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ABSTRACT

In order to analyse further the genomic distribution of
repetitive sequences in the  Arabidopsis genome, we
have identified and characterized seven novel repetitive
sequences. Analysis of genomic representation, gen-
omic location and DNA sequence divided the seven
repeated sequences into two classes. The first was
represented by three cosmid subclones (182A, 74A,
191A) carrying sequences that hybridised to up to 20
genomic fragments and showed sequence homology to

the genes, Arabidopsis CCR?Z2, Arabidopsis MYB and to
various ATP-binding transport proteins. These multi-
gene families mapped to various positions within the
genome, as judged by hybridization to YAC clones
constituting the  Arabidopsis physical map. The second
class was represented by four cosmid subclones (106B,
164A, 163A, 278A) that hybridised to between 20 and
300 genomic fragments. One of these, 106B, is a
diverged, partial copy of the LTR of the  Arabidopsi s
retrotransposon  Athila. The other three sequences
showed no homology to known genes or proteins. The
distribution of these sequences on chromosome 4 was
analysed and sequences hybridizing to 106B, 164A and
163A were found exclusively at the centromeric region

of this chromosome. Their detailed arrangement at the
centromeric region of chromosome 4, relative to other
repeated sequence families and single copy seg-
uences, was determined.

INTRODUCTION

EMBL accession nos'

constitutes 5% of the barley genomé&)(and similar examples
have been shown in the wheat and lily genories (

In contrast with this picture, the genome Axfabidopsis
thalianais relatively small {lLO0 Mb, reviewed iY) and has a
low repetitive DNA content[25%). SinceArabidopsisis an
opportunistic wild plant, it is argued that there has been strong
selective pressure for a short generation time resulting in reduced
cell cycle time and genome size. If this is the case then any
repetitive DNA that has been maintained may be functionally
significant.

Of the repetitive DNA in thé\rabidopsisnuclear genome,
[110% is highly repetitive and a further 10% middle repetifiye (
Three tandemly repeated sequences constitii2dg of the
genome have been characterised, a 18#ibdlll repeat, a
related 500 bplindlll repeat and a 160 bp repe@at]0). In situ
hybridisation experiments demonstrated that the 180 bp tandemly
repeated sequences co-localised with the heterochromatin sur-
rounding the centromeres on all five chromosome pEir$2).
Schmidtet al (13) have recently shown that at least six other
classes of repeated sequences flank these tandemly repeates
sequences around the centromere on chromosome 4. The
telomeric repeats have also been defined, each telomere carrying
[B50 copies of a 7 bp tandemly repeated sequéwie (

The major component (7—8% of the genome) of the middle
repetitive fraction of theArabidopsisnuclear genome is the
rDNA, localised within the nucleolus organizing regions on
chromosomes 2 and 4. The rest of the middle repetitive DNA is
made up of dispersed repeat elements. If these averaged 1-2 kk
in length and were distributed randomly, thé®0 dispersed
repeats would be distributed, one per 125 K. (This long
interspersion pattern distinguish&sbidopsisfrom large plant
genomes such as maize wheig0% of the genome consists of
repetitive sequenced ) which are found interspersed with

Many large plant genomes have a high content of repetitive DNBlocks of middle repetitive and low copy sequences (e.4dthne
both tandem and dispersed. Tandemly repeated sequencesgaree;17,18). There has been little work addressing the identifica-

generally found at the centromeres and telomér8s gnd are

tion of these dispersed repeated sequences iAr#iedopsis

often associated with constitutively condensed heterochromatienome. The only two characterised retrotransposon families in
(3). Retrotransposon families form a major component oArabidopsisare theTa family (19,20) and theAthila family
dispersed repetitive DNA4Y and can occur at very high copy (21,22) which occur in 15 andll50 copies respectively. Most

