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Abstract 

We have analysed a family of highly repetitive DNA from Arabidopsis arenosa (L.) Lawalr6e [syn. 
Cardaminopsis arenosa (L.) Hayck] composed of AT-rich tandem repeats of 166-179 bp in head to tail 
organization. Sequence comparison between several repeat units revealed a high level of divergence of 
4.5 ~o to 25 ~o. The sequence family shows more than 58~o homology to satellite sequences described 
in Arabidopsis thaliana (L.) Heynh. but no homology to other satellite repeats in the Cruciferae. Within 
the genus Arabidopsis the satellite sequence was found to be present in A. thaliana and Arabidopsis suecica 
(Fries) Norrlin, but not in Arabidopsis griffithiana (Boiss.) N. Busch and Arabidopsis pumila (Stephan) 
N. Busch. In situ hybridization to metaphase chromosomes of A. arenosa (2n = 4x = 32) showed the 
sequence to be localized at the centromeres of all 32 chromosomes with substantial hybridization along 
the chromosome arms. Using Southern hybridization and in situ hybridization, we give evidence that 
A. suecica is a hybrid of A. thaliana and A. arenosa. A considerable reorganization of the A. thaliana 
satellite sequence pAL1 occurred in the hybrid genome while no molecular change of the A. arenosa 
repeat was observed in the hybrid. Analysis of related repeats enabled differentiation between closely 
related genomes and are useful for the investigation of hybrid genomes. 

Introduction 

Arabidopsis thaliana (L.) Heynh. is currently 
among the most extensively studied organisms 
because of its many advantages for molecular 
analysis including the small genome and plant 
size and rapid life cycle [21, 34]. However, there 
is relatively little information about the genomes 

and genetics of the closest relatives ofA. thaliana. 
The present work was initiated to examine the 
genomes of close relatives of A. thaliana and, in 
particular, to investigate the type of changes which 
have occurred at the chromosomal and repetitive 
DNA sequence levels [ 17, 29]. It is possible that 
examination of such changes in genomes which 
are highly amenable to analysis may reveal test- 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession numbers Z48158 (pAa214), Z48159 (pAa27), Z48160 (pAa271), Z48161 (pAa524), and Z48171 (pAa519). 
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able models for genome evolution in other species 
groups, and perhaps the functions of repetitive 
DNA. 

Nuclear genomes of angiosperms vary in size 
more than 2400 times [5, 6], but a very large frac- 
tion of all plant genomes consists of repetitive 
DNA: sequences consisting of motifs between 
two and ten-thousand or more base pairs which 
are repeated hundreds or thousands of times, 
which may be at a single chromosomal site or 
many sites dispersed over the whole genome. Re- 
association kinetic analysis showed that some 
40~o of the A. thaliana genome (100 Mb [18]) 
consists of repetitive DNA [25 ], while more than 
95 ~o of the DNA in species with large genomes, 
such as Allium cepa, may consist of repetitive 
DNA [13]. 

In previous work, we described the location 
and number of sites of the ribosomal DNA 
(rDNA), a sequence which comprises about 8 ~o 
of the genome, in A. thaliana [28] and o~her Ara- 
bidopsis species [29]. Tandemly repeated DNA is 
another major class of repetitive DNA which has 
been analysed in A. thaliana [30, 42] and other 
crucifers [7, 8, 12, 13, 20]. Typically, these se- 
quences consist of a monomeric unit of about 
170-180 bp or 350-360, but they differ widely in 
copy number in a genome and in their nucleotide 
sequence. Some sequence motifs are conserved 
over quite large evolutionary distances, while oth- 
ers differ between closely related species [ 15]. 
Nevertheless, many studies of tandemly repeated 
sequences within groups of crucifers (Raphanus 
[ 12], Brassica [ 16, 24]) indicate that the distribu- 
tion of these sequences along chromosomes and 
between species is of considerable evolutionary 
interest for understanding and reconstructing 
both phylogenetic and molecular aspects of evo- 
lution. 

