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ABSTRACT

We have analyzed three classes of highly repetitive DNA sequences of
Arabidopsis thaliana, composed of tamdemly repeated units of 180 bp,
500 bp, and 160 bp, respectively. The three families comprise approximate-
ly 2% of the Arabidopsis genome and are the major component of the highly
repetitive DNA. The 500-bp element arose by duplication of one half of a
180-bp ancestor and insertion of a foreign segment between the two dupli-
cated parts followed by amplification. The repeat elements contain occa-
sionally palindromes and other motifs but none are significantly conserved.
There is no significant similarity with previously published repetitive
elements. Heterogeneity between monomers ranges from 6% to 17%. Monomers
derived from different clusters in the genome are more diverged than mono-
mers of the same array.

INTRODUCTION

Arabidopsis thaliana has the smallest known haploid genome size (7 x
107 bp) among higher plants [1]. Gene families in Arabidopsis are more
simply organized compared to other plants [2,3]. The genes tend to contain
less and smaller introns and to be more densely packed on the genome [4,5].
Furthermore, only a limited amount of repetitive DNA is present [1,6]. The
latter makes Arabidopsis a useful system to study structure and function of
repetitive DNA.

Repetitive sequences usually constitute more than 50% of plant genomes
[7]. Some sequence elements are arranged as long tandem arrays in hetero-
chromatic regions at telomeres, centromeres, or interspersed chromosomal
locations whereas others are scattered through the genome as individual
elements. The repeat elements can display a wide spectrum of repetition
frequency up to more than 10® copies per genome, and the basic repeat unit
can range from a simple dinucleotide pair to several kilobases in length

[8l.

Apart from a small fraction which encodes important functions such as
ribosomal RNAs, the biological significance of the repetitive DNA remains
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controversial. It has been proposed to be involved in chromosome-folding
and pairing, determination of nuclear size, gene regulation or speciation
processes [8-12]. Alternatively, repetitive DNA may have no function at
all. It might reside and accumulate in the genome because there is no
phenotypical disadvantage. From this point of view, the influence on pro-
cesses such as chromosome-folding or speciation is considered to be acci-
dental [13,14].

Arabidopsis could be regarded as a species in which selective forces
acted to reduce the amount of repeated sequences, e.g. to allow its very
short 1ife cycle [15]. Nevertheless, it has retained some repetitive DNA.
One family has already been described [16]. It comprises 1-1.5% of the
Arabidopsis genome and consists of long tandem arrays of a 180-bp element
possibly associated with heterochromatic regions. In this paper we give
additional information on the 180-bp family and describe two more repeat
families.

MATERIALS AND METHODS

Plasmid and Phage Clones

The plasmids and phage clones used in this work are listed in Table 1.
Plant Culture

Arabidopsis thaliana (collection number C24) seeds were a generous gift of
Prof. M. Jacobs (Vrije Universiteit Brussel, Belgium). The plants were
grown in a greenhouse under 16 hours 1light/8 hours dark illumination at

Table 1. Plasmids and phage clones

Antibiotic Relevant characteristics Origin
resistance
Plasmids
pGem-2 Cb RNA transcription vector Promega Biotec
pC22 Cb Sp Sm Binary vector containing the [17]

oriV of both pBR322 and the Ri
plasmid pRiHR1

Phage clones

AbAt002 A A clone carrying the 9.9-kb [6]
repeat unit of the large ribo-
somal DNAs (18S and 26S) of A.
thaliana

Abbreviations : Cb, carbenicillin; Sm, spectinomycin; Sp, streptomycin.
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22-24°C and 70-80% humidity. Six weeks after germination mature plants
were harvested.

Construction and Screening of an Arabidopsis thaliana Cosmid Library

The construction and characterization of the A. thaliana (variety Columbia)
library in the cosmid vector pC22 has been described [17]. The library was
used to construct a sublibrary of 1145 randomly selected clones, which were
individually grown in wells of microtiter plates. A1l manipulations with
the sublibrary were as described elsewhere [18].
Recombinant DNA Techniques and Hybridizations
For large- and small-scale plasmid DNA preparations the procedure of [19]
was used. Total Arabidopsis DNA was prepared according to [6]. Chloroplast
DNA of A. thaliana (variety Columbia) was a generous gift of Dr. G. Redei
(Columbia, U.S.A.). Phage DNA was isolated essentially as described by
[20]. A1l recombinant DNA manipulations were according to [21]. As cloning
vector pGem-2 was used (Promega Biotec, U.S.A.).