numbers in some genomes. For exampleBIBe. retroelement

gene families so far characterizeddnabidopsishave relatively
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few members, however, there are some exceptions, for examf9). Ligations were transformed by electroporation into SURE
theB-tubulin gene family which has nine membe&r3) ( recombination deficient, electrocompetent cells (Stratagene).
To characterise repetitive DNA within teabidopsisgenome
further, 300 cosmids were examined for the presence of noyga
repeated sequences and the results are described here. The sequence
identified were analysed to determine their representation in t®uble-stranded DNA sequencing was performed qug 2f
genome, what proportion were genic, whether they wem®NA from each subclone using a Pharmacia T7 sequencing kit.
clustered in the genome and whether they were associated v@idquencing and PCR primers were made using a Pharmacia LKB
specific chromosomal areas. Gene Assembler Plus oligo-machirfgéequencing data was
compiled and analysed using the UWGCG sequencing packages
(30). Database searches were performed using FASTA and
BLASTX programmes.

gequencing

MATERIALS AND METHODS

Cosmid and plant DNA preparation and analysis

) . o Determination of copy number
A five genome equivalent cosmid library was constructed

(C. Lister and C. Dean, unpublished) by cloning size fractionatécbpy number was determined by comparing the hybridisation
SalBA partially digested Columbia genomic DNA into theintensity (on a Southern blot) of dilutions of each subclone insert
BanHI polylinker site of the pLAFR3 vectoR{). The average (equivalent to 1-100 copies assuming a genome size of 100 Mb)
insert size of the library was 25 kb (I. Bancroft and C. Deanvith 1 g of Columbia genomic DNA digested with the relevant
personal communication). It has been used extensively in teezyme to the subclone.
generation of cosmid contigs for use in the EC genome
sequencing project and these experiments have shown that gfiesy 15
majority of inserts faithfully represent genomic DNA. Cosmid
DNA was prepared using a method adapted fitihgnd €6).  Identification of cosmids containing repetitive DNA

Plant genomic DNA was prepared from the Columbia ecotypsequences

using the protocol fron2().
g P 0 To identify uncharacterised repetitive DNA sequences, 300

S ) randomly selected cosmids from a library containing DNA from
Hybridisation analysis theArabidopsisecotype Columbia were hybridised with Colum-

i bia total genomic DNA. Seventy-two cosmids showed a stronger
DNA was biotted and fixed onto Hybond-N nylon membrang, igisation signal than cosmids containing low copy sequences

following the recommended protocol (Amersham). Columbigng therefore were considered to contain repetitive DNA. The
genomic DNA (100 ng) labelled witla{*P1dCTP by random average cosmid size wag£5 kb and so the 72 cosmids represent
primer extension, was used to probe Southern blots. FragmeptSgos of the genome.
us_ed as probe_s were gel pur_ified_awa_ly from Vector sequencegy, 7o cosmids were hybridised with probes containing the
twice using a Qiaex gel extraction kit (Qiagen). All hybridisationg,a| chioroplast genome and coding and intergenic regions of the
were perform%d at 8% and washing was carried out at@3n  \p\A and 55 rDNA. The cosmids were also probed with three
0.1x SSC, 0.1% SDS. e characterised repetitive DNA sequences; a high copy tandemly
YAC colony and Southern blot hybridisation protocols Wergeneated 180 bp sequence in pAR), & 500 bp repeaf) and

performed as described i2d. the minisatellite arabms137). Of the initial 72 cosmids,

65 hybridised to known repetitive sequences (27 to chloroplast
DNA manipulations DNA, 22 to the 180/500 bp tandem repeat family, 13 to rDNA and

three to arabmsl) and were not studied further. They may,
Standard protocols were used to subclone the restriction frdgpwever, carry novel repetitive sequences linked to those
ments into the Bluescript SKStratagene) vector as outlined in previously characterized.

