chromosomes
homeologous to Arabidopsis chromosome 4 was reconstructed by hybridization of chromosome-4-speci¢c
painting probes to karyotypes of Brassicaceae species with x ¼ 8 chromosomes. Future perspectives
of chromosome painting in A. thaliana and its wild relatives are outlined.

Introduction

The term chromosome painting (CP) was coined
by Pinkel et al. (1988) to describe in-situ visua-
lization of speci¢c chromosomes or chromosome
segments within chromosome complements
by £uorescence in-situ hybridization (FISH).
Although CP has brought forth dramatic progress
in animal and human cytogenetics (for review see
Ferguson-Smith 1997, Chowdhary & Raudsepp
2001), attempts to establish CP in euploid plants
have failed. This is probably due to the large
amounts of complex dispersed repeats that are
homogeneously distributed over all chromosomes
(Fuchs et al. 1996, Schwarzacher et al. 1997,
Schubert et al. 2001).

The situation changed when Arabidopsis
thaliana became a suitable subject for CP due to its
small genome (*125Mb/1C), its small amount of
dispersed repetitive sequences (The Arabidopsis
Genome Initiative 2000), and the public avail-
ability of BAC contigs covering nearly the entire
chromosome complement (Scholl et al. 2000). The
breakthrough was accomplished by taking
advantage of high-resolution FISH on pachytene
chromosomes (Fransz et al. 1998, 2000) and the
application of BAC contig pools as probes.
Arabidopsis chromosome 4 became the ¢rst
entirely painted chromosome of a euploid plant
karyotype (Lysak et al. 2001).
Here we present the recent progress of CP in

A. thaliana and several related species. We show
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CP of Arabidopsis chromosomes 1 (29.1Mb), 2
(19.6Mb) and 4 (17.5Mb) and demonstrate major
technical aspects and potential applications. Then,
we focus on the ¢rst successful comparative CP in
plants to search for chromosome homeology and
to elucidate karyotype evolution within the
Brassicaceae family.

Materials and methods

A. thaliana accessions Columbia (Col), C24 and
Wassilewskija (WS) were used. The other seven
analyzed species and their origin are listed in
Table 1. Herbarium voucher specimens of these
species are deposited at the IPK, Gatersleben.
Flower buds for chromosome spreads were

harvested from plants in the ¢eld or from plants
grown from collected seeds. Chromosome
spreading technique, DNA isolation and labeling,
FISH protocol and image processing were as
described previously (Lysak et al. 2001) with the
following modi¢cations. For interspeci¢c CP, the
hybridization times have been prolonged up to
65 h and lower stringency conditions were applied
for post-hybridization washing (20% formamide in
2� SSC). The BAC clones were provided by the
Arabidopsis Biological Resource Center (ABRC,
Columbus, OH). BACs included in the contigs for

chromosome 4 were the same as listed in Lysak
et al. (2001). The list of individual BACs of the
contigs for chromosomes 1 and 2 may be requested
from the authors.
The terminology for Arabidopsis chromosome

arms follows that of The Arabidopsis Genome
Initiative (2000). In the case of chromosomes 2 and
4, ‘top arm’ and ‘bottom arm’ are synonymous
with short and long arm, respectively.

Results and discussion

Selection of BAC clones suitable for CP

Although the Arabidopsis genome consists of only
*10% repetitive DNA arrays (Leutwiler et al.
1984), the presence of dispersed DNA repeats
within BAC clones has to be considered carefully
when painting probes are arranged since such
sequences could interfere with painting of indi-
vidual chromosomes by cross-hybridization. In
Arabidopsis, repeats are particularly abundant
within the (peri)centromeric heterochromatin
(chromocenters) and the nucleolus organizing
regions (NORs). Therefore, BACs containing
(peri-)centromeric or 45S rDNA sequences were
omitted from painting probes. Although chro-
mosome arms of most Arabidopsis accessions lack

Table 1. Taxa included in interspeci¢c CP experiments.

