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Abstract. We have applied computational methods totheir mode of transposition (Berg and Howe 1989). DNA
the available database and identified several families ofransposons, such as tlhe/Ds family (Federoff 1989),
repetitive DNA elements in thArabidopsis thaliangge- are mobilized via DNA intermediates, and retro-
nome. While some of the elements have features extransposable elements are mobilized through RNA
pected of either miniature inverted-repeat transposablé/Neiner et al. 1986). While the evolutionary roles of
elements (MITES) or retrotransposons, the most abunthese elements remain to be clearly defined (Lonnig and
dant class of repetitive elements, tA¢hE1 family, is  Saedler 1997), it is clear that they have the potential to
structurally related to neither. Th&thE1 family mem-  serve as a major source of mutation and to contribute
bers are defined by conservetl @nd 3 sequences, but specific regulatory sequences to genes (Britten 1997;
these terminal sequences do not represent either invertélessler 1996).
or direct repeatsAthE1 family members with greater Arabidopsis thalianaan invaluable model species for
than 98% identity are easily identified on differékriab-  studies of plant biology, has a relatively low content of
idopsischromosomes. Similar to nonautonomous DNA- repetitive DNA (Bureau et al. 1996; Pruitt and Meyero-
based transposon families, tih¢hE1 family contains  witz 1986). A number of transposons (Frank et al. 1997),
members in which the conserved terminal domains flanketrotransposable elements (Chye et al. 1997; Konieczny
unrelated sequences. The primary utility of characterizet al. 1991; Pelissier et al. 1995; Wright et al. 1996), and
ing repetitive sequences is in defining, at least in part, theother repetitive DNAs (Martinez-Zapater et al. 1986; Ri-
evolutionary architecture of specifidrabidopsisloci. chards et al. 1991; Schmidt et al. 1995; Simoens et al.
The repetitive elements described here make up approxit988; Thompson et al. 1996a—c) have been identified in
mately 1% of the availablérabidopsis thalianageno-  this organism.
mic sequence. We have previously employed search algorithms
based upon identification of inverted repeated domains
Key Words: Miniature inverted-repeat transposable to characterize repetitive DNA elements from solana-
element — Retrotransposon — Recombination — Planteous plants (Oosumi and Belknap 1997; Oosumi et al.
1995b),C. elegangOosumi et al. 1995b, Oosumi et al.
Introduction 1996), and humans (Oosumi et al. 1995a). An alternative
algorithm was employed here to identify several repeat
Repetitive DNA, in particular mobile genetic elements, families in Arabidopsis.One of the subfamilies of re-
represent significant portions of many plant genomesyeats is contained within a previously identified repeated
(Bureau et al. 1996; SanMiguel et al. 1996). Mobile el- ygomain (repeat ATR0053 of the AtRepBase, N.N. De-
ements are classified into two basic groups based upoghia and G.P. Copenhaver, Cold Spring Harbor Labora-
tory). The development of a complete inventory of these
elements is important for both an accurate definition of
Correspondence tawilliam Belknap; e-mail: wrb@pw.usda.gov repetitive sequence domains with the database and the
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AB010073 TTTATTAGTATAATTTAAGATTCIAA GGTGGTGTTATTCAATTATGGAGTTAAAGTCAATTCTTTAAGCTTTAGATTT
AF069442 AGCTAATGATTATATTTGAATATITA A
D31712 AACCAACAAAAAGATTCAGAATTAC---- T A

AB012241 AGTACAAACATGACAAGTCTTTCITA

AB010073 GTTTTCTGATATTGTTTTTAAGAATATGTTTGT-242 BP-TTTAGAATCATTAGTTGAATAACAGTGGATTAGTATT

AF069442 A -242 BP- G
D31712 C -241 BP- T G
AB012241 T C -229 BP- A G
Z
AB010073 GGATTTCAATTCTATTAAAATCCATTAACGAATAACACCCCC TAAAGTACCATCCATTATTCTTTTCAAACGAATACA
AF069442 T TITAGATAAATTACCAATAAGGCTACAGCTTATGCAT
D31712 T TTAAAGTTAACTCTTTCAAAACCGATCATAACGCAC
AB012241 JITAGTTTGTTACATCATGTCGAACAAGCAACAAAAC