32p-1abelled DNA probes were obtained by nick translation as described
by [22]. The nylon filter (Hybond-N, Amersham) obtained upon Southern
blotting was prehybridized for 2 hours in 3 x SSC, 0.25% nonfat dry milk.
After denaturation (10 minutes boiling) the 32P-labelled probe was added to
the filter in hybridization mix (3 x SSC, 0.25% nonfat dry milk; approxi-
mately 106 cpm/ml). The hybridization was carried out for 16 hours at
68°C. The filters were washed in 3 x SSC with 0.1% SDS at 68°C (three
quick rinses and twice for 30 minutes). DNA dot-blot filters were hybrid-
ized and washed under the same conditions.

Sequence Analysis

Sequencing was carried out on both strands according to the chemical method
developed by [23]. Sequence comparisons were made using previously describ-
ed computer programs [24,25]. The dot-matrix was obtained using a
S.A.S.I.P. program [26].

DNA Dot-Blot

For DNA dot-blotting the procedure described by Amersham (U.K.) was follow-
ed using a Schleicher & Schiill (F.R.G.) dot-blotting apparatus. After
hybridization the number of cpm bound at each spot on the filter was deter-
mined by 1iquid scintillation counting.

RESULTS
Isolation of Three Repeat Families
To identify clones containing repetitive sequences, a set of 1145 genomic
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cosmid clones was replicated on nitrocellulose filters and subsequently
hybridized with 32P-labelled total Arabidopsis DNA. The degree of hybrid-
ization, as revealed by autoradiograms of these filters, reflects the
repetitivity of the Arabidopsis insert DNA in the clones. In total, 204
(17.8%) of the analyzed clones, each with an average insert size of
23.6 kb, showed a positive hybridization signal with varying intensities
[18]. As a background control a strain was used containing the cosmid
vector pC22 without insert DNA.

The nature of the repetitive DNA was further analyzed by colony hy-
bridization with 32P-labelled A. thaliana chloroplast DNA and 185/26S
ribosomal DNA. The latter DNA was isolated from AbAt002, a A clone carrying
the 9.9-kb repeat unit of the large ribosomal DNAs of A. thaliana [6].
Fifty-four percent (110 out of 204) of the repetitive clones show homology
with chloroplast DNA. Although some of these clones might contain homo-
logous nuclear DNA, studies on promiscuous DNA in other plants suggest that
these sorts of sequences should constitute only 1 to 2% of the haploid
genome [27]. Mitochondrial DNA was not ruled out but can only comprise 1-2%
of the total DNA [1]. This means that approximately 2.4 x 107 bp of nu-
clear DNA were analyzed. Two percent (21) of the remaining 1035 clones
contain ribosomal DNA. This represents a 4-fold under-representation of
rDNA in our library compared to the calculations of [6]. This difference
is probably due to extensive rearrangements by homologous recombination of
the tandemly repeated units [17]. The rearrangements could have been en-
hanced by the subrepeats present in the intergenic spacer which serve as
hot spots for recombination [28]. Alternatively, the divergent copy num-
bers could at least partly be the result of between-individual and within-
individual differences as frequently noticed in other plant species [28].
0f the remaining 73 repetitive clones, 47 hybridizing clones were not
analyzed further. Presumably, some of these contain genes encoding for the
5S RNA, tRNAs or small nuclear RNAs.

Extensive restriction analysis showed that the 26 strongly hybridizing
clones could be subdivided into three families. The first family contains
10 clones which in general gave the most intense signal in the colony
hybridization. They are characterized by the presence of multiple copies
of a 180-bp HindIII fragment. Four different repeats of this family were
subcloned. The second family, consisting of 13 clones, contains a tandemly
repeated HindIII fragment of about 500 bp. Two 500-bp repeats, derived
from two clones, were subcloned. The three remaining clones constitute the
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third family. A small repetitive fragment of about 160 bp could be obtain-
ed upon Alul digestion. One trimer was subcloned. Using the three repeats
as a probe, colony hybridizations were performed which confirmed the compo-
sition of the different families. A1l the clones of the first family
cross-hybridize weakly at high stringency with a 500-bp repeat probe. In
all three groups a typical ladder consisting of integral multiples of the
basic repeat unit can be obtained upon partial digestion, indicating that
the fragments are tandemly organized (see further).

