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We transposed Dissociation (Ds) elements from three start loci on chromosome 5 in Arabidopsis (Nossen ecotype) by using
a local transposition system. We determined partial genomic sequences flanking the Ds elements and mapped the elements’
insertion sites in 1,173 transposed lines by comparison with the published genomic sequence. Most of the lines contained a
single copy of the Ds element. One-half of the lines contained Ds on chromosome 5; in particular, insertion “hot spots” near
the three start loci were clearly observed. In the other lines, the Ds elements were transposed across chromosomes. We found
other insertion hot spots at the tops of chromosomes 2 and 4, near nucleolus organizer regions 2 and 4, respectively. Another
characteristic feature was that the Ds elements tended to transpose near the chromosome ends and rarely transposed near
centromeres. The distribution patterns differed among the three start loci, even though they possessed the same Ds
construct. More than one-half of the Ds elements were inserted irregularly into the genome; that is, they did not retain the
perfect inverted repeat sequence of Ds nor leave perfect target site duplications. This precise analysis of distribution patterns
will contribute to a comprehensive understanding of the transposing mechanism. From these Ds insertion sites, we have
constructed a database for screening gene-knockout mutants in silico. In 583 of the 1,173 lines, the Ds elements were inserted
into protein-coding genes, which suggests that these lines are gene-knockout mutants. The database and individual lines will
be available freely for academic use from the RIKEN Bio-Resource Center (http://www.brc.riken.go.jp/Eng/index.html).

The whole Arabidopsis genome sequence was de-
termined in December 2000 (The Arabidopsis Ge-
nome Initiative, 2000). However, the functions of a
large number of genes remain uncharacterized. A
reverse-genetic approach will, therefore, become im-
portant in characterizing gene functions. One of the
best strategies for reverse genetics is based on inser-
tional mutagenesis. A random insertional mutagene-
sis approach using a transposon or T-DNA (an ele-
ment of the tumor inducing [Ti] plasmid of
Agrobacterium tumefaciens) as a mutagen offers a via-
ble method for obtaining insertion mutants of genes
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of interest. The inserted foreign DNA not only intro-
duces a mutation but also “tags” the responsible gene
(Maes et al.,, 1999). Having the whole genome se-
quence enables us to map these tags precisely by
simply reading sequences flanking the tags. At the
same time, we can reveal the precise distribution
pattern of the transposable elements on the Arabi-
dopsis genome when those elements are used as
mutagens. The distribution pattern will become valu-
able for elucidation of the transposing mechanism.

We have been generating Dissociation (Ds)-inserted
lines on the Arabidopsis genome (Nossen ecotype;
Ito et al., 1999). Ds is a nonautonomous transposable
element of maize (Zea mays). We are using a local
transposition system (Fedoroff and Smith, 1993) and
have selected three parental lines whose initial loci of
the Ds elements have been mapped on chromosome
5 (Fig. 1). By using the Ds-transposed lines, we have
already reported two individual mutants (Ito et al.,
2000; Motohashi et al., 2001). Here, we identify the
insertion position of the moved Ds element by using
the thermal asymmetric interlaced (TAIL)-PCR tech-
nique (Liu and Whittier, 1995). On the basis of our
results, we describe the genome distribution pattern
of the Ds elements of 1,173 independent transposed
lines and the construction of a database for searching
gene-knockout lines.
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Figure 1. Genetic map position on chromosome 5 of the three start
lines used in this study. The nearest RFLP marker and genetic dis-
tance are shown. CEN, Centromere. This map is derived from Smith
et al. (1996).

RESULTS AND DISCUSSION

We have generated transposed lines from three
start loci on chromosome 5 (Fig. 1). Most of the lines
contained a single copy of the Ds element per plant.
Because this transposition system detects both linked
and unlinked transposition events with the start loci
(Fedoroff and Smith, 1993; Ito and Shinozaki, 2002),
we can obtain all of the transposed elements irrespec-
tive of the distance from the start loci. The engi-
neered Ds construct in a T-DNA vector (Ds-GUS-T-
DNA construct) had been introduced into the
Arabidopsis genome by A. tumefaciens-mediated
transformation (Smith et al.,, 1996). By determining
the genomic sequences flanking the T-DNA, we iden-
tified the precise insertion positions of the three Ds-
GUS-T-DNAs at the nucleotide level (Table I). To
examine the distribution pattern of the transposable
elements and to construct a database for reverse ge-
netics, we recovered genomic DNA fragments that
flank the 5" and 3’ ends of the Ds elements by using
TAIL-PCR (Liu and Whittier, 1995) and read the par-
tial sequences. We identified the insertion positions
of 37% of the lines from both flanking sequences and
of 49% from either the 5'- or the 3'-flanking sequence.
In total, we identified the insertion sites in 1,173 lines.
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The position of the remaining 14% was identical to
the initial position; therefore, we excluded these lines
from the transposed collection. Our pilot examina-
tion indicates that approximately 8% of the collection
is spurious information derived from PCR or seed
cross-contamination. These lines will be excluded
when the seeds are distributed from RIKEN Bio-
Resource Center.