Fig. 1. Alignment of the 5 and 3 ends of MAthElrepeats from in GenBank accession numbers for nucleotides shown are as follows:
Arabidopsis. Inverted-repeat domains are indicated &yows and AB010073, 74,004-74,471 (reverse complement); AF069442, 17,128
flanking direct repeats arenderlined.Sizes of regions of the repeats 17,594; D31712, 73-536; and AB012241, 38,431-38,898. The re-
not shown are indicated. Within the repeated domains, only mis-peated domain in D31712 is located at position —850 relative to the
matched bases are shown and gaps are indicatethsiyesPositions transcription start (Ohta et al. 1995).

characterization of their contribution to the evolutionary €t al. 1996; Wessler et al. 1995) Arabidopsis.The first

architecture of theArabidopsisgenome. class of repeats, designat®tAthEl, is small (approxi-
mately 400-bp) elements defined by 25-bp imperfect in-

verted repeats (Fig. 1). The inverted repeats are flanked

Materials and Methods by a trinucleotide AT-rich direct repeats, representing a
potential target site duplication common to these types of
Computational Analysis elements (Bureau et al. 1996; Bureau and Wessler,

1992). Highly similar copies oMAthE1 are found on
Repeated sequences were identified within Mrabidopsis thaliana  several Arabidopsis chromosomes. The locus
genome using a search algorithm written in C programming Ianguag%THCPf.%lC(Fig. 1; accession D31712) encodes the gene
and run under a Linux platform (Micron Millenia 300MHz P@)rab- for the Chloroplast binding protein cp3l (Ohta et al

idopsissequences for analysis were downloaded via ENTREZ from the . h .
NCBI server in Maryland. Both individual BAC clones and approxi- 1995)' In this case thklathElelement is located in the

mately 1-Mb segments of a large contig (Bevan et al. 1998) werePpromoter region, 840 bp’Jo the transcription start site.
entered into the search routine. The search algorithm compared simiThe MAthE1elements are relatively rare in the genome,
larities between two user-defined windows. Similarity between the seyith fewer than 10 copies in the available database.
quence windows was either reported or ignored based upon user- The second group of repetitive elements with struc-

defined GC content and match percentage. L7 . .

When a match with percentage ident{fy) and GC content above tural fee_lture_s similar to MITEs '_S tHdAthE2family. As
the user threshold was located, a separate algorithm was employed 8hown in Fig. 2, these approximately 600-bp elements
define the approximate length of the repeated sequence. The origin@re defined by 24-bp imperfect inverted repeats, flanked
window size(X) was increasedq{ = X + 1) simultaneously in both the by potential dinucleotide TA target site duplications (Bu-
5" and the 3 directions. With each increase in window size, the per- reau and Wessler, 1994; Oosumi et al. 1996). The
centage identity of the expanded window&)(was determined, ex- ’ . : )
pansion was continued unti®, dropped to a value two percentage MathE2 elements are conS|derany more abundant than
points less than the value observed in the main algorithm. The outputhe MathE1 repeats; more than 7RIAthE2 repeats are
files from individual searches were then screened for related sequencesasily identified in the available database by using the
using BLAST Network Service of the National Center for Biotechnol- tarminal inverted-repeat domains in Fig. 2 as a query.
ogy Information (Altschul et al. 1990) using the default matrix The MAthE2 querv also revealed the presence of a
(Altschul et al. 1990). The actual boundaries of the repeated domain . q y_ P .
described here were determined by direct comparison of related re- AthEZ2like element in the tomato polyphenol OX'dase
peats from multiple loci using MacVector (Eastman Kodak Co.). A gene (epooxA (Newman et al. 1993). The portion of
AssemblyLIGN (Eastman Kodak Co.) was used in the derivation ofthe LepooxAgene flanked byMAthEZ2like sequences
consensus sequences. spans the region from —1694 to —93 relative to the trans-
lation start site and includes the putative CAAT box
(Newman et al. 1993).

The third family of MITE-like repetitive sequences
found are theMAthE3elements (Fig. 3). ThMAthE3.1
repeats (Fig. 3A) are defined by 135-bp terminal inverted
repeats, are approximately 300 bp in length, and are
The computational survey employed here revealed threlanked by 8-bp direct repeats. TIMAthE3.1lelements

families of repetitive DNAs resembling MITEs (Bureau are less abundant than tMAthE2repeats, with 11 cop-

Results

Repetitive Elements Resembling Miniature
Inverted-Repeat Transposable Elements (MITES)
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AB005244 TCTTAGCCGTAACCATTTAATGGACAATIA CAGTAAAACCTCCATAAATTAATACTCGATAAATTAATAA
AB005247 ATAATTAATTTCTTAAATAGTCATAAACIA T
197337 AATCTTGAAACTGTGAGGTTTTGTGATATA T AT
AB005244 TCTCTATAAATTAATAATTTTTTCCGGTCCCGAGTTGGGAC-425 BP-AATACCTCTCTAAATTAATAAA
AB005247 C A A C AT -422 BP- T
197337 TT A C A C -396 BP-