The taxonomy of the ephemeral, herbaceous 
annual species of the Cruciferae with rosettes cur- 
rently in the tribes Arabideae and Sysimbrideae 
is extremely confused; the limits of both the tribes 
and genera are poorly defined and differ exten- 
sively between authorities [1 ]. There appears to 
be more agreement, from Linnaeus [27] onwards, 
about the constitution of species, although even 

here there are difficulties at least partly because of 
the plasticity of the phenotype typical of weedy 
ephemerals. While Arabidopsis has been consid- 
ered a monotypic genus with only the species 
A. thaliana [37], most authors consider the genus 
much larger, with a centre of diversity in the 
Himalaya, with a few species extending into 
Eastern Europe and Scandinavia (including those 
studied here), and at least A. thaliana extending 
into North America. A much-needed revision of 
the group is currently underway (I.A. A1-Shebaz, 
personal communication). In view of the results 
presented here, involving both DNA sequence 
homology and natural hybrid species, we are re- 
ferring to various species as members of the genus 
Arabidopsis (see Material and methods), although 
we recognize that the boundaries of the genus are 
subject to revision. The enormous amount of mo- 
lecular data about one species, A. thaliana, in 
conjunction with morphological data, should be 
of value in defining the species and genera. Access 
to a wider pool of genetic variation and data about 
genomes of related species will be of considerable 
benefit to the analysis of evolution and genetics of 
A. thaliana [29]. 

In the present study, we investigated the mo- 
lecular structure and chromosomal location of a 
major tandemly repeated satellite DNA family 
from Arabidopsis arenosa (L.) Lawalr6e (2n = 
2x = 16 or 2n = 4x = 32) and compared them with 
repetitive sequences from A. thaliana. A second 
species, A. suecica (Fries) Norrlin (2n = 26), is 
considered to be of hybrid origin [44] with 
A. arenosa (2n = 2x = 16) and A. thaliana as par- 
ents. We therefore investigated the presence and 
distribution of tandemly repeated sequence fami- 
lies from A. arenosa and A. thaliana in the three 
species and other relatives to examine the evolu- 
tion, diversification and genomic distributions of 
these sequences. 

Material and methods 

Plant material 

The species used in this study were: Arabidopsis 
arenosa (L.) Lawalr~e (syn. Cardaminopsis 



arenosa (L.) Hayck) (2n = 4x = 32), Arabidopsis 
thaliana (L.) Heynh./wild-type Columbia (2n = 
10), Arabidopsispumila (Stephan) N. Busch (2n = 
32), Arabidopsis griffithiana (Boiss.) N. Busch 
(2n = 32), Arabidopsis suecica (Fries) Norrlin (syn. 
Hylandra suecica (Fries) A. LOve) (2n=26) 
kindly provided by Dr O. Savolainen, collected in 
Finland, and Brassica nigra (L.) Koch (2n = 16). 
The plants were grown in glasshouses and in con- 
trolled environment chambers. 

Isolation, cloning and sequencing of plant DNA 

Total genomic DNA was extracted from leaves 
(1 g fresh weight) following the protocol of 
Dellaporta et al. [ 11]. Genomic DNA from 
A. arenosa was digested with different restriction 
enzymes and fractionated on a 1.1 ~o agarose gel. 
The restriction profile of Hind III and Bam HI 
digestions showed a ladder of bands correspond- 
ing to multimeric DNA fragments. The basic 
Hind III and Barn HI repeats were cloned in 
pUC18. The recombinant clones were screened 
with labelled genomic DNA from A. arenosa. 
Several clones with highly repeated inserts were 
obtained and tested by Southern hybridization. 
Five Barn HI clones and one Hind III clone were 
sequenced on an automated sequencer (Pharma- 
cia) using the dideoxy chain termination proce- 
dure. 

