The 13" Symposium on Plant Biotechnology 13: 11-15, 1999. 11
1999 Korea-Japan Join Symposium.

The transposition pattern of the Ac element and its use for targeted
transposition in Arabidopsis thaliana

Yasunori Machida®, Hitoshi Onouchi, Hirokazu Tanaka, Susumu Hamada, Takaaki Ishikawa,

Endang Semiarti, Hidekazu Iwakawa, Kiyohito Nomura, and Chiyoko Machida’

Laboratory of Developmental Biology, Division of Biological Science, Graduate School of Science, Nagoya
University, Chikusa-ku, Nagoya 464-8602, 'On leave from Kirin Brewery Co., Ltd. Central Laboratories for Key
Technology, 1-13-5 Fukuura, Kanazawa-ku, Yokohama, Kanagawa 236, Japan, "Laboratory of Developmental
Biology, Division of Biological Science, Graduate School of Science, Nagoya University, Chikusa-ku, Nagoya
464-01, Japan (author for correspondence)

Abstract

In order to evaluate feasibility of the gene tagging by the maize transposable element Ac in heterologous plant
systems, we have investigated physical distances and directions of transposition of the element in Arabidopsis
thaliana and tobacco cultured cell line BY-2. We prepared a T-DNA construct that carried a non-autonomous
derivative of Ac with a site for cleavage by endonuclease I-Scel (designated dAc-I-RS element). Another
cleavage site was also introduced into the T-DNA region outside dAc-I-RS. A number of transgenic Arabidopsis
plants were generated, each of which had a single copy of the T-DNA at a different chromosomal location. To
examine the pattern of transposition, three out of these transgenic plants were crossed with the Arabidopsis plant
that carried the gene for Ac transposase and progeny in which dAc-I-RS had been transposed were isolated.
After digestion of the genomic DNA of these progeny with I-Scel, sizes of segment of DNA were determined by
pulse-field gel electrophoresis. We also performed linkage analysis for the transposed elements and sites of
mutations near the elements. Our results with three transgenic lines showed that 50% of all transposition events
had occurred within 1,700 kilo-base pairs (kb) on the same chromosome, with 35% within 200 kb, and that the
elements transposed in both directions on the chromosome with roughly equal probability. The data thus indicate
that the Ac-Ds system is most useful for tagging of genes that are present within 200 kb of the chromosomal site
of Ac in Arabidopsis. In addition, determination of the precise localization of the transposed dAc-I-RS element
should definitely assist in map-based cloning of genes around insertion sites. In the present paper, we report
typical examples of such gene isolation studies.

Abbreviations: P358, cauliflower mosaic virus 358 promoter; PFGE, pulse-field gel electrophoresis; HPT, hy-
gromycin phosphotransferase; NPTII, neomycin phosphotransferase II; kb, kilo-base pairs; Mb, mega-base
pairs; GUS, b-glucuronidase; T-DNA, transferred DNA; I-Scel, endonuclease I-Scel

For use of the Ac element in gene-tagging, an under-
standing of the pattern of its transposition on a chro-
mosome is clearly important. Previous genetic inves-
tigations in various laboratories have shown that Ac
is preferentially transposed to a region within the
same chromosome [5, 9, 10-12, 14, 22, 25, 30]. In-
sertional mutation of genes near the chromosomal
location of Ae have, in fact, been obtained and the
tagged genes have been cloned [8, 13, 15, 32]. Pref-
erential transposition of Drosophila P elements to
nearby chromosomal sites has also been reported
[28]. However, our knowledge of distances and di-
rections of transposition of Ac and other elements at
the molecular level is very limited, and no systematic

molecular analysis has been performed. In particular,
it has yet to be solved whether Ac can transpose
symmetrically or asymmetrically from a donor site
on the same chromosome since results of genetic
analyses with maize in two laboratories were incon-
sistent [9, 11]. Recently, we have reported molecular
distances and directions on chromosomes of transpo-
sition of the 4¢ element in an Arabidopsis plant [18].
In the present lecture, we present the pattern of
transposition of this element and discuss the feasibil-
ity of tagging of the nearest genes.