Sequence Analysis

180-bp Repeat. Four isolated 180-bp repeats were analyzed (Figure 1A). AR1l
and AR12 were derived from pATC5D2 whereas AR13 and AR14 originated from
pATC12G8. At the same time that the first sequencing data were obtained
similar sequences were published [16]. One particular feature we observed
is the presence of a so-called "super-HindIII" structure in AR1l (Fig-
ure 1A). It contains three HindIII sites (AAGCTT) separated from each
other by a box of 14 nucleotides, one consisting mainly of AAG repeats and
the other of repeated CTT. In the more common repeat of + 180 bp length
(in our case varying from 177 bp to 179 bp) only the CTT box is present
bordered by two potential HindIII sites. In practice, only one of these
has the correct recognition sequence, thus conserving the 180-bp repeat
size [16]. However, AR11l, which has three correct HindIII sites, indicates
that at least some heterogeneity must occur, not only resulting in multi-
mers, but also in shorter and longer repeats of 160 bp and 200 bp, respec-
tively. It is difficult to imagine a selective force that maintains func-
tional HindIII sites 180 bp apart. Although the presence of the "super-
HindIII" structure is clearly not the rule, it could be a relic of the
original repeat organization.

Sequence variation between class members is due to point mutations and
to a lesser extent to single base pair insertions and deletions. Between
monomers derived from an independent clone homology ranges from 85% to 87%.
Comparison between AR11l and AR12, or AR13 and AR14 reveals a homology of
92% and 94%, respectively. The additional 20 bp present in ARll was not
considered when calculating the percentages.

The GC content of the repeats (35.5% to 38.2%) is slightly lower than
the average GC content (41.4%) of Arabidopsis [1]. No internal subrepeat
could be found. In AR13 and AR14 a stem-loop structure flanked by short,
direct repeats (TTGT) could be localized between position 52 and 86. It
consists of a 7-bp loop and a 10-bp stem with nine complementary base
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AR11 198 AAGTAAGAAG [MBCTTETTC TTGCTTCTCA [AMGCTTTS:
AR12 179 S S — T

>

AAACACTACT TAGGCTTTTA

AR11 198 GAGTCCATAT GAGTCTTTGT CTTTGTATCT TCTAACAAG!
AR12 179 A
AR13 178 A--
AR14 177 A
CON 178 A
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-T -T A

b dd
bbb

AR11 198 GGATAAGATT 6CGGTTTAAG TTCTTATACT CAATCATACA CATCAAATCA AGTTATATTC

AR13 178 A---6CTG-- S i
AR14 177 A---6C-6C- <
CON 178 A---CC-6--

AR11 198 G ACTCCAAA ACACTAACC

B

AR21 496 AMACTTCTTC TTTATTCCCA [AAGCTHTGAT GETAAAGTCA AAGATCTTAG GAGTTTTTGE
AR22 803 [B--F--- A-G--=-T-= T=-==-A=== A=-G== ==T G-AT----~ R
AR21 496 TCTTGAATCS TATAACAACG AAGCACTACT TTACTTTTCE GGATCTCGTT GAGGTTCTAG
AR22 503 -T .- - - Teee
AR21 496 TTTTATATAT TCAATCATAC ACATGATATC TAGTCATATT TCACTCCEAA GTECTAACCA
AR22 503 < ac

AR21 496 AGATTCTTCT TGCTTCTCTA AGTATCATAC FATATTTGAT CCTAAACACT AAACCTAAAC
AR22 B03 —-=--m--em mmememceme mmeee 56