Taxon

Ploidy level
and chromosome

number Origin/donor

Arabidopsis lyrata (L.) O’Kane & Al-Shehbaz
subsp. lyrata [¼Arabis lyrata L.,
Cardaminopsis lyrata (L.) Hiitonen]

2n ¼ 2x ¼ 16 Bash-Bish, MA, USA;
T. Mitchell-Olds

Arabidopsis halleri (L.) O’Kane & Al-Shehbaz
[¼Cardaminopsis halleri (L.) Hayek]

2n ¼ 2x ¼ 16 Za¤ padne¤ Tatry Mts., Zuberec,
Slovakia; leg. M. Lysak & A. Pecinka

Cardaminopsis carpatica M�es|¤ �cek nom. prov. 2n ¼ 2x ¼ 16 Bes› e �nova¤ , Slovakia; leg. M. Lysak & A. Pecinka

Crucihimalaya wallichii (Hook. f. & Thoms.)
Al-Shehbaz, O’Kane & Price [¼Arabidopsis
wallichii (Hook. f. & Thoms.) Busch.]

2n ¼ 2x ¼ 16 Shurob, Uzbekistan; leg. M. Hoffmann

Arabis alpina L. 2n ¼ 2x ¼ 16 Belanske¤ Tatry Mts., Tatranska¤ Javorina,
Slovakia; leg. M. Lysak & A. Pecinka

Capsella rubella Reuter 2n ¼ 2x ¼ 16 H. Hurka, Osnabrˇck, Germany

Capsella bursa-pastoris (L.) Med. 2n ¼ 4x ¼ 32 Gatersleben, Germany; leg. M. Lysak
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larger blocks of repetitive DNA, visible micro-
scopically as interstitial heterochromatin, mobile
elements and their derivatives are scattered along
euchromatic regions. Initial painting experiments
with chromosome 4 have shown that the use of the
complete set of all BACs from the tiling path
results in cross-hybridization signals on other
chromosomes in addition to painting of chro-
mosome 4. We therefore analyzed each BAC clone
for the presence of repetitive DNA sequences in
the TIGR database (The Institute for Genomic
Research, Rockville, MD; http://www.tigr.org/).
BACs containing >5% mobile elements within
annotated sequences were considered to be
unsuitable for CP. Nevertheless, the presence of
repeats in a BAC sequence does not necessarily
hamper the speci¢city of CP and, conversely, some
apparently suitable BAC clones may yield addi-
tional FISH signals at other regions. Thus,
annotation analysis does not unambiguously
indicate the suitability of BAC clones for CP. For
further testing of the suitability of individual

BACs for CP, these were spotted on ¢lters and
hybridized with radioactively labeled genomic
DNA (Figure 1). BACs that revealed strong
hybridization signals were excluded from painting
probes.

Misaligned BAC clones as revealed by CP

Painting experiments with BAC clones which
should belong to the top arm of chromosome 2
yielded signals at other positions than those
expected. We have found, on the basis of FISH
signals present elsewhere in the complement, that
at least 14 BACs anchored on the map of the top
arm of chromosome 2 were misaligned. These
BAC clones were di¡erently labeled and hybri-
dized in pairs to pachytene chromosomes for
determination of their correct location. Two major
groups of misaligned BAC clones from the top arm
of chromosome 2 were identi¢ed: (1) BACs giving
a signal on the bottom arm of chromosome 2, and
(2) BACs localized on another chromosome than

Figure 1. DNA^DNA dot-blot hybridization ofArabidopsis (Col) genomic DNA to 84 BAC clones aligned from A1 to G12 according
to their physical position on A. thaliana chomosome 1 (A1 to B4: BAC T22A15 to T28N5, representing the top arm; B5 to G12: BAC
F25O15 to T7N22 representing the bottom arm); H1 to H3: Arabidopsis (Col) genomic DNA (10, 100, 1000 ng); H11,12: water
controls. Clones showing signal intensity 5C2 were omitted from the painting probe because their signal indicated the presence
of repeated sequences.
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chromosome 2 (Figure 2H). Thus, CP provides a
tool to con¢rm identity and/or chromosomal
location of individual BAC clones (see also
Schubert et al. 2001). It might even be more
e¡ective and less time-consuming to verify the map
position of a given BAC by CP on pachytene
chromosomes than by PCR-based approaches.