Experimental Design for Measurement of Distances
of Transposition with 1-Scel
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Figure 1. (A) Schematic diagram of the (I-RS/dAc-I-RS)T-DNA
construct. dAc-I-RS indicates the non-autonomous derivative of
the Ac element that contained I-Scel sites and RSs (see text). (I-
RS/dAc¢-I-RS)T-DNA indicates the T-DNA that containes a site
for I-Scel, RS and the dAc-I-RS element. LB and RB indicate left
and right border sequences on the T-DNA, respectively. I-Scel, the
cleavage site for endonuclease I-Scel; 1° promoter, the 1” promoter
of the octopine Ti plasmid TR-DNA; P35S, the promoter of the
gene for 358 RNA from cauliflower mosaic virus; HPT, the coding
sequence of the gene for hygromycin phosphotransferase; NPTII,
the coding sequence of the gene for neomycin phosphotransferase
II; Tnos, the terminator of the gene for nopaline synthase; Tocs,
the terminator of the gene for octopine synthase; IR, the terminal
inverted repeat sequences of Ac; RS, the recombination site that is
recognized by the R protein from Zygosaccharomyces rouxii.
Thick lines indicate the probes (probes 1 and 2) used for Southern
blotting analysis. (B) The strategy for measurement of the distance
of transposition. I-Scel indicates the site of cleavage by endonu-
clease I-Scel. A black box indicates dAc-I-RS, Dotted boxes
indicate regions of T-DNA other than dAc-I-RS in (I-RS/dAc-I-
RS)T-DNA.

We investigated the molecular patterns of A¢ transpo-
sition on the chromosomes of Arabidopsis using en-
donuclease I-Scel. Since I-Scel recognizes a specific
18-base-pair sequence [6, 7], the expected frequency
of occurrence of the cleavage site for this enzyme is

less than one for the chromosomes of Arabidopsis
and, therefore, if such cleavage sites could be intro-
duced into the Ac element and at the original chromo-
somal location of the Ac element, the physical dis-
tance of transposition could be directly determined by
measuring the size of the DNA segment generated by
digestion with I-Scel of the genomic DNA.

Figure 1A shows the T-DNA construct that we
made for the determination of distances of transposi-
tion. The T-DNA construct had two recognition sites
for I-Scel: one was inside and the other was outside
the modified Ac iransposable element We designated
this element dAc-I-RS since it had the defective e
element that contained the site for }-Scel and RSs,
which are recognition sites for a recombinase (R
protein) in the R-RS recombination system from Zy-
gosaccaromyces rouxii [1, 2, 16, 19, 20}, though de-
tails of experimental results with this system will be
described elsewhere. We also designated this T-DNA
as (I-RS/dAc-1-R8) T-DNA since the T-DNA con-
struct contained the site for I-Scel, the RS sequence,
and the dAc-I-RS element. After transposition of
dAc-I-RS on the same chromosome, digestion of ge-
nomic DNA with [-Scel should give rise a segment of
chromosomal DNA flanked by part of the T-DNA at
the original integration site and part of the transposed
dAc-I-RS sequence (see Figure 1B). Using two DNA
fragments as probes (probes 1 and 2) for Southern
hybridization, as shown in Figure 1A and 1B, we
were able to distinguish the relative direction of each
transposition.

In addition to such specific DNA sequences, we
inserted the gene for hygromycin phosphotransferase
(HPT) under the control of P35S promoter into the
dAc-I-RS element. For monitoring the excision of
dAc-I-RS element , this element was inserted into the
region between the 1' promoter [31] and the coding
sequence of the gene for neomycin phosphotransfer-
ase I (NPTII) to generate a cryptic kanamycin resis-
tance gene [3]. Thus, excision of dAc-I-RS in trans-
genic Arabidopsis plants that contain (I-RS/dAc-I-
RS) T-DNA should create an active NPTII gene.