Table 1. Summary of the size, copy humber and genomic location of the subclones

Subclone Restriction fragment Size (kb) Homology Location Copy number
cloned
164A Hindlll 0.9 centromeric on chr 4, also mapping to other centromeric regions[ 1150
106B EcoRl 0.4 centromeric on chr 4, also mapping to other centromeric regions_Boo
278A EcaRlI/Bglll 1.3 centromeric but not on the present chr 4 contigs ko
163A Hindlll 0.45 centromeric on chr 4, also mapping to other centromeric regions[ bo
T4A EcoRI/Bglll 0.7 MYB dispersed on chr 4 and 5 and unmapped on other chromosomes¥ (for the MYB homology)
191A EcaRl 0.7 WHITE unknown [us

182A Bglll 1.8 CCR2 chr 2 [po
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A B. library (32) and positive hybridization was confirmed by
Southern blot analysis. The subclones, 164A and 106B, hybrid-
ized to a proportion of the YAC clones to which the respective
whole cosmids had hybridized. The cosmids, CC164 and CC106,

- had been found to hybridize to YAC clones that exclusively

- mapped to the centromeric region of chromosome 4 and
cross-hybridising sequences were not detected elsewhere on the
chromosome 1(3). The hybridization profile of each subclone

L., was analysed with respect to the relative overlap of the YAC

clones between markers mi233 and mi87 and around HY4/nga8.

These overlaps created intervals varying between 10 and 300 kb

to which the repetitive sequences could be mappe®jFid4A

hybridised to multiple intervals located across the whole cen-
tromeric region including the interval mapping in between the

180 bp repeat loci that contained the single-copy marker mi87.

163A was found associated with 164A but was detected only on

one side of the 180 bp repeat loci, 106B related sequences were
more clustered around the 180 bp repeat loci, being closely
associated with sequences cross-hybridizing to 164A in this area.

There was one 106B locus located someway within the short arm

of chromosome 4, close to the marker mi233.

- The association of sequences carried in 164A and 106B with

‘ ‘ YAC clones, containing the 180 bp repeat array and not mapping
b to chromosome 4, suggests that 164A and 106B sequences are
localised around centromeres of at least some of the other

chromosomes. 278A hybridised to a subset of the 164A/106B

Figure 1.Genomic copy number estimates for subclones 106B and 164A. EachfAC clones. Thus sequences cross-hybridizing to 278A localise

subclone was digested to excise the insert and serial dilutions prepared. 1-18@ one or more centromeric regions. 278A cross-hybridizing

genomi_c zopie(flin dfe('jation tgé})g g; )Aéabidopéislge“bf?mic DNA were  gequences were not found on the YAC contigs available for the
etermined and loaded on a 0.8% ¢&). Onepg Columbia genomic DNA : :

digested withEcdRl, (C), alongside 1-100 equivalent copies of 106B. The Centromenc. r?9'°“ of chromosome 4. . .
arrow shows the position of 100 equivalent copies of 106B in the genomic 1 N€ remaining subclones 182A, 74A and 191A did not localise

G 1 g S5 W 20 5 0 C 1 2 6B 1@

:
:
l_.

digest. B) Onepg of Columbia genomic DNA digested wikfindlll, (C), to the centromere on chromosome 4 and were found at dispersed
alongside 1-20 copies of the 164A. The position of five equivalent copies ofgcations throughout the genome. 182A hybridised to two CIC
164A in the genomic digest is marked by the arrow. YAC clones, CIC5B4 and CIC7E2. Both co-ordinates have been

previously mapped to chromosome33)( 191A hybridised to

one YAC clone CIC11G5 whose position is unknown at present.

For 74A0070 corresponding YAC clones were identified in YAC
The cloned sequences are present in between 20 and colony hybridisations. Some of these co-ordinates map to
300 copies in theArabidopsisgenome chromosomes 4 and 5. Up to four loci for sequences related to this
e?_'osmid have been identified on chromosome 4 and up to 12

remaining cosmids that hybridised strongly Acabidopsis potential locations have been found dispersed along the length of

genomic DNA was subcloned (summarized in TableThese chromosome 5 (R. Schmidt and C. Dean, unpublished data).
were called 164A, 106B, 278A, 163A, 74A, 191A and 182A.