Tracing chromosome morphology and dynamics
during mitotic and meiotic cell cycles

In Arabidopsis, CP allows us to trace mitotic and
meiotic chromosomes as well as interphase
chromosome territories (CTs) as previously
exempli¢ed for chromosome 4 (Figure 2A; Lysak
et al. 2001). Here we extend these data by dif-
ferential painting of chromosomes 1 and 2 (Figure
2B^G). Identi¢cation of individual chromosomes
during meiosis had been di⁄cult for a long
time. CP now makes it possible to trace distinct
chromosomes and/or speci¢c chromosome
regions throughout meiotic divisions. In pollen
mother cells, chromosomes can be visualized as
CTs (Figure 2E). Particularly, the course of
homologous chromosome pairing can be estab-
lished from early leptotene, when homologs
start presynaptic alignment, to pachytene, when
homologs are fully paired. Due to di¡erential
painting of chromosome regions, it is now pos-
sible to ¢nd out at which positions chromosomes
initiate and complete pairing. The highest reso-
lution of CP is achieved at leptotene when
chromosomes form thin and extended threads.
However, due to frequent tangles, unambiguous
tracing of leptotene chromosomes is rather dif-
¢cult (Figure 2F). Fully paired pachytene chro-
mosomes, although clearly shorter, are therefore

easier to analyze as shown for chromosomes 1, 2,
and 4 (Figure 2A^C). Chromosomes can be
traced also at later stages of meiosis, in spite of
the decreasing possibility to assign hybridization
signals to distinct BAC pools due to increasing
chromatin condensation of meiotic and mitotic
chromosomes (Figure 2D).
In interphase nuclei, individual chromosomes

are discernible as CTs occupying discrete nuclear
domains as known from mammalian chromosome
painting studies (Cremer & Cremer 2001). FISH
with di¡erentially labeled single BACs or BAC
pools revealed chromatin loops in Arabidopsis
interphase nuclei (Fransz et al. 2002). Even within
painted CTs, di¡erently labeled BACs can be
recognized (Lysak et al. 2001); however, contrary
to the situation in pachytene nuclei, the sequential
order of individual BACs or BAC pools cannot be
assessed. Figure 2G shows Arabidopsis nuclei with
the territories occupied by the top (red) and the
bottom (green) arms of chromosome 1.
Because it is now feasible to explore in detail the

spatial arrangement of CTs of individual chro-
mosomes by CP in Arabidopsis nuclei, we can
address the question of somatic pairing of
homologs in nuclei of di¡erent tissues and
developmental stages of this species. The asso-
ciation patterns of homologous CTs will be
compared with those obtained from random-based
computer simulations on the one hand and with
the association frequency of FISH signals for
individual BAC sequences from various positions
along the chromosomes on the other. These will be
the ¢rst data for a euploid plant that allow a
comparison with corresponding data reported for
vertebrates (Cremer et al. 2001, Habermann et al.
2001), insects (Hiraoka et al. 1993) and for alien