Z.
AB005244 TTTTTTCGGTCCCGACATTATTAATTTATAGAGGTTTTACTG TAAATGATTACGTGGTTTTATAATAATTC
AB005247 C A TJATATGCGTTTTTAGTTTCGAGAAAAGCA
197337 A GTA A TJAGCTTGAATTTTAACTTTCTAATTTATT

Fig. 2. Alignment of the 5 and 3 ends ofMAthE2repeats fromArabidopsis.Inverted and direct repeats, mismatches, and gaps are indicated as
in Fig. 1. Sizes of regions of the repeats not shown are indicated. Positions in GenBank accession numbers for nucleotides shown are as follows:
AB005244, 417-1045; AB005247, 28,249-28,874; and 297337, 26,952-27,551.

A

N
AB005233 TTTTGTTTTTCACTCAATATTITATTITTA GGGTGTGTTGGCAAAATAGTCACTTTTTCAAACTTAATTAA
AF076275 CCACCCAAACTTGCATGGGTTATATATAA T \(i
AB005233 GAAAGTAGTCACTTTACTATTTATAATTTGCAAAATAGTCACTTTTCACAGTTTGATTCGTACACTTGGATT
AF076275 C T T 6 T A
~ z
AB005233 GTACATCACTTTTAGTATACAAATGTAAAGTGTACGCTGTGTATTTTTATATATATTTGTACACTAAAAGTG
AF076275 ¢ A
z
AB005233 ATGTACAATCTAAGTGTACGAATCAAACAGTGAAAA-GTAACTATTTTGCAAATTATGAATAATAAAGTGAC
AF076275 6 A - 6 A A
<z
AB005233 TACTTTTCTAATTAAGTTTAAAAAAGTGACTAGTTTGCAAATTAACTCT TTATTTTAATGTATTACTATAA
AF076275 T C C A A ATATATAATGGATTAAATGCCA

B ~

AC002329 ATTTAAAGTAGTAAATACAA GGGTTTATTTGTAAAGTAGACACTTTTTCAAAAATAATTTGCAAAATAGGTAGTTT

ACOO4481 ACTCGTCTTCCCITTATAAA G C G
=~ * <z
AC002329 TTTAAAAAATTAGAGATATAGACACTTTTTTTTACTTTTTGTGAGATAGAGAATATGT-1015 BP-CTAAAAAA-C
ACOOLL81 TG - G G -1057 BP- T A
7
AC002329 TACCTACTTTGCAAATTATTTGTAGAAAAAGTGTCTACTTTTCAACTTATCTCT AAATACAATCCGAAAACTGAC
ACOOL4481 T CG TCTATAAATAAACAGACAACA

Fig. 3. Alignment of MAthE3 repeats fromArabidopsis.A Align- element in the relateMAthE3.2repeat in accession number 297335
ment of MAthE3.1repeats.B Alignment of the 5 and 3 ends of (Fig. 8). Positions in GenBank accession numbers for nucleotides
MAhE3.2repeats. Inverted and direct repeats, mismatches, and gapshown are as follows: AB005233, 36,998-37,353; AF076275, 13,720—
are indicated as in Fig. 1. Sizes of regions of the repeats not shown are4,075; AC002339, 36,060-37,292 (reverse complement); and
indicated. Theasteriskmarks the target site of insertion of tA¢hE1.4 AC004481, 27,807-29,108.

ies in the available database. TREAthE3.2repeats are tural features of a nonviral retrotransposable element
longer elements (approximately 1.2 kbp) defined by 70-was identified. An alignment oRAthE1l elements is

bp terminal inverted repeats similar to thRAthE3.1re-  shown in Fig. 4. These elements are approximately 170
peats (Fig. 3B). They are also flanked by 8-bp directbp in length, have well-defined ends, terminate in'a 3
repeats and are relatively infrequent (eight copies in theligo(A) tail, and are flanked by 8- to 11-bp direct
database). The twiglAthE3.2elements shown in Fig. 3B repeats. These structural features are similar to short in-
are 93% conserved. terspersed nuclear elements (SINES), retroelements
common to eukaryotic genomes (Weiner et al. 1986).
RAthE1lelements are relatively common in ti#eab-
idopsisgenome; approximately 40 copies can be identi-
In addition to the MITE-like repetitive DNAs described fied in the available database using sequences shown in
above, another familyRAthE1,with many of the struc-  Fig. 4.