AR21 496 TCTACACACT AAATCCCAAA ACCTAAAATC CAACCCCTAA CCCCTAACCC CTGAACCCTA
AR22 503 o P — [ Ty T— 7 P——
AR21 496 AATCCTAAAC CCGA A ACCGTAAAC CCTAAACCAT AAACTCTTAA CCCTAAACCC
AR22 503 ---6---n- T---6CTC6- 6 T T
AR21 496 TTAAACATAA ACCCTAA ACCGTA GATCCCAAAC TTTAAAACCT AAATCCTACT
AR22 503 ----- < TCC CTAA---A-- T

GGAATCCBET TGCGATTCTA GTTCTTATGC TCAATGATAC ACAAAGCATC
R

8
g8
i
q

AR21 496 TAGTCATATT TGACTA AAA TCCGCTAGCA
-

1 159 (AGCTRTGTTA GTGTTTCTAT GGTCAAMATG TGTCAGAGTA CAATGCATTT GACTAATTAG
= B e LR A<

188 ----ofeees smmmofees mmseeeeeen
164 A--C

AR32
AR33
AR31 159 AAGAGTTAGA GATGGATTAG GAGTGTTTAG
AR32
AR33

AR31 150 CGGCTTAAAC CAACAAAAAA TTGATTAGAA GCAGACAAT
158 - TA---
AR33 164 -TT-TT-6-AGGCC

g

Figure 1. Nucleotide sequences of the different cloned repeat elements of
Arabidopsis.

For each family only the first line shows the complete sequence written
from 5' to 3'. Changes in the other sequences are noted. An empty space
without hyphen refers to a deletion. Functional restriction sites (HindIII
or Alul) which border the units are indicated by a box. A. 180-bp family;
the "super-HindIII" structure is underlined; CON, designates the published
consensus sequence [15]. B. 500-bp family; the telomere-like domain is
underlined. C. 160-bp family.
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pairs. Despite the low probability that this would have arisen by chance
(P=7x10 ), the structure is not conserved in AR1l and AR12 nor in the
four repeats published by [16] : one to two base substitutions occur in the
direct repeats and one to three substitutions in the stem part.

500-bp Repeat. Sequences of AR21 and AR22, subcloned from pATC3E8 and
pATC6H7, respectively, are shown in Figure 1B. They have a 36.7% and 36%
GC content, respectively, and are 88% homologous. A * 190-bp domain can be
found, mainly consisting of C and A, sometimes interrupted by T or less
frequently by G. As an approximation a repeat unit can be written as
Ci_4T1_3A4_2To_, which resembles the telomeric repeats found in Tetrahymena
(CCCCAA), Trypanosoma (CCCTAA), Stylonichia (CCCCAAAA), or Physarum
(CCCTAn) [29].

Sequence comparison revealed striking homology (70-80%) between some

>
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AR21.S
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Figure 2.

A. Dot-matrix comparing a 500-bp element (AR21) with a 180-bp element
(AR13). Each diagonal line represents a box of 8 base pairs of which
six are homologous between the two compared sequences. The dot-matrix
shows that the first part of AR21 is homologous to AR13 whereas the
last part of AR21 is homologous to the second half of AR13.

B. Scheme of the homologies found between the 500-bp and 180-bp repeat
elements. Grey areas indicate homologous regions and the hatched area,
the telomere-1ike domain.
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regions of the 500-bp repeat and the 180-bp unit. This is outlined in
Figure 2. It seems that the 500-bp element arose by sequence rearrangement
of a 180-bp fragment and subsequent reamplification. One half of the
180-bp fragment was duplicated and between the duplicated parts a foreign
sequence (the telomere-like domain) was inserted.

160-bp Repeat. The 160-bp family presumably arose independently since no
significant homology with the other families could be found. Three adja-
cent repeats, subcloned from pATC8G4, were sequenced (Figure 1C). Homology
ranges from 83% to 86%. Especially close to the Alul site, some variation
occurs which explains the differences in length (158, 159, 164 bp). The GC
content lies between 32% and 36%. No special features were noticed con-
cerning the internal structure (direct or inverted repeats, subrepeats).
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Figure 3. Dot hybridization to estimate the relative amount of the repe-
titive families in the genome.