Figure 2. Chromosome painting ofA. thaliana chromosomes 1, 2 and 4. (A) CP of chromosome 4 using a BAC contig spanning 2.6Mb
of the top arm (red) and two contigs (green) covering most of the bottom arm (13.0Mb). (B) CP of the bottom arm of chromosome 2
with 7 differentially labeled pools of 145 BAC clones spanning 13.1Mb. The distal NOR on the top arm is labeled by 45S rDNA
(red). (C^G) CP of chromosome 1 with 183 chromosome-speci¢c BAC clones. BACs from the top arm (12.7Mb) were labeled
by biotin-dUTP (red) and BACs from the bottom arm (14.4Mb) by digoxigenin-dUTP (green). (C) pachytene, (D) mitotic prophase,
(E) nucleus of a pollen mother cell, (F) leptotene, (G) interphase nuclei showing association of territories of both arms (right)
or only of the top arms of chromosome 1 homologs (left). (H) In-situ localization of two misaligned BAC clones from the top
arm of chromosome 2 on pachytene chromosomes. The scheme shows the expected positions deduced from the physical map of
Arabidopsis chromosome 2 of four tested BAC clones (left); FISH localization of differentially labeled BACs (right). The correctly
aligned BACs T8K22 and F3C11 (both in green) appear on the top arm of chromosome 2, the misaligned BACs F19B11 (green/red)
and T17H1 (red) hybridize on the top arm of chromosome 4 (between the NOR and the heterochromatic knob which is visible
proximally to the chromocenter) and the bottom arm of chromosome 2, respectively. Bars¼ 5 mm.

~
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chromosomes in plants painted by GISH (e.g.
Schwarzacher et al. 1992, Arago¤ n-Alcaide et al.
1997). The comparison with data obtained for
Drosophila will be of special interest since this
insect model species has roughly the same genome
size as Arabidopsis and a signi¢cant frequency of
somatic pairing of homologs has been described
for that species (Hiraoka et al. 1993, Csink &
Heniko¡ 1998).
Furthermore, CP on pachytene and possibly

also on interphase nuclei will make it possible to
detect spontaneous and experimentally induced
chromosome rearrangements, such as transloca-
tions, inversions, duplications and deletions when
suitable painting probes are applied.

Comparative CP in Brassicaceae

The availability of BAC contigs covering the
Arabidopsis chromosomes o¡ers a unique possi-
bility for cross-mapping of individual BACs to
pachytene chromosomes of other Brassicaceae by
FISH (Jackson et al. 2000, Ziolkowski & Sadowski
2002) and also for revealing homeologous chro-
mosomes or chromosome regions within closely
related species by interspeci¢c CP.
In spite of considerable morphological di¡er-

ences, Capsella rubella (2n ¼ 2x ¼ 16) was found
to be closely related to A. thaliana by comparing
rDNA sequences (Koch et al. 1999) and by genetic
mapping of markers from A. thaliana to C. rubella
(Acarkan et al. 2000, Schmidt et al. 2001). For
instance, markers of Arabidopsis chromosome 4
display collinearity with two linkage groups in
C. rubella. The larger part of the bottom arm

belongs to one linkage group (LG 1), the top arm
and a proximal part of the bottom arm (in inverted
orientation) to another one (LG 2).
In order to identify the chromosomes corres-

ponding to these linkage groups in C. rubella, we
have designed a set of di¡erentially labeled BAC
contigs from Arabidopsis chromosome 4
(Figure 3B) according to the collinearity breaks
within the genetic map of C. rubella (Acarkan
et al. 2000, R. Schmidt personal communication).
These BAC contigs were hybridized together to
pachytene chromosomes of C. rubella, Arabi-
dopsis halleri, A. lyrata, Cardaminopsis carpatica
and Crucihimalaya wallichii (all 2n ¼ 2x ¼ 16).
The hybridization patterns obtained were similar
for the analyzed species and in close accordance
with the genetic map of C. rubella. Large parts of
one bivalent were found to be labeled by probes
for LG 1 and the short arm of another homeolog
by the probes for LG 2 (Figure 3C^E). The
continuous BAC contig identi¢ed on the ¢rst
homeolog corresponds to 11.7Mb of the bottom
arm of Arabidopsis chromosome 4. The second
homeolog was labeled by the contig corre-
sponding to 3.8Mb of chromosome 4 (2.5Mb of
the top arm, 1.3Mb of the inverted region from
the bottom arm).
In addition to diploid taxa, two tetraploid

species were analyzed applying the same probe.
Pachytene nuclei of Arabidopsis arenosa (2n ¼
4x ¼ 32) revealed the same labeling pattern on two
quadrivalents (see Comai et al., this issue), indi-
cating an autopolyploid origin of this species.
Within the tetraploid species Capsella bursa-
pastoris (2n ¼ 4x ¼ 32), the long arms of two