We plotted the insertion sites across the genome at
500-kb intervals (Fig. 2). The distribution pattern in-
dicates that 50% of the Ds elements were transposed
within chromosome 5, particularly near the initial
loci. The other 50% were transposed to different chro-
mosomes. This result indicates that Ds moves pref-
erentially to linked sites, but it also moves to un-
linked position at a relatively high frequency. Two
other insertion “hot spots” were observed at the tops
of chromosomes 2 and 4, adjacent to nucleolus orga-
nizer region (NOR) 2 and NOR4, respectively. The
insertion sites were clustered over a 500-kb region
(Fig. 3). NOR consists of tandemly repeated ribo-
somal RNA gene clusters and forms a loosened chro-
matin structure, because the ribosomal RNA is highly
transcribed. These hot spots also were observed in
another Activator (Ac)/Ds system in Arabidopsis
(Parinov et al., 1999) but not in a Suppressor-mutator/
defective Suppressor-mutator system in Arabidopsis
(Tissier et al., 1999). Because Ac/Ds and Suppressor-
mutator/defective ~ Suppressor-mutator are different
classes of transposable elements, this finding sug-
gests that the tops of chromosomes 2 and 4 are hot
spots not simply because transposase is physically
accessible to these regions. In addition, we found that
transpositions were rare around centromeres but
more frequent near chromosome ends (Fig. 2). These
results indicate that the Ds element is useful for
disrupting genes on chromosome ends, especially the
tops of chromosomes 2 and 4, and genes near a start
locus.

Although Ds tended to transpose to linked sites
(Fig. 2), the local distribution patterns differed
among the three start lines (Fig. 4). Transpositions
from Ds391-20 and Ds392-13 showed a similar pat-

Table 1. Physical map position of the donor Ds-GUS-T-DNA con-
structs used in this study

Start Locus
Donor Line?

P1 clone® Inserted position®
Ds391-20 MQMT1 (10178221) 52,533
Ds392-13 MGO3 (3869070) 36,740
Ds389-13¢ K2A18 (2924651) 75,2494

2 These donor lines are described by Smith et al. (1996). b p1
clone in which Ds-GUS-T-DNA is inserted. Parentheses indicate
GenBank Gl no. of the P1 clone sequence. ¢ Coordinates of the
P1 sequence (GenBank entry) flanking the left border of the Ds-GUS-
T-DNA. 4 Ds-GUS-T-DNA of this line was inserted into a protein-
coding gene (protein entry code, At5g66210; annotation, calcium-
dependent protein kinase; MAtDB), and the homozygous line
showed a semi-dwarf phenotype (data not shown).
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Figure 2. Distribution of Ds insertions on the Arabidopsis genome. Inserted sites are plotted at 500-kb intervals. Red, blue,
and green dots indicate transpositions from Ds391-20, Ds392-13, and Ds389-13, respectively. Red, blue, and green

arrowheads represent the respective start positions. The circle represents the centromere.

tern, but that from Ds389-13 showed a narrower dis-
tribution. Fifteen percent of the total Ds elements
from Ds391-20 and Ds392-13 transposed within 400
kb, whereas 15% from Ds389-13 were transposed
within 70 kb (Fig. 4). These Ds elements possess the
same construct. Therefore, the different patterns are
derived from differences in the start positions. One
possible determinant may be the chromatin structure
around the start position.

To screen gene-knockout mutants in silico, we con-
structed a database of Ds insertion sites. Ds elements
of 583 (50%) of the 1,173 lines were inserted into
protein-coding genes. These are probably null mu-
tants. Those of 110 lines (9%) lay within 500 bp
upstream from the start codon of a gene, and those of

75 lines (6%) lay within 500 bp downstream from the
stop codon. Gene expression of these mutants may be
disordered. Ds elements of the other 405 lines (35%)
were inserted into intergenic regions more than
500 bp from protein-coding genes. The insertion sites
of 1,124 of the 1,173 lines are listed in the supplemen-
tal materials (they can be viewed at http://www.
plantphysiol.org); all will be freely obtained for aca-
demic use from RIKEN Bio-Resource Center (http://
www.brc.riken.go.jp/Eng/index.html).

These Ds lines are useful in both forward and
reverse genetics. We are screening mutants showing
the albino or pale-green phenotype to isolate nuclear
genes functioning in chloroplasts (Motohashi et al.,
2001). We isolated 20 albino mutants from about
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Figure 3. Distribution of Ds insertions in hot spots near NORs on chromosomes 2 and 4. Arrows on the chromosomes show

insertions. Positions of the sequenced BACs are also indicated.

Plant Physiol. Vol. 129, 2002

1697



Ito et al.

(%)

30

Transposition rate
— - N N
o [4,] [=] [4,]

(3]
L

»\O

0 100

200 300
Distance

400 (kbp)

Figure 4. Transposition rate within a given distance from a start site.
Circles, triangles, and rectangles represent transposition rates from

Ds391-20, Ds392-13, and Ds389-13, respectively.
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4,000 lines. Albino phenotypes of 15 of the mutants
were cosegregated with Ds insertions and were prob-
ably tagged (R. Motohashi, T. Ito, and K. Shinozaki,
unpublished data). Azpiroz-Leehan and Feldmann
(1997) estimated that only 35% to 40% of mutants
from T-DNA-mutagenized populations are tagged.
Thus, our Ds population is more efficient for gene
isolation than is a T-DNA population.