Probe labelling and Southern hybridization 

The ECL chemiluminescent system (Amersham) 
was used for labelling probes pAa214 (Bam HI 
satellite sequence from A. arenosa) and pAL1 
(Hind III satellite from A. thaliana [30]) by ran- 
dom priming. In general, all steps were carried 
out according to the protocol supplied by the 
manufacturer. For Southern blots, 3/~g of ge- 
nomic DNA were digested, fractionated on a 
1.1~o agarose gel and transferred onto nylon 
membrane using standard protocols. Hybridiza- 
tion with repetitive sequences was carried out in 
5 x SSC, 0.1~o (w/v) SDS, 57o (w/v) dextran 
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sulphate, 20-fold dilution of liquid block (sup- 
plied) and 100/~g/ml denatured shared heterolo- 
gous DNA at 60 °C overnight. Filters were 
washed twice for 20 min in 2 x SSC/0.1~o SDS 
at the same temperature. 

Fluorescent in situ hybridization 

Flower buds were used for chromosome pre- 
parations. After a treatment with 2 mM 8-hy- 
droxyquinoline for 1 h the buds were fixed in 
methanol-acetic acid (3:1). The chromosome 
preparation and the in situ hybridization followed 
techniques described forA. thaliana [28]. pAa214 
and pAL1 were used as probes for in situ hybrid- 
ization and labelled with digoxigenin-ll-dUTP 
and biotin-11-dUTP using the polymerase chain 
reaction. The in situ hybridization was performed 
with 84~o stringency calculated according to 
Meinkoth and Wahl [33]. The probes were de- 
tected with FITC (fluorescein isothiocyanate) 
conjugated sheep anti-digoxigenin antibody and 
streptavidin-CY3 (Sigma) conjugate, respectively. 
The chromosomes were counterstained with 
DAPI (4' ,6-diamidino-2-phenylindole). 

Results and discussion 

Genomic organization and sequence analysis 

After digestion of genomic DNA of A. arenosa 
with different enzymes and electrophoretic sepa- 
ration, a ladder of fragments was visible in the 
Barn HI digestion indicating that a fraction of the 
genome consists of tandemly repeated elements. 
For detailed characterization, the highly abun- 
dant fraction of Barn HI fragments was isolated 
and cloned. Five clones of the Barn HI family 
were choosen for sequence analysis. Hybridiza- 
tion with one of the clones, pAa214, to Barn HI- 
digested genomic DNA ofA. arenosa resulted in 
a ladder of increasing fragments typical of tan- 
demly arranged repeats and caused by divergence 
or methylation of the restriction site (Fig. 1). 

The nucleotide sequence of five clones of the 
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Bam HI satellite family and their consensus se- 
quence are shown in Fig. 2. The length of the 
repeats (166-179 bp) corresponds to other satel- 
lite sequences [39, 40] but it does not seem to be 
highly conserved in length, as reflected by the 
varying repeat length. Simoens et al. [42] reported 
a Hind III satellite sequence in A. thaliana differ- 
ing also in length from 177-198 bp because of the 
presence of the so-called 'super-Hind III' struc- 
ture. The G + C content of the Barn HI monomer 
pAa214 (40.2~o) is similar to the average G + C 
content (41.4~o) of the A. thaliana genome [25]. 

All pAa repeats analysed show divergence due 
to randomly distributed point mutations, inser- 
tions and deletions resulting in a heterogeneity 
between monomers in the range from 4.5~o to 
25 ~o. This unusually high divergence reflects the 
dynamic and more rapid divergence of tandemly 
repeated DNA sequences in comparison to struc- 
tural genes [9]. A result of the divergence process 
is the mutation of Hind III sites by deletion and 
AT~transvers ion in two out of five analysed re- 

Fig. 1. Genomic organization of the Bam HI satellite DNA 
monomer in A. arenosa and distribution of this satellite se- 
quence in different Arabidopsis species and B. nigra. DNA of 
A. arenosa (1), A. thaliana (2), A. suecica (3), A. griffithiana (4), 
A. pumila (5), B. nigra (6) was digested with Barn HI, electro- 
phoresed and transferred onto a nylon membrane. The filter 
was hybridized with pAa214. 

peats. These specific changes were not found in 
the remaining monomers, showing that a subset 
of the Barn HI sequence family is characterized 
by the occurrence of intact Hind III sites. After 
digestion of genomic DNA with Hind III the ex- 
pected ladder pattern was detected, demonstrat- 
ing that the Barn HI family can also be revealed 
as a Hind III satellite of the same length. The 
Hind III monomer was cloned and sequenced to 
analyse how adjacent Barn HI repeats are orga- 
nized. These adjacent repeat units were found to 
be directed in head-to-tail orientation to each 
other as expected in clusters of tandem arrays 
[43]. A search of five clones representing the 
Barn HI sequence family from A. arenosa against 
the GenBank/EMBL DNA sequence database 
(release 80) shows 58 ~o to 80 ~o homology to a se- 
quence family isolated from A. thaliana [30, 42]. 
No other significant matches were found. 