Figure 3. Interspeci¢c painting of A. thaliana chromosome 4-speci¢c probes to chromosome complements of related Brassicaceae
species. (A) Scheme of Arabidopsis chromosome 4 and its correspondence to linkage groups LG 1 and LG 2 of Capsella rubella.
(A^G) Positions of selected RFLP markers and EST sequences used for genetic mapping in Capsella. The inversion between markers
C and D on the bottom arm of Arabidopsis chromosome 4 is shown by a red arrow. Modi¢ed after Schmidt et al. 2001. (B) Scheme
of labeled BAC contigs of Arabidopsis chromosome 4 and of two homeologous chromosomes found in (C) C. rubella, (D)
Cardaminopsis carpatica and (E) Arabidopsis lyrata. Red and green regions (I^VI) represent differentially labeled BAC contigs.
(F) Pachytene of Crucihimalaya wallichii showing labeled homeologous chromosomes 1^3 after applying the same probe as shown
in (B). The labeled part of homeolog 1 corresponds to LG 1 of Capsella (contigs IV^VI), homeolog 2 bears a large part of the top-arm
contig I and homeolog 3 is labeled at terminal position due to a translocation involving the distal part of contig I. Contigs II and III
could not be identi¢ed. (G) Pachytene nucleus of the tetraploid Capsella bursa-pastoris showing two bivalents labeled by bottom-arm
contigs I^III. (H and I) Pachytene nuclei of Arabis alpina labeled by BAC contigs I and II from the top arm (H) and IV^VIII from the
bottom arm (I) of Arabidopsis chromosome 4, respectively. A minor green signal (arrow) was observed additionally to the labeled
bivalent in (I). The contig III was not detectable in Arabis. The unintentional labeling of NORs in (C), (F) and (I) (green) is likely
due to sequences with similarity to intergenic spacers of rDNA within BACs from the corresponding species (Schubert et al. 2001).
For correspondence and composition of the BAC contigs (roman numbers) see Table 2. Bars¼ 5 mm.

~

Chromosome painting in Arabidopsis 201



bivalents were labeled with the BAC contig
comprising a large part (8.7Mb) of the bottom
arm of Arabidopsis chromosome 4 and corre-
sponding to LG 1 of C. rubella (Figure 3G). The
question of whether C. bursa-pastoris is an allo-
tetraploid of C. rubella and C. grandi£ora as
postulated (Mummenho¡ & Hurka 1990) or an
autotetraploid of C. rubella could be answered
only if the Arabidopsis chromosome-4 home-
olog(s) potentially contributed by C. grandi£ora
yielded a painting pattern deviating from that of
C. rubella.
In six tested species (C. rubella, A. arenosa,

A. halleri, A. lyrata, C. carpatica and C. wallichii),
the homeolog comprising the larger part of the
bottom arm of Arabidopsis chromosome 4 is
submetacentric with the long arm entirely labeled
by the corresponding set of BACs. The NOR-
bearing short arm of these chromosomes was free
of signals. The second homeolog is most probably
also submetacentric. Its short arm, not bearing a
NOR, appeared to be entirely labeled by the
probes covering the top arm (except the 45S
rDNA) and the inverted proximal region of the
bottom arm of Arabidopsis chromosome 4. The

centromere positions on both painted homeologs
are in favor of a pericentric inversion involving the
proximal region of the bottom arm of chromo-
some 4 (Figure 3B). Only C. wallichii revealed an
unlabeled terminal segment on the second
homeolog and instead a signal at the terminal
position on another bivalent (Figure 3 F),
apparently due to a translocation involving this
part of LG 2. Further experiments are needed to
address the location of the inverted region in this
species.
Phylogenetically, Arabis alpina (2n ¼ 2x ¼ 16)