Only part of a large repetitive element or one of multipleSequence analysis of the repeated sequences in the

repetitive elements from each cosmid would be analysed usisgbclones

this approach. The copy number of the cross-hybridizing

sequences was estimated by determining the number of restrii®de DNA sequences were analysed for distinct features such as
tion fragments in thérabidopsisgenome hybridising to each tandem arrays, microsatellite sequences and direct and inverted
subclone. Reconstruction experiments showed that 164A hybrépeat motifs. Four clones, 163A, 106B, 278A and 164A,
dised to1150 fragments (five of which were the same size as treontained direct and inverted repeat motifs of between 9 and
subclone) and 106B 300 (1100 of which were the same size 24 bp in one or two copies.

as the subclone) (Fid). 278A hybridised td 20 fragments, Homology searches to all available DNA and peptide sequence
163A to [P0 fragments and 191A and 182A hybridised?06  databases were performed. 182A (EMBL accession no. X93610)
restriction fragments each (data not shown). was found to have significant DNA homology to @@&R2gene

(93% in the 276 bp overlap). This gene encodes a glycine-rich
protein, contains an RNA-binding motif containing and is a
member of a small gene family with approximately six members
The repeated sequences were mapped ontd\rddgidopsis (34). 182A hybridised to two CIC YAC clones positioned on the
genome by taking advantage of the physical map of chromosomptysical map of chromosome 2.

generated in YAC cloned ®). All the available subclones were  The sequence analysis of 74A (EMBL accession no. X93607)
hybridized to colony filters carrying YAC clones from the ClCrevealed two distinctive features, a (@énicrosatellite repeat

The smallest restriction fragment within each of the sev

Chromosomal location of the seven repeated sequences
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Figure 2. Distribution of repeated sequences in the centromeric region of chromosome 4. The YAC contig map of chromosome 4 is shown at the left of the fig
The four YAC contigs are represented as grey boxes. The YAC contigs, constituting the physical map in the centromeric region of chromosome 4, are shown 1
right. The regions shown as broken lines are gaps between the contigs where no YAC clones have as yet been identified. All YAC clones which have been us
the distribution analysis of the repeated DNA sequences are represented as vertical rectangles. The YAC clones are drawn to scale and any chimaeric regions are
black. The locations of the RFLP markers, the 18Blibdlll and 5S rDNA repeat arrays are indicated relative to the YAC clones. The overlap of the YAC clones
defines the various intervals which can be assessed for the presence of sequences related to the repetitive subclones. The boundaries of the intervals are indi
the horizontal lines. Hybridization of a subclone to a particular interval is shown by a black symbol. 106B related sequences are indicated as filled circles, while 1
and 163A related sequences are represented by squares and triangles respectively.