Nylon filters were prepared with increasing amounts of plasmid DNA (upper
numbers) and of total Arabidopsis DNA (bottom numbers). After hybridiza-
tion to the corresponding 22P-1abelled plasmid, the number of counts per ng
of repeat was calculated and compared with the radioactivity bound to the
genomic DNA spots. The percentage of the different repetitive families has
been deduced from linear regression analysis of five independent exper-
iments.
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Comparison with Repeat Sequences of Other Organisms

A1l repeats were compared with published repeated sequences of the follow-
ing organisms : cauliflower [30], rice [31], radish [32], pumpkin [33],
mustard [34], onion [35], maize [36], man [37], and the insect Chironomus
[38]. In many cases one or more sequence similarities could be identisfied
which -c;ouw have arisen by chance alone at probabilities of 10 to
3 x10 (data not shown). Even with the Chironomus an:i6 human repefgs
similarities could be registered with P varying between 10 and 5 x 10 .
Comparison between the 180-bp repeat of Arabidopsis and a 177-bp HindIII
repeat of cauliflower (belonging to the same family Cruciferae) could only
reveal one similarity (P = 3 x 10" ). The observed sequence similarities
are most likely not significant.

Genomic Content and Organization

The fraction of the Arabidopsis genome constituted by the different fami-
lies was determined with a reconstruction experiment as indicated in Fig-
ure 3. The 180-bp family constitutes 0.8-1.4% of the total Arabidopsis
genome which corresponds to 3100-5500 copies per haploid genome. This is
in good agreement with the number obtained by [16]. The second family
comprises 0.2-0.4% of the total DNA which means that 280-560 copies of the
500-bp repeat element exist per haploid genome. The 160-bp family also
comprises 0.2-0.4% of the total DNA corresponding to a copy number of
875-1750 per haploid genome. These values presumably represent an under-
estimate since between 20% and 30% of the total cellular DNA can be chloro-
plastic DNA [1].

In general, these data agree with the results obtained by colony
hybridization except for the second family of which 13 clones were isolated
or 1.3% of the 1035 nuclear DNA-containing clones. This anomaly could be
explained if the 500-bp repeats are more dispersed through the genome. The
way the library was constructed could have offered a selection for inter-
spersed repeated sequences. The 180-bp repeat clusters were estimated to
be 2 50 kb [16]. Although in some of the 180-bp repeats a Sau3A site is
present, it is possible that during the construction of the partial Sau3A
cosmid library, cloning of these clusters was counterselected. Since the
500-bp elements have a normal distribution of Sau3A sites (2 and 4 sites,
respectively) counterselection does not occur.

The ladders obtained upon partial digestion of the genomic clones
indicate that the repetitive elements are tandemly organized. Hybridiza-
tion to partially restricted Arabidopsis DNA with the different repeats
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Figure 4. Tandem arrangement of the three repeat families.

One pg of Arabidopsis cellular DNA was incubated with one unit of restric-
tion enzyme for different times (1 hour, 2 hours, 4 hours). In the fourth
lane the Arabidopsis DNA was digested to completion by the addition of
excess enzyme and a prolonged incubation. Electrophoresis was carried out
on a 0.8% agarose gel. Labelled AR14 and AR22 were hybridized to HindIII-
restricted Arabidopsis DNA to demonstrate the organization of the 180-bp
and 500-bp family, respectively. The 1labelled 160-bp element AR31 was
probed against Alul-digested Arabidopsis DNA.

also resulted in typical ladders consisting of integral multiples of the
basic repeat sequence (Figure 4). In case of the 500-bp unit, a faint band
of 300-400 bp appeared under the main band of 500 bp, presumably represent-
ing fragments which lost part of the sequence. In all three families some
multimers are not digested even if excess enzyme is added (Figure 4). This
was also noticed with several genomic clones which were originally isolated
indicating some sequence heterogeneity.

By comparing the patterns obtained upon hybridization of MspI- or
Hpall-digested Arabidopsis DNA with a 500-bp repeat probe, the inner cyto-
sine was shown to be methylated in a majority of the CCGG sites situated in
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Figure 5. Restriction of total Arabidopsis DNA with the methylation-sensi-
tive enzymes Hpall (H) and MspI (M).
A. Three ug of completely digested DNA were loaded on each lane, resolved
on a 0.8% agarose gel and visualized by ethidium bromide staining.
B. Autoradiogram of the same lanes after Southern hybridization to the
labelled 500-bp element AR22. The 500-bp family 1is only partially
cleaved by Hpall.

the 500-bp elements (Figure 5). A similar conclusion was drawn concerning
the 180-bp repeats which is in agreement with previously published results
[16]. There is no HpalI/MspI site in the 160-bp repeat.