Chromosomal localization 

In situ hybridization of repetitive DNA sequences 
has been used to study the organization of DNA 
sequences at the chromosomal level and demon- 
strated that satellite DNA may be clustered at 
heterochromatic regions at subtelomeric [4], cen- 
tromeric [20] or more dispersed in intercalary 
chromosomal locations [3]. For physical map- 
ping of the A. arenosa sequence, pAa214 was 
used as a probe for in situ hybridization (Fig. 3B). 
In a tetraploid line of A. arenosa (2n = 4x = 
32), 32 sites of hybridization were detected in 
metaphase and most interphase nuclei. There was 
some variation in strength of hybridization; four 
weak sites and four less weak sites were detected 
reproducibly, while the remaining 24 strong sites 
showed limited variation. The differences prob- 
ably resulted from unequal crossing-over that 
leads to the fixation and amplification of small 
sequence variants on different chromosomes [45 ]. 
In general, hybridization strength correlated with 
the brightness of the DAPI  signal, although sev- 
e rn  major DAPI  sites, presumably the condensed 
rDNA at the nucleolar organizing regions, were 
also observed. In metaphase chromosomes, hy- 
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pAa 27 AGTCCTATGA GTTTTCGGTT TTGGAGCTTC TAAACGGAAA AATACTACTT TAGCATTTG 

pAa271 .......................................... C ........ C--T .... 

pAa214 ............................. + ........ G- --C ......... CTTA+++ 

pAa519 .......................................... C .... G ...... T .... 

pAa524 .......................................... C---C ....... T .... 

con AGTCCTATGA GTTTTCGGTT TTGGAGCTTC TAAACGGAAA AACACTACTT TAGCTTTTG 

Fig. 2. Nucleotide sequence of five clones of theBam HI monomer ~om A. arenosa and their consensus sequence. The Hind III 
sites are underlined. 

bridization to the two chromatids was clearly vis- 
ible at the weaker pAa214 sites, while many of the 
major sites showed hybridization to both sides of 
the centromere with substantial hybridization 
along the length of the chromosome arms. In con- 
trast, pAL1 was found to hybridize only at the 
centromeres of all five chromosome pairs of A. 
thaliana [28] and, moreover, this repetitive DNA 
family is thought to be present only near the cen- 
tromeres in A. thaliana [34]. 

Distribution of the pAa214 family with the Cru- 
ciferae 

Nuclear genomes of most plant species include 
satellite DNA sequence motifs, and there is often 
conservation of these motifs between different 
species [12, 15]. In some cases, the presence of 
tandemly repeated sequences from one species in 
others can be used as an indicator of relationships 
[2, 14]. 

To investigate the distribution of the Barn HI 
sequence family in related species, we used the 
monomer pAa214 to probe genomic Southern fil- 
ters with Barn HI digested DNAs of A. arenosa, 
different Arabidopsis species and Brassica nigra. A 
ladder-like pattern was observed in A. arenosa 

and A. suecica (Fig. 1). Hybridization with 
pAa214 resulted in a similar pattern of monomers 
and multimers demonstrating that this sequence 
is present in clusters of tandem arrays in both 
species. However, the pattern of hybridization to 
A. suecica is more complex, showing monomers, 
dimers and higher multimers, and hybridization 
to fragments of higher molecular weight DNA, 
which can be reduced at higher stringency. This 
implies that the genome of A. suecica contains 
other DNA sequence families with different or- 
ganization but homology to at least part of 
pAa214. 