A Retroposon-like Repetitive Element
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AC002294 TAACATCAGTCTTATTTAATITATGATTTTA ACCAAGTGTCGTTAGCTCAATTGGTAAAGACCTTATGC-AAAGCT

AC004512 AACTATCGAAGCAAGTGAAAAAIGTTCATT A T TC 6 - TT
X98130 ATATTGATTTTGATAAAAGATATACATATG C 6 6 -

AC002294 TAGAGGTCGCCGGTTCGAGTGACGCTTGGGACGAAACTAATATTTTATGCTGTGGTTTCAGGCCTGGGGGATTACG

ACOO4512 A AC o T 717

X98130 A C AT A GC AT GGA A

AC002294 GACTTTGACCCACAACCTCCAA-GATTTAAAAAAAAAAATAAAAAAAAA TTATGATTTTAAATCGAAATTTTGTTC
ACOO04512 C GT GT TT-CA GA TGTTCATTATTTCAAAACAAAAAATTA
X98130 6 CGA A T T6- 6 A GATATACATATGACATACGCGTGCGAC

Fig. 4. Alignment of RAthElrepeats fromArabidopsis.Direct repeats, mismatches, and gaps are indicated as in Fig. 1. Positions in GenBank
accession numbers for nucleotides shown are as follows: AC002294, 60,260-60,486 (reverse complement); AC004512, 83,436-83,660; and
X98130, 33,537-33,763 (reverse complement).

AF007271 CTCCCTTGCAACAAATAT ATCCTACTATATTATTTGGGAAGTACATTTTAAATGTAA-1781 BP-CCGCGGTATACCGCGGGTTAAAATCTAGT TAGATTATAAGTTT

AF007271 TAAATACTACTCATIIIC -2060 BP- A TTTCTTTTTAAAGT
AC003974 TGTAGTATGAGGTTAATA -1988 BP- AACAGTTTATAAAT
AF013294 TATTTGTTAGGCAAAAAA -1231 BP- TAAGTATGTATAGA
AB0O09051 TAAGGTGAAATAATCATA - 759 BP- TTTTTGTTTAAAAT
AC002505 TTTGCTTAAATTTTGTAT -1980 BP- CTATGTTTATTATA
197335 TTTTTTGTGAGATAGAAA A -2060 BP- TTGTGTAATAAACT
AC002983 AGATACGAAGCAACCAAA -2005 BP- A CGTTTAGTAGATTT
AF069442 ATTATGAAAAATGTGTTA T -2005 BP-A A TCACTTATAGTGGT
AF000657 CAGTAGATTATAATTTAT -2005 BP-  ---------- C TTCATGTATAATAA
ABO06700 TTTTACAAATGAAAGATA A A -2002 BP- T T A CATAGTAAGAAAAA
ABO1147 TATATAGCCATTTAAAAC A T T A -2002 BP- *CCTACTATATTATT
AF001308 AGAAACAAGTAGATCATA A A -2058 BP- A ATCAAATTAAGACT
197338 TTAGAAAATTTGGAAAAT -1986 BP- A A A ATATCGTACAAAAG
AC003952 GATATCATTAGTATTTAT C -1223 BP- T T CGATTTATATTTAC

Fig. 5. Alignment of the 5 and 3 ends of AthEl.4repeats from  AC002983, 24,274-26,378; AF069442, 31,671-33,776 (reverse
Arabidopsis.Mismatches, gaps, and sizes of internal domains are in-complement); AF000657, 54,195-56,291 (reverse complement);
dicated as in Fig. 1. Positions in GenBank accession numbers foAB006700, 76,735-78,836; AB0011477, 30,903-33,004; AF001308,
nucleotides shown are as follows: AF007271, 62,750-64,360;89,925-92,084; 797338, 93,035-95,121 (reverse complement); and
AF007271, 29,725-31,885 (reverse complement); AC003974, 30,422AC003952, 9632-10,953. Thasteriskin AB01147 indicates that the
32,508; AF013294, 55,773-57,105; AB009051, 984-1842; AC0025053" flanking sequence represents an adjadehElelement.
70,766-72,844 (reverse complement); 297335, 21,483-23,642;

While a variety of retroelements has been described irends of theAthEl.4elements are highly conserved (Fig.
the Arabidopsisgenome (Chye et al. 1997; Konieczny et 5), the terminal sequences represent neither inverted or
al. 1991, Pelissier et al. 1995; Wright et al. 1996; Wrightdirect repeats. In addition to a number of full-length
and Voytas 1998), th&®AthElfamily members do not AthE1l.4elements, severely deleted forms are also ob-
share sequence similarity with previously identifikd-  served (Fig. 5). Finally, in contrast to tRdAthE and
bidopsisretroposons. RAthE elements (Figs. 1-4), these repetitive sequences
are not, in general, flanked by direct repeats (Fig. 5).