is more distantly related to A. thaliana than the
other tested species (Koch et al. 1999, 2001). Since
preliminary experiments applying the same BAC
pools to A. alpina chromosomes as those used for
the other diploid species resulted in a deviating
hybridization pattern, we tested the identity of
particular BAC pools by hybridizing two probes
comprising a large part of the bottom arm
(8.7Mb) and the entire top arm (2.5Mb) of
Arabidopsis chromosome 4 separately to pachy-
tene nuclei of A. alpina. The bottom-arm contig
labeled in the preserved order of BAC sequences
an entire apparently metacentric bivalent. The

Table 2. BAC clones of Arabidopsis chromosome 4 delimiting the contigs used for comparative CP (see Figure 3). All BAC contigs
comprise BAC clones listed in Lysak et al. 2001. Contigs V and VI in Figure 3B^F correspond to contigs I^III in Figure 3G and IV^VIII
in Figure 3H, I; contig I in Figure 3B^F corresponds to contigs I^III in Figure 3H, I.

Contig Border BAC clones BAC accession numbers (EMBL)

C. rubella, C. carpatica, A. lyrata, C. wallichii (Figure 3B^F)
I F6N15^T1J1 AF069299^AF128393
II T32A17^T25P22 AL161813^AL161831
III F17A8^T22B4 AL049482^AL049876
IV F25E4^F18A5 AL050399^AL035528
V T6K21^F4B14 AL021889^AL031986
VI T19K4^T5J17 AL022373^AL035708

Capsella bursa-pastoris (Figure 3G)
I T6K21^T16H5 AL021889^AL024486
II F18F4^F4B14 AL021637^AL031986
III T19K4^T5J17 AL022373^AL035708

Arabis alpina (Figure 3H, I)
I F6N15^T7B11 AF069299^AC007138
II T10M13^T7M24 AF001308^AF077408
III T25H8^T1J1 AF128394^AF128393
IV T6K21^T16H5 AL021889^AL024486
V F18F4^T13K14 AL021637^AL080282
VI F7J7^T8O5 AL021960^AL021890
VII F1N20^F4B14 AL022140^AL031986
VIII T19K4^T5J17 AL022373^AL035708
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central part of this chromosome showed an
unlabeled DAPI-positive region, possibly repre-
senting the centromere, and a few minor gaps
without a signal. Additionally, a small region of
another chromosome became labeled by BACs of
the middle part of the contig (Figure 3I, arrow).
The probe corresponding to the top arm of
chromosome 4 yielded a signal at the terminal
position of a chromosome arm not bearing a
NOR. However, a signal corresponding to the
proximal part of this contig could not yet be
observed (Figure 3H).
Taken together, three patterns of chromosome

homeology to Arabidopsis chromosome 4 have
been observed which are in agreement with the
phylogenetic trees based on comparative analyses
of rDNA and other gene sequences (Koch et al.
1999, 2001). The pattern obtained for Capsella
(Figure 3B) was also found for the closest relatives
of Arabidopsis thaliana with x ¼ 8 such as
A. halleri, A. lyrata, A. arenosa and Cardami-
nopsis carpatica. Therefore, the two identi¢ed
homeologs are most likely identical to the pre-
cursors of chromosome 4 of A. thaliana. The
additional translocation involving linkage group 2
within C. wallichii (Figure 3F) might re£ect the
separate lineage of C. wallichii within Arabidopsis
sensu lato and its close relationship to the North
American x ¼ 7 Arabis and Halimolobus (Price
et al. 1994, Koch et al. 1999). The pattern observed
for A. alpina (Figure 3H, I) is more di¡erent with
respect to the chromosome representing linkage
group 1. This re£ects the most distant phylogenetic
position of Arabis alpina to A. thaliana among the
analyzed taxa. Comparing Arabis alpina and
Arabidopsis thaliana karyotypes, the presence of a
centromere splitting LG 1 and the apparent
absence of the proximal parts of LG 2 suggest
additional structural rearrangements within the
complement of A. alpina. Further testing of more
species will decide whether the A. alpina pattern
preceded that of Capsella or whether it represents
an independent lineage of karyotype evolution.
Nevertheless, the presented data suggest that the