Hybridization to A. thaIiana genomic DNA di- 
gests showed a very weak ladder-like pattern in- 
dicating that no sequence of the pAa214 family is 
present as a major class of tandem repeats. Other 
classes of fragments of the same size as in 
A. suecica were visible superimposed on a smear, 
which is weaker in hybridiZ~ation at higher strin- 
gency. Strong signals in the high molecular weight 
range, indicating a relatively high copy number of 
this sequence, resulted from hybridization of 
pAa214 with DNA which lacks Barn HI sites. In 
addition, strong hybridization to a fragment of 
about 1.6 kb was detected. 

These results suggest that sequence motifs 
present in the A. arenosa Barn HI family also 
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occur in the genome of A. thaliana but in a dif- 
ferent genomic organization and not as a Barn HI 
satellite family. These motifs exist in a relatively 
high copy number in the A. thaliana genome and 
have not been further characterized. The reduced 
cross-hybridization under conditions of higher 
stringency and the different genomic organization 
observed in the genome ofA. thaliana confirm the 
substantial divergence between the Barn HI sat- 
ellite monomer and satellite repeats ofA. thaliana 
[30, 42], which is evident from the sequence. The 
satellite repeats pAa214 and pAL1 probably 
originate from a common ancestral sequence in 
the genome of a progenitor species of A. arenosa 
and A. thaliana. 

No hybridization of pAa214 was detected to 
DNA from A. pumila, A. griffithiana and B. nigra 
suggesting that the pAa214 family, or repetitive 
DNA sequences including parts of it, is restricted 
to only some species of the genus Arabidopsis 
sensu latu, and indicates that the limits on some 
accepted genera in the Cruciferae are highly arti- 
ficial. Although any generalization from data 
about a single sequence family must be qualified, 
it seems to us unlikely that a sequence would be 
present in two species, A. thaliana and A. arenosa 
(under the name Cardaminopsis arenosa), in dif- 
ferent tribes but absent in other species in the 
genus Arabidopsis. Increasingly, molecular ap- 
proaches are being used to examine taxonomic 
affinities, including chloroplast gene sequencing 
[ 10 ], ribosomal sequences [ 19 ], and total genomic 
DNA probes [36]. It is clear from work here and 
elsewhere [ 12, 38] that the sequencing and analy- 
sis of major repetitive DNA classes will also be 
useful in phylogenetic studies. 

The hybrid species A. suecica 

Two-colour in situ hybridization with pAL1 and 
pAa214, labelled with different ftuorochromes, 
was carried out to examine the chromosomal dis- 
tribution of the sequences (Fig. 3C-H). The strin- 
gency used for in situ hybridization was 84 ~o, and 
was above the internal homology between pAL1 
and pAa214. The repeat pAa214 hybridized pref- 
erentially and strongly to 16 chromosomes, pre- 
sumably those originating from A. arenosa (Fig. 
3E). The signals were centromeric, with extension 
along the chromosome arms, and similar to the 
in situ hybridization to A. arenosa chromosomes 
(Fig. 3B). Weaker hybridization was also ob- 
served in the centromeric region only of the re- 
maining 10 chromosomes from A. thaliana with 
labelling of both chromatids, pAL1 showed a re- 
ciprocal hybridization pattern with 10 major cen- 
tromeric sites and 16 very minor sites, also at 
centromeric positions (Fig. 3F). The strong sig- 
nals on 10 major sites (corresponding to 10 
A. thaliana chromosomes) confirm the results of 
Maluszynska and Heslop-Harrison [28]. The re- 
sults support the view that A. suecica is a hybrid 
ofA. arenosa and A. thaliana. Within the Brassica 
genus, we have examined satellite sequences with 
paracentromeric hybridization patterns and sites 
on only a few chromosomes in diploid species 
and the natural tetraploid derivatives. The tetra- 
ploids show different numbers of sites from the 
diploids [ 16], unlike A. suecica where the number 
of sites is the same as in the parents. The differ- 
ent behaviour may reflect differences in the be- 
haviour of satellite DNA families, in age of the 
hybrid, or in meiotic pairing and recombination. 