By using the conserved %&nd 3 terminal sequences
as database queries, a number of ofkthE 1subfamilies
The most common repetitive elements Amabidopsis  can be identified. While members of different subfami-
identified by this computational survey were tAthE1  lies can contain little or no internal similarity, the termi-
family members. TheAthE1 family is heterogeneous, nal sequences which define the elements are conserved.
however, highly similar members can be identified For example, the partial sequences members of the fam-
within the database. Figure 5 shows a partial alignmently delineatedAthEl.1are shown in Fig. 6. These ele-
of threeAthElelements, in a subfamily denot&thE1.4. ments are approximately 900 bp in leng&thEl.1ele-

The AthEl.4family is abundant in thé\rabidopsisge- ments located in threérabidopsis BAC clones
nome, and one these elements is contained within thé€GenBank accession numbers AB010695, AB012244,
previously described repeat ATR0053 (N.N. Dedhia andand AC001645) are approximately 95% conserved at the
G.P. Copenhaver; AtRepBase, Cold Spring Harbordifferent loci. Similar to theAthE1.4family, examination
Laboratory). Full-lengthAthE1l.4elements are approxi- of sequences flanking a numberAthE1.1family mem-
mately 2070 bp in length, and highly conserved memberders (Fig. 6) reveals the absence of direct repeated do-
are easily identified. For example, alignment of elementgnains. Comparison of the sequences AthEL1.1
from three BAC clones (GenBank accession numbergAB0106975 (Fig. 6)] andAthE1.4[AF000657 (Fig. 5)]
AF00657, AF069442, and AB006700) reveals 98% iden-elements reveals that sequence similarity is limited to
tity between them (data not shown). While theahid 3 short domains in the’3erminal 100 bp (data not shown).

The AthE1 Family of Repetitive Elements
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AC002330 ATAAAAAATCTGATAA ATCTATATATACATTTTTGCAGCCATTTTAGCAAATAAAT-804 BP-CCGCAGTGTACCGCGGGTTAAAATCTAGT GTTTTACAATTTTACA

AF069716 ATTGGTTTATAGATTT T -807 BP- T 6 AAGGAATTGAAAATCC
AB006701 TAATTAATACACTGTT -935 BP- GA A TAAATATATATAATTA
AB011483 TTCATAATTTGAAAAC T T -787 BP- 6 AACATGTATTTTTGCT
AC002986 ACAATTGGCGAAAGGT A -811 BP- G TTTCATATATTTTAAA
AC000348 GGTGATATAATATAAC A -805 BP- A G A GCATCTTATAGCTGCA
AF058914 TTAAACTAACGAGTTA T C T6 -705 BP- G AC A AATAGTATATAATAAG
197339 AGATGGTATTTCTAAA -820 Bp- T GA TAATAATTAAAGTTGG
AC002396 TACACACTTATTATAT c T -786 BP- G A A TGATCTTATTTTTGGT
1299707 AAGTAAAAGTTGAACT C T G T -826 BP- ACG AA AAAATTCTATTATTGA
AB011478 AAATCAAAATATATAT -817 BP- 6 A--------- A ATATATATATATATAT
AB010695 ATTAATTGAACGAGTC -820 BP- 6 A A T TTACATATATATATGG
197340 AAAAAAAAAACTGTAT A -760 BP- 6 .- ACTATTAATACAATAC
AB012244 TATTCAGTTTTTCAGA -818 BP- G A A T ACTATGTTCATTTTTG
AC001645 AAAAGTATATTTTGAA T T -810 BP- 6 A A A A TCTTCTTAATTTCCGA

Fig. 6. Alignment of the 5 and 3 ends of AthEl.1repeats from 26,510 (reverse complement); AF058914, 99,658-100,465 (reverse
Arabidopsis.Mismatches, gaps, and sizes of internal domains are in-complement); 297339, 67,706-68,626; AC002396, 102,052—-102,938
dicated as in Fig. 1. Positions in GenBank accession numbers fofreverse complement); 299707, 65,461-66,388 (reverse complement);
nucleotides shown are as follows: AC002330, 11,493-12,397;AB011478, 45,070-45,979 (reverse complement); AB010695, 23,719—
AF069716, 11,055-11,962; AB006701, 68,266—-69,301; AB011483,24,638; 297340, 159,186-160,043; AB012244, 41,584-42,504 (re-
34,125-35,011; AC002986, 84,458-85,369; AC000348, 25,603-verse complement); and AC001645, 13,160-14,070.