combination of large parts of two ancestral
chromosomes in Arabidopsis chromosome 4
(accompanied by a pericentric inversion) might
have contributed to the reduction of the chro-
mosome number from x ¼ 8 to x ¼ 5 during the
evolution of A. thaliana. Further investigations

including painting probes for the other Arabi-
dopsis chromosomes, arranged according to the
collinearity breaks within the C. rubella genome,
should elucidate the fate of the remaining parts of
the two ancestral linkage groups not present
within chromosome 4 of A. thaliana. Interspeci¢c
CP using chromosome-speci¢c BAC contigs of all
Arabidopsis chromosomes to pachytene nuclei of
species with 6, 7 or 8 chromosome pairs should
allow detection of homeologs of A. thaliana
chromosomes within these chromosome comple-
ments and to elucidate the sequence of events
which have led to the evolutionary reduction of
chromosome number eventually resulting in the
karyotype of A. thaliana.

Acknowledgements

We thank Paul Fransz (University of Amsterdam)
for his initial contribution to establishing chromo-
some painting in Arabidopsis, to Renate Schmidt
(MPI Golm) for providing unpublished data on
the genetic map of C. rubella, toMartin Kolnik for
help with collecting plant material, to Andreas
Houben for helpful suggestions, to Rigomar
Rieger for critical reading of the manuscript and to
Joachim Bruder, Martina Kˇhne and Rita
Schubert for technical assistance. This work was
supported by a grant of the Land Sachsen-Anhalt
(3035A/0088L).

References

Acarkan A, RossbergM, KochM, Schmidt R (2000) Compara-
tive genome analysis reveals extensive conservation of
genome organisation for Arabidopsis thaliana and Capsella
rubella. Plant J 23: 55^62.

Arago¤ n-Alcaide L, Reader S, Beven A, Shaw P, Miller T,
Moore G (1997) Association of homologous chromosomes
during £oral development. Curr Biol 7: 905^908.

Chowdhary BP, Raudsepp T (2001) Chromosome painting in
farm, pet and wild animal species. Meth Cell Sci 23: 37^55.

Cremer T, Cremer C (2001) Chromosome territories, nuclear
architecture and gene regulation in mammalian cells. Nature
Rev Genet 2: 292^302.

CremerM, vonHase J, Volm T et al. (2001) Non-random radial
higher-order chromatin arrangements in nuclei of diploid
human cells. Chromosome Res 9: 541^567.

Csink AK, Henikoff S (1998) Large-scale chromosomal move-
ments during interphase progression in Drosophila. J Cell
Biol 143: 13^22.

Chromosome painting in Arabidopsis 203



Ferguson-Smith MA (1997) Genetic analysis by chromosome
sorting and painting: phylogenetic and diagnostic
applications. Eur J Hum Genet 5: 253^265.

Fransz P, Armstrong S, Alonso-Blanco C, Fischer TC,
Torres-Ruiz RA, Jones G (1998) Cytogenetics for the model
system Arabidopsis thaliana. Plant J 13: 867^876.

Fransz PF, Armstrong S, de Jong JH et al. (2000) Integrated
cytogenetic map of chromosome arm 4S of A. thaliana: struc-
tural organization of heterochromatic knob and centromere
region. Cell 100: 367^376.

Fransz PF,de Jong JH, Lysak M, Ruf¢ni Castiglione M,
Schubert I (2002) Interphase chromosomes in Arabidopsis
are organised as well-de¢ned chromocenters from which
euchromatin loops emanate. Proc Natl Acad Sci USA 99:
15484^15489.