Fig. 3. Localization ofcentromeric satellite sequences on chromosomes ofA. arenosaandA, suecica. A. DAPI stainingofmetaphase 
chromosomes and interphase nuclei of A. arenosa (2n = 4x = 32). B. The same metaphase and interphase nuclei after in situ hy- 
bridization with pAa214 (yellow-green signal). C. DAPI staining of prometaphase chromosomes and interphase nuclei ofA. suecica 

(2n = 26). D. Simultaneous localization of pAa214 (digoxigenin-labelled) and pAL1 (biotin-labelled) in the same prometaphase and 
interphase nuclei. Exposure with a multiband passfilter shows 16 pAa214 sites (yellow-green fluorescence) and 10 pAL1 sites (red 
fluorescence). E. and F. The same prometaphase and interphase nuclei after in situ hybridization with pAa214 (yellow-green sig- 
nal, E) and with pAL1 (red signal, F). G and H. DAPI staining of metaphase chromosomes ofA. suecica (G) and simultaneous 
localization of pAa214 yellow-green signal) and pAL1 (red signal) (H). 
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Variants of satellite repeats (diverged subfamilies 
or subsets) are useful probes for the analysis of 
hybrid genomes. These probes may be a valuable 
complement to genomic in situ hybridization and 
enable differentiation even between closely related 
genomes under appropriate conditions. 

Previously, it was shown that processes can 
lead to changes in the structural organization of 
repeated DNA sequences in sexual hybrids 
[22, 26]. Because of the conserved hybridization 
pattern oftheA, arenosa Bam HI repeat (pAa214) 
in A. arenosa, A. thaliana and A. suecica (as de- 
scribed above, Fig. 1, lane 1, 2, 3) it is unlikely 
that this satellite family was reorganized in the 
hybrid genome. In addition, the A. thaliana re- 
peat, pAL1, was hybridized to Hind III-digested 
DNA of A. arenosa, A. thaliana and A. suecica 
(Fig. 4). The tandem arrangement of pAL1 in the 
genome ofA. thaliana, as described by Martinez- 
Zapater et al. [30] was visible. A very weak lad- 
der of hybridization was observed after probing 
pAL1 onto digested DNA from A. arenosa. The 
weak hybridization presumably reflects the high 
divergence of the majority of the pAa214 family 
repeats from the pAL1 family in A. thaliana. In 

digests ofA. suecica DNA, a ladder of fragments 
in the low-molecular-weight ranges was detected, 
presumably from the A. thaliana origin DNA in 
the genome of the hybrid. The signal was weaker 
than that on the A. thaliana lane, reflecting the 
smaller amount of A. thaIiana origin DNA in the 
equally loaded lanes. 

pAL1, when probed to digests of A. suecica 

DNA, showed a strong and striking pattern of 
hybridization with a smear of fragments, thus in- 
dicating a considerable change in the organiza- 
tion of the pAL1 family from that found in the 
presumed parent A. thaliana. It might be that the 
A. thaliana satellite was rearranged leading to an 
increase in copy number and loss of most of the 
Hind III sites. There is increasing evidence that 
rapid sequence rearrangement can occur in hy- 
brids: McClintock [32] first suggested that re- 
mote hybridization is a form of stress, which 
places the parental genomes in an unusual geno- 
typical environment. In cereals, changes in the 
copy number and genomic organization of tan- 
dem repeats have been shown in wheat-rye hy- 
brids and backcrosses, where heterochromatin 
may be lost rapidly from the rye chromosomes 
[31, 41]. In hybrids between barley species, Ver- 
shinin etal. [46] showed that structural rear- 
rangements of some highly repetitive DNA se- 
quences may occur in hybrids only a few years 
old. However, the very high proportion of repeti- 
tive DNA in cereals makes analysis of even a 
small proportion difficult. 

The detailed examination of genomic reorgani- 
zation in natural hybrids of plants with small ge- 
nomes, such as A. suecica, and in artificial hybrids 
which can be made between Arabidopsis species 
[23] and even A. thaliana and Brassica [35] may 
provide a useful route to study function and evo- 
lution of different types of repetitive DNA se- 
quences. 

Fig. 4. Southern hybridization of pAL1 to Hind III-digested 
DNA ofA. arenosa (1), A. thaliana (2) and A. suecica (3). 
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