ATHEL .1 ATCTATATATAT-ATTTTTGCAGCCATTTTAGCAAATAAAT- 800 BP-CCGCGGTGTACCGCGGGTTAAAATCTAGT
ATHEL.2 ATCTATATATA-CATTTTTGCAGCCATTTTGTGAAATAAAT- 500 BP-CCGCGGTATACCGCAGGTTAAAATCTAGT
ATHEL.3 ATCTACATATAT-ATTTTTGCAGCTATTTTGTGAAATAAAT- 500 BP-CCGCGGTATACCGCGGGTTAAAATCTAGT
ATHEL . 4 ATCCTACTATAT--TATTTGGGAAGTACATTTTAAATATAA-2000 BP-CCGCGGTATACCGCGGGTTAAAATCTAGT
ATHEL.5 ATCTATATATA-CATTTTTGTAGACGTTTTTTGAAGATAAT-2100 BP-CCGCGGTATACCGCATGTTAATATCTAGT
ATHEL.6 ATCTATATATA-CATTTTTGCAGCCATTTTATGAAATAAAT-1000 BP-CCGCAATACATCGCGGGTTAAAATCTAGT
ATHEL.7 AATC-ATATATATGAAAGTTGGCCAACTCTCTTCAAATAAAT-1100 BP-CCCACGCGTAGCGTGGGTACTCATCTAGT
ATHEL.8 AATC-ATATATATGAAAGTTGGCCAACACTCTTCATATGAGT- 800 BP-CCCATGCGTAGCATGGGTGTTCATCTAGT
ATHEL.9 ATCTTATTATATAAAGTATGGTTTTTAAAATTACTAACTCA- 600 BP-CCCGCCTATTTAGGCGGGCCTTATCTAGT

Fig. 7. Consensus terminal regions of tA¢hE1subfamilies. Consensus sequences were determined within each subfamily. Alignment derived
using AssemblyLIGN (Eastman Kodak Co.). Gaps and positions of repeat internal domains are indicdastdsy

Figure 7 shows the consensus terminal sequences, améble 1. Location of representative repeats, size, and frequency of
average insertion size, of nine subfamiliesAdhElre-  AthElsubfamilies
peats. Locations of representative elements for each sub-

family (to assist in identification of additional subfamily Repeat Size - Frequency
. . . . Locus position (bp) (No. copies)
members) and their approximate frequency in the avail
able database are shown in Table 1. While within eachthEll AC002396  18,201-19,075 880 35
subfamily highly conserved copies can be identified, in-Athel.2  AB011485  38,033-38,591 950 37
AthE1.3 Z97340 11,3101-11,3681 590 17

tgrnal sequence similarity between the subfamilies is, =17  Apo11477 3092132990 2100 55

limited. Of these subfamilies, th&thE1.1, AthE1l.2and Athel5 AF058826 39,149-41,380 2,200 12

AthE1.3repeats are the most closely related, with simi-AthE1l.6 AB005236  24,719-25,733 1,000 23

larity at both the 5(100-bp) and the '3(150-bp) ends of AthEL7 AF058914  34,794-35974 1200 7

the repeats. In addition, subfamiliashE1.7andAthE1.8 ﬁmgi-g 2;8%232 gg'jgg_%fgg ggg g

are related, with similarity extending 350 and 200 bp of ' ‘ '

the 5 and 3 ends of the elements, respectively. Simi- 2 representative repeats for each subfamily were identified by align-

larity between other subfamilies is limited largely to the ment of collected subfamily members using MacVector. Frequency

terminal 50-bp defining sequences (Fig. 7). indicates the number of copies identified in the availabiabidopsis
Similar to the data presented in Figs. 5 and 6, thefatabase.

absence of directly repeated sequences flanking the re-

peats is a general property of all tA¢hE1lsubfamilies. other MAthE3.2repeats are aligned to the flanking re-