in the middle of the clone and a region showing homology to ttene CIC YAC clone, the position of which on the physical map is
MYB class of transcriptional regulators. TMYB genes in  unknown. This would suggest that all the associated sequences to
ArabidopsisandZea maysontain twd 60 amino acid imperfect 191A are clustered within one region.
repeats at the N-terminus, thought to be necessary for DNAThe subclone 106B (EMBL accession no. X93611) was found
binding. The predicted peptide sequence of 74A shows strotmghave significant DNA sequence homology to the long terminal
homology to these conserved repeats inAtabidopsisMYB  repeats (LTR) of the recently characteria#la retrotransposon
geneGL1 (55% in the first repeat and 75% in the overlap regio(EMBL accession no. X8180131,22). The clone showed 70%
of the second repea#) gene required farichome differentiation DNA sequence homology to the left LTR and 69% homology to
in Arabidopsig(35). the right LTR. The level of homology suggests that the sequence
(GA), microsatellites, like the dinucleotide repeat found irin clone 106B represents a diverged copy of an LTR from this
74A, are one of the least abundant microsatellitsahidopsis  group of retroelements.
(36). They are highly polymorphic and estimated to occur once The remaining three subclones, 163A (EMBL accession no.
every 244 kb. To determine whether the GA microsatellite or th693608), 164A (EMBL accession no. X92080) and 278A
MY B homologous sequences contributed to the highly repetititéMBL accession no. X92081) had no significant homology to
pattern of this clone, PCR primers were designed to separatelyy database entries or to each other.
amplify the microsatellite and thdYBDNA binding region. The
resulting PCR products were used to probe Columbia genontifscussioN
Southern blots. ThelYBPCR probe hybridised to seveéodRlI
fragments whereas the microsatellite hybridisedltdO frag- We describe here the identification of novel middle repetitive
ments (data not shown) demonstrating that the 4g3fjcro-  DNA sequences in tha.thalianaecotype Columbia genome.
satellite accounted for the hybridisation pattern of 74A. This waghis fraction of thérabidopsiggenome is relatively uncharacter-
further confirmed by analyzing the YAC clones corresponding tiged. Analysis of genomic representation, chromosomal location
74A using Southern blot analysis. Ti¢YB homologous and DNA and predicted peptide sequence divided the repeated
sequences hybridised to only two of the 16 putative loci for 74Aequences into two classes summarised in Tablee first class
which had been anchored on chromosomes 4 and 5. represented gene sequences, with up to 20 associated genomi
191A (EMBL accession no. X93606) showed significant nucledragments. From the proportion of the repeats that fell into this
tide sequence homology to tabidopsisEST at 8149 DNA, 85% class, it is likely that a high proportion of the dispersed repeated
in the 69 bp overlap. It also showed predicted peptide homologyg4equences in thrabidopsisgenome are made up of large gene
various ATP-binding transport proteins, including Bresophila  families.
white protein (sp:P10090). Comparison with other ATP-binding The second class of sequences had no homology to known
transport proteins identified a putative ATP binding site. 1914enes. They were present in betwégf and 300 copies and
hybridized td 118 fragments in Columbia genomic DNA but to onlywere clustered in the genome. No highly repetitive DNA
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sequences other than those previously characteris@Hog(©)  genomic fragment so at least some of this DNA is not repetitive.
were detected in the initial cosmid screening experiments.  This region might equate to the essential centromere core.

One of the subclones, 106B, was found to be a diverged, parti@milies of other repetitive sequences are also present up to
sequence of the LTR of tighila retroelement. It is possible that 1.5 Mb away from the 180 bp tandem repeat loci on each
the cosmid CC106 contains an intact copy of a related elemediromosome arm and these may represent the non-essential
The Athila retrotransposon is found in up to 150 copies in thé&unctional flanking DNA. It will be interesting to see if the
Arabidopsisecotype C2441,22). It has been estimated that upasymmetry of the 163A hybridizing sequences is functionally
to 200 retroelements may be present in the Arabidopsis genosignificant.
(37), thusAthila is likely to constitute a significant number of The repeated sequences comprising the heterochromatin
these. Since the estimated copy number of 106808, this may around centromeres are generally species-speéiic low-
indicate that all the LTRs are associated with intact elements (o&eer, Ssome centromeric repeats have been shown to be chromo-
at each end). Diverged copies of fhila element have been some-specific, for example the pBcKB4 and pBoKB1 repeats in
found and are likely to represent inactive remnants of olBrassicachromosomes4(l). The repetitive element in 278A
integration event£2). OneAthila element was found integrated would appear to be an example of this class of repeat. It is
within the 180 bp repeat tandem array and from a distributicassociated with 164A, 106B and 180 bp repeat loci sequences but
analysis ofAthila within YAC andA libraries Pelissiegt al (22) is not present on the YAC contigs currently available for the
concluded that the elements were concentrated at the centromegibtromeric region of chromosome 4. The availability of the
regions. Our analysis of the distribution of repeated sequencebysical maps for the other chromosomes, in combination with
including 106B, across the centromeric region of the physic#i situhybridisation analysis, will allow the distribution of repeats
map of chromosome 4 shows that sequences related to 106B aueh as these to be analysed and to further examine the
hence the LTRs dfthila are clustered in this region particularly organization oArabidopsiscentromeres.
around the 180 bp repeat arrays. We have also detected sequences
related to 106B up to 1.5 Mb away from the 180 bp repeat arraysCKNOWLEDGEMENTS
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