DISCUSSION

In this paper we describe three classes of highly repetitive DNA sequences
of Arabidopsis thaliana. The high degree of methylation, the tandem arran-
gement, and the slightly lower GC content, compared to the average value
for the Arabidopsis genome, suggest that the 500-bp and 180-bp family and
possibly the 160-bp family can be considered as satellite-l1ike DNA [8].
Together they comprise approximately 2¥ of the Arabidopsis nuclear genome
which is consistent with its simple organization [1,6]. According to our
colony hybridization experiment the described repeat families comprise the
major fraction of highly repetitive DNA in Arabidopsis. The Arabidopsis
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repetitive DNA has striking similarities to the properties of repetitive
sequences found in other organisms.

It is generally agreed that there is a continual flux of DNA sequences
in the higher eukaryotic genome resulting in new unique or repetitive DNA.
By accumulation of mutations repeated DNA diverges to unique sequences
whereas insertion of foreign elements or combination with adjacent, non-
repeated DNA leads to new repeat units which are amplified [39,40]. A
similar phenomenon can be observed in Arabidopsis. The 500-bp element
presumably arose by duplication of one half of a 180-bp repeat and inser-
tion of a foreign element between the two duplicated parts followed by
amplification and spreading through the genome. The inserted element which
can as an approximation be considered as a repetition of [C;_,T;_3A4_2To_2]
blocks resembles the telomeric sequences of organisms such as Tetrahymena
(CCCCAA), Trypanosoma (CCCTAA), Stylonychia (CCCCAAAA) or Physarum (CCCTAn)
[29]. Alternatively, the integrated sequence may have arisen independently
by processes such as slippage-replication [41,42]. This mechanism, involv-
ing the slippage of short oligonucleotide motifs against each other with
formation of single-stranded loops, may be an important source of variation
in repetitive DNA [42]. The so-called "super-HindIII" structure present in
one of the 180-bp repeats could also have arisen by DNA slippage.

A1l three families show a number of inverted and direct repeats but
none of these were significantly conserved within the family. Although the
observed motifs could be remnants of the original structure of the repeat
element, no individual sequence is essential for the maintenance of the
larger repeat [43,44].

Comparison of the isolated repeat sequences with previously published
ones (see results) revealed several similar sequencii that could occur by
chance alone with a low probability (10 to 5 x 10 ). However, no con-
sistantly conserved region could be identified. Repetitive elements of the
crucifers cauliflower, mustard and radish, all belonging to the same tribe
Brassiceae, were shown to have homologies ranging from 75X% to 80% [30,32].
However, the 180-bp elements of Arabidopsis, belonging to a different tribe
Sysimbrieae [45], are no more similar to the sequences in these plants than
to a human repetitive element [37].

The rapid divergence between different species in contrast to the
considerable homogeneity within a species suggests that a family of repeat-
ed sequences evolves in concert. Several mechanisms such as unequal cross-
over and gene conversion may be involved [46,47]. Although only a limited
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number of repeat units has been analyzed, the observation in the 180-bp
family that monomers derived from different clusters in the genome are more
diverged (13-15%) than monomers of the same array (6-8%) suggests that if
concerted evolution is at work, then it is not occurring uniformly through-
out the genome. The proposed mechanisms both require contact between
different chromosomes. It is possible that not all areays present in the
genome interact equally [35]. On the other hand, the elements of one array
could have arisen from a common ancestor, e.g. by a rolling circle mechan-
ism [30].

Although many hypotheses on the function of satellite-1ike DNA have
been postulated, their specific role in the genome remains a matter of
debate. Their low occurrence in Arabidopsis will allow us to study if
these repetitive DNAs are retained because of a specific function or if
they are simply the last junk or parasitic relics in the economical Arabi-
dopsis genome.
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