The lack of direct repeats flanking thhE1 elements gions of theAthE1.4element, a high degree of similarity

indicates that they do not represent mobile DNAs ca-is observed. The alignment in Fig. 8A suggests that the

pable of recombination into the genome by introducingrecombination event resulting in thg¢hE1.4insertion in

the staggered cleavage sites in the target DNA, a featuré97335 results in a short (2-bp) deletion, rather than

common to both RNA- and DNA-based transposable el-duplication, of the target sequence.

ements (Berg and Howe 1989). The AthEl.4element in accession AC004255 is lo-
Three cases in whicthEl.4elements are inserted calized within a 460-bp repeat found in two othaab-

into other repetitive DNA sequences are shown in Fig. 8idopsisentries (Fig. 8B). Figure 8C shows an example in

In accession 297335 the element is localized within awhich anAthE1l.4element is inserted into half of a direct

MAthE3.2repeat (Fig. 8A). When the sequences of threerepeat within the same locus (accession number
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) 1kb ,
T 1
A MAthE3.2 AthE1.4 MALhE3.2
P i / B
197335 21455 AAAAGTTAGAGAAATAGACACTTTTTTT-ATTTTTTGTGAGATAGAAAATCCTACT-2112 BP-AATCTAGT--TTGTGTAATAAACTATAAGACAAAATAAA
CEEELEEEEEEEE PR e b e e i r | IR RIIRINnus
AF077855 3371 TAAA-TTAGAGAAATAGATACTTTTTTT-GCTTTTTGTGAGATAGAGA 3416 3417 ATTTGTCTAATAGACTAAAAAACAAAATACA
AF069299 72814 AGAAATTAGAGATATAGACACTTTTITTT-GCTTTTTGTGAGATAGAGT 72860 72861 ATATGTCTAATAGACTAAAAAACAAAATACA
AC002329 37212 AAAAATTAGAGATATAGACACTTTTTTTTACTTTTTGTGAGATAGAGA 37165 37164 ATATGTCTAATAGACTAAAAAACAAAATACC

B

ACO04255 70108 CAACAATTAAAATATAAAATTAAATCTAAAACACAAATAAAATCCTATT-1699 BP-AAATCTAGT-TATGATTTATTTTTGGTGCTTTGTGAACTTTTACCAAA

CELELELL CELDEEEEE B P T T LU LREEEE TEEEEEe [ 11

|
AB012241 67217 CAACAATTTAAATATAAAACTAAATCAAAAATATAAATAAA 67177 67176 ATAATATAAATTTTTGGTGTTTTGTGAATAGT--CCAAA
AC004135 30412 CAACAATTTGAATATAAAACTTAATCAAAGATATAAAAAAA 30452 30453 ATAATATTTTTTTTTAT-GACATAACAATGTT-CACAAA

C

X68046 2949 GATTCAATTTTTTCTATTAGTTTATTTTCATTATGATAACTTTGGTTATCCTACT-1014 BP-AAATCTAGT----- TTAATCATTAAGACTGAAGCATAAATATTATT
CULELRLEEE L0 e DU TR LE ey | CEPERUE EEE PEEEEEE AL
X68046 5134 GATTCAATTTCTTCAATTGGTTTATTTTCCTTATGATAACTTTTTTG 5180 5181 GGTATTTAATCAC-AAGATTGAAGCAGAAATATTATT

Fig. 8. Alignment of sequences flankingthE1l.4repeats with putative recombination target sequenste=1.4terminal sequences aumder-
lined; gaps are indicated byashes. Horizontal lineidicate matches between sequences flanking the repeats and at least one of the putative target
sequences. Positions indicate positions of GenBank accession nhumbers.