Fuchs J, Houben A, Brandes A, Schubert I (1996) Chromosome
‘painting’ in plants ^ a feasible technique? Chromosoma
104: 315^320.

Habermann FA, Cremer M, Walter J et al. (2001) Arrange-
ments of macro- and microchromosomes in chicken cells.
Chromosome Res 9: 569^584.

Hiraoka Y, Dernburg AF, Parmelee SJ, Rykowski MC, Agard
DA, Sedat JW (1993) The onset of homologous chromosome
pairing during Drosophila melanogaster embryogenesis.
J Cell Biol 120: 591^600.

Jackson SA, Cheng Z, Wang ML, Goodman HM, Jiang J
(2000) Comparative £uorescence in situ hybridization map-
ping of a 431-kb Arabidopsis thaliana bacterial arti¢cial
chromosome contig reveals the role of chromosome
duplications in the expansion of the Brassica rapa genome.
Genetics 156: 833^838.

Koch M, Bishop J, Mitchell-Olds T (1999) Molecular
systematics and evolution of Arabidopsis and Arabis. Plant
Biol 1: 529^537.

Koch M, Haubold B, Mitchell-Olds T (2001) Molecular
systematics of the Brassicaceae: evidence from coding
plastidic matK and nuclear Chs sequences. Am J Bot 88:
534^544.

Leutwiler LS, Hough-Evans BR, Meyerowitz EM (1984) The
DNA of Arabidopsis thaliana. Mol Gen Genet 194: 15^23.

Lysak MA, Fransz PF, Ali HBM, Schubert I (2001) Chromo-
some painting in Arabidopsis thaliana. Plant J 28: 689^
697.

Mummenhoff K, Hurka H (1990) Evolution of the tetraploid
Capsella bursa-pastoris (Brassicaceae): isoelectric focusing
analysis of Rubisco. Plant Syst Evol 172: 205^213.

Pinkel D, Landegent J, Collins C et al. (1988) Fluorescence
in situ hybridization with human chromosome-speci¢c
libraries: Detection of trisomy 21 and translocations of
chromosome 4. Proc Natl Acad Sci USA 85: 9138^9142.

Price RA, Palmer JD, Al-Shehbaz IA (1994) Systematic
relationships of Arabidopsis: a molecular and morphological
perspective. In: Meyerowitz EM, Somerville CR, eds.
Arabidopsis. Cold Spring Harbor: Cold Spring Harbor Lab.
Press, pp 7^19.

Schmidt R, Acarkan A, Boivin K (2001) Comparative struc-
tural genomics in the Brassicaceae family. Plant Physiol
Biochem 39: 253^262.

Scholl RL, May ST, Ware DH (2000) Seed and molecular
resources for Arabidopsis. Plant Physiol 124: 1477^1480.

Schubert I, Fransz PF, Fuchs J, de Jong JH (2001) Chromo-
some painting in plants. Meth Cell Sci 23: 57^69.

Schwarzacher T, Anamthawat-Jo¤ nsson K, Harrison GE et al.
(1992) Genomic in situ hybridization to identify alien
chromosomes and chromosome segments in wheat. Theor
Appl Genet 84: 778^786.

Schwarzacher T, Wang ML, Leitch AR, Miller N, Moore G,
Heslop-Harrison JS (1997) Flow cytometric analysis of
the chromosomes and stability of a wheat cell-culture line.
Theor Appl Genet 94: 91^97.

The Arabidopsis Genome Initiative (2000) Analysis of the
genome sequence of the £owering plantArabidopsis thaliana.
Nature 408: 796^815.

Ziolkowski PA, Sadowski J (2002) FISH-mapping of rDNAs
andArabidopsis BACs on pachytene complements of selected
Brassicas. Genome 45: 189^197.

204 M. A. Lysak et al.