One of the advantages of transposable elements is
that they can be remobilized. Mapped insertion lines
will become useful resources for the targeted mu-
tagenesis of closely linked genes. If one finds an
insertion near a gene of interest, a gene disruptant
may be obtained by a secondary transposition proce-
dure. For efficient transposition, it is necessary for
the Ds to possess perfect inverted repeat (IR) se-
quences in the 5" and 3’ ends, because IR sequences
are a major requirement for transposition. To assess a
strategy for the secondary transposition, we exam-

Ds element 5% 34 5) CC
(A) AGAGGGTGTT
52-0286-1 AGAGGGTGTT-AGGGATGAARGTAG (Ds) CCGTTTTCATCC--—. .. uu .. ACG
TGCAGAGGAT AGGGAAAGGA
52-0462-2 TGCAGAGGAT--———————— AGTAG (Ds) CCGTTTTCATCCC-. . . .AAAGGA
GGATCGTAGT RATCGTTGAA
52-0770-1 GGATCGTAGT|CAGI STT—————————— .GAA
TTCTAACATC ACT
§2-0342-1 TTCTAACATCCAGGGATGAAAGTAG (Ds) CCGTTTTCATC---—-attaacatcACT
GAGCCACA GGCTTC
52-0804-1 GAGCCACAtg-—GG( )s) CCGTTTT qecacaGGCTTC
TAATCTCARAA CRAGAG
52-0572-1 TAATCTCAAA---GGATGRAAAGTAG (Ds) CCGTTTTCATCCCTRActcaaaCARGAG
TAATTTCAAC GGATGTTA
52-0464-1 TAATTTCAATICAGGGATGAARAGTAG (Ds) CCGTT—————————— atatGGATGTTA
TACAGTCT CTGTGTTATGCT
52-0518-1 TACAGTCTggCAGGGATGAAAGTAG (Ds) CCGTTTTCATCC--—.TGTGTTATGCT
T TAGCTCGAGTTC
52-0894-1 TTaactecgtg-————- TGARAGTAG (Ds) CCGTTTTCATCC— e v v v een GTTC
ATTCGTTATC TC CAA
52-0992-1 ATTCGTTATCCAGGGATGAAA( GTTTTCATCCC--. .gacgttatctaCAA
(B) TTGCTATTTC CTGT
52-0269-1 TTGCTATTTCCAGGGATGARAGTAG (Ds) CCGTTTTCATCCCTAgetatttcCTGT
TCCAARAGAG AGAG
52-0890-1 TCCAAAAGAGCAGGGATGARAGTAG (Ds) CCGTTTTCATCCCTAcaaaagaghGAG

Figure 5. Nucleotide sequences around Ds insertion sites. A, Examples of irregularly inserted patterns. B, Examples of
authentic patterns. Arrows indicate IR sequences of a Ds element necessary for transposition. Ds elements in the insertion
lines are surrounded by a rectangle. Sequences duplicated by transposition are underlined. Sequences shown as red and blue
indicate those of the original Ds and the insertion line, respectively. The sequence shown as black is the Nossen wild-type
sequence. Hyphens and dots show deleted nucleotides in the insertion lines compared with original Ds element (--) and
wild-type genomic DNA (). Additional nucleotides in the insertion lines are indicated in lowercase.
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ined 54 junction sequences of the transposed Ds end
and its flanking genome. Thirty transposed lines
(56%) possessed neither a perfect IR element nor a
perfect 8-bp target site duplication sequence (irregu-
larly inserted patterns; Fig. 5A). This result indicates
that it is inefficient to use these lines as launching
pads for transposition. Only 24 lines (44%) contained
both a perfect IR element and a perfect 8-bp target
site duplication (authentic patterns; Fig. 5B). It would
be efficient to use these lines as launching pads for
transposition. We conclude that we have to check the
junction sequence of the transposed Ds end and its
flanking genome when we use a transposed line as a
Ds-donor line. These abnormal, and presumably no
longer transposition-competent Ds elements, could
explain many of the stable mutants that frequently
arise in Ac or Ds mobilization experiments in many
plants.

MATERIALS AND METHODS

Extraction of Genomic DNA, TAIL-PCR, and
Sequencing of PCR Products

Extraction of genomic DNA, TAIL-PCR, and sequencing of PCR products
were carried out as described by Ito et al. (2001).

Determination of Ds Insertion Sites

The flanking sequences were used in a BLASTN search of the Munich
Information Center for Protein Sequences Arabidopsis Database (v.040701;
http://mips.gsf.de/proj/thal/db/). The position showing the highest sim-
ilarity score was defined as an insertion site. When Ds was inserted into a
protein-coding gene, we picked out the protein entry code (e.g. At5g23670)
of the gene. When Ds was inserted into an intergenic region between protein-
coding genes, we picked out the protein entry codes of the two genes on either
side (see supplemental data at http:/ /www.plantphysiol.org).
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