X68046). Similar to the 297335 element, no evidence forl996) to identify repetitive sequences in this organism
target site duplication upon recombinational insertion ofmay be a reflection of both the low abundance of repeti-
the AthE1l.4elements is observed. Once again, the dataive DNA (Pruitt and Meyerowitz 1986) and the types of
suggest that the recombination events associated with thelements which are most common in this organism.
insertion of the elements in AC004255 and X68046 re-While the computational survey described here revealed
sultin short deletions of the target sequence (1 and 5 bphe expected MITE- and retroposon-like repeats
respectively). The possibility exists that the five loci (Wessler et al. 1995) (Figs. 1-4), the most abundant fam-
lacking theAthEl.4elements shown in Fig. 8 represent jly of repeated sequences had features similar to neither.
empty recombination sites following removal of the re-  The AthElrepeats are defined by conserveédfd 3
peat. However, both the alignments shown in Fig. 8 anderminal sequences which represent neither inverted nor
the data in Figs. 5 and 6 are consistent with recombinagirect repeats (Fig. 7). Many of thathE1 subfamilies
tion by an manner independent of the introduction of ashare essentially no internal sequence similarity. For ex-
staggered cut in the target sequence. ample, theAthE1l.4and AthE1.5repeats are of similar
size and their consensus &rminal repeats are 90%
Frequency and Localization d§thE1 Elements in the identical (Fig. 7). However, when the full-lengfthE1.4
ArabidopsisGenome and AthEl.5elements listed in Table 1 are compared,
similarity (>70% identity) is limited to a single 50-bp
As indicated in Table 1JAthElfamily members are com- internal domain (data not shown). The presence of
mon features in thArabidopsisgenome. The repeats are unrelated repetitive DNA elements flanked by similar
found on all chromosomes. On averagghElrepeats terminal sequences is commonly observed in nonau-
are observed approximately every 100 kb of the genometonomous transposons, for exampks/Ds (Federoff
1989)- andMu (Talbert et al. 1989)-based elements.
The most striking structural difference between the
Discussion AthElrepeats and RNA- or DNA-based mobile elements
is the general absence of direct repeats flanking the ele-
We describe a computational method for the identifica-ments (Figs. 5 and 6). The direct repeats flanking mobile
tion of repetitive sequence domains in theabidopsis DNAs reflect a duplication caused by staggered cleavage
genome. The failure of our previous terminal invertedof the target DNA sequence during recombination. These
repeat-dependent algorithms (Oosumi et al. 1995a,kflanking direct repeats are an easily identifiable feature
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of the mobile elements (Figs. 1-4), and their absence ifredoroff N (1989) Maize transposable elements. In: Berg DE, Howe

flanking AthElelements suggests a different mechanism MM (eds) Mobile DNA. American Society for Microbiology,

of recombination. The data presented in Fig. 8 suggests WaShmg_ton’ bC. p 375 :

that recombination events involvingthE1 elements re- Frank MJ, Liu D, Tsay YF, Ustach C, Crawford NM (1997).Tagl isan

: ) . - . i autonomous transposable element that shows somatic excision in

sult in small deletions at the point of insertion in the  poth Arabidopsis and tobacco. Plant Cell 9:1745-1756

target. These deletions, and the absence of flanking digheysen G, Villarroel R, Van Montagu M (1991) lllegitimate recom-

rect repeats, are consistent waAlthElinsertion via ille- bination in plants: A model for T-DNA integration. Genes Dev

gitimate, similar to T-DNA integration events (Bundock  5:287-297

end Hooykass 19%6; Ghaysen et al. 1961; GorbunovioRe ). Lo A CET oo Do s e

and Levy. 1997; Mayer.hOfer Qt al. 1991) o Elscr:]leicceAcids Res 25:4650-4657 '
The primary motivation for |.d('ant|f|cat|0n of repetitive . ieczny A, Voytas DF, Cummings MP, Ausubel FM (1991) A su-

DNA families in theArabidopsisis the characterization perfamily of Arabidopsis thaliana retrotransposons. Genetics 127:

of the evolutionary architecture of the genome. The re- 801-809

sults of the computational survey described here allow onnig WE, Saedler H (1997) Plant transposons: Contributors to evo-

assignment of the evolutionary source of sequences com- lution? Gene 205:245-253

prising approximately 1% of th&rabidopsisgenome. Of Martinez-Zapater JM, Estellg MA, Spmeryille QC (1986) A highly

greater significance, these results allow definition of spe- ;%Ff_ztle?d "32N3A sequence in Arabidopsis thaliana. Mol Gen Genet

CITIC Sequence domains within th@rabldops_lsgenpme . Mayerhofer R, Koncz-Kalman Z, Nawrath C, et al. (1991) T-DNA

with potential to serve as sources of genetic variation in integration: A mode of illegitimate recombination in plants. EMBO

the evolutionary process. Finally, as indicated by the j10:697-704

localization of aMathE2like element in the tomato Newman SM, Eannetta NT, Yu H, et al. (1993) Organisation of the

polyphenol oxidase A gene, identification of repetitive toomato polyphenol oxidase gene family. Plant Mol Biol 21:1035—

domains inArabidopsishas the potential to facilitate 1051

characterization of the molecular architecture of othefoht@ M. Sugita M, Sugiura M (1995) Three types of nuclear genes
encoding chloroplast RNA-binding proteins (cp29, cp31 and cp33)
plant genomes.

are present in Arabidopsis thaliana: Presence of cp31 in chloro-

plasts and its homologue in nuclei/cytoplasms. Plant Mol Biol 27:
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