Measurement of Physical Distances of Transposition

We selected transgenic Arabidopsis plants that con-
tained (I-RS/dAc-I-RS) T-DNA, and we identified
plants, designated #14, #24 and #246, that had a sin-
gle copy of the (I-RS/dAc-I-RS) T-DNA. The inser-
tion site of (I-RS/dAc-I-RS) T-DNA in line #14 was
mapped to position 80 on chromosome 1 by linkage
analysis using tester lines (see Materials and Meth-
ods). The (I-RS/dAc-I-RS) T-DNAs in lines #24 and
#246 were located at the top of chromosome 1 and
the bottom of chromosome 2, respectively (Figure 2).
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Figure 2. Chromosomal positions of integrated (I-RS/dAc-I-RS)
T-DNAs in the transgenic Arabidopsis lines. Determination of
mtegration sites in other 100 lines are in progress.

#246 were located at the top of chromosome 1 and
the bottom of chromosome 2, respectively (Figure 2).

We crossed these transgenic plants with a trans-
genic plant (designated P35SAcTPase#9) that carried
the gene for Ac transposase under the control of the
CaMV 358 promoter (P35S). F1 plants were self-
pollinated, and the resulting F2 plants were selected
for kanamycin resistance to obtain plants in which
the dAc-I-RS element presumably had excised from
its original position. Such plants were also obtained
from F3 progeny by the similar selection. We carried
out Southern blotting analysis with genomic DNAs
from the F2 and F3 plants to examine the reinsertion
of dAc-I-RS. Two-thirds of the F2 and F3 progeny
carried transposed dAc-I-RS elements.

High-molecular-weight chromosomal DNAs were
purified from 60, 34 and 9 independent plants with a
transposed dAc-I-RS that originated from transgenic
lines #14, #24 and #246, respectively. The DNAs
were digested with I-Scel. The digests were fraction-
ated by pulse-field gel electrophoresis (PFGE) and
subjected to Southern blotting analysis with probes 1
and 2 depicted in Figure 1.

We analyzed a total of 60 fransposition events from
line #14 in this way. As summarized in Figure 3A,
the dAc-I-RS element in 31 plants was transposed
within a distance of 1,700 kb. In 21 out of 60 plants,
the element was transposed to sites relatively close to
the original site (within 200 kb).

In 29 out of the 60 plants, we detected no frag-
ments of less than 1,700 kb by PFGE under our con-
ditions. We carried out linkage analyses of the trans-
posed dAc-I-RS element (hygromycin resistance) to
the kanamycin-resistance marker at the original site
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in these plants (see Figure 1). The results of such
analyses, together with the results of PFGE, demon-
strate that overall, in about 75% of the events studied
here, the dAc-I-RS element had transposed to sites
that were genetically linked to the original site.

When we analyzed distances of transposition in
progeny of transgenic lines #24 and #246, we ob-
tained results similar to those in line #14 (data not
shown).

We examined the orientation of the transposed
dAc-I-RS elements at the insertion sites by Southern
hybridization with probes that contained sequences
specific for the left or the right side of the I-Scel site
in dAc-I-RS. These results of these experiments
showed that the dAc-I-RS element could be inserted
in both either orientation (data not shown).

The present result can provide a useful information
for gene taqging by an Ac-Ds system. The short
range transposition, preferentially within 200 kb,
suggests that the Ac element might be useful for dis-
rupting genes that are present in such adjacent re-
gions. If Arabidopsis contains 20,000 genes, the av-
erage length of a single gene must be about 5 kb. The
probability of direct tagging by the Ac element of a
gene that is present between 0 and 200 kb can be
estimated to be 99% on an average if we are to
screen randomly isolated 1,000 plants that contain
transposed elements.

Linkage of Transposed Elements to Known Loci

In order to relate “rightward” and “leftward” for T-
DNA insert #14 to the genetic map of Arabidopsis,
we made 3 point crosses of the NPTII and HPT in
#14-58.3.1 and in #14-68.1.4 with flanking genetic
loci as2 (asymmetry leaves 2) and cer5 . We found
that the as2 locus was present between the original
position of the T-DNA and dAc-I-RS in #14-68.1.4,
and that dAc-I-RS in #14-58.3.1 was located between
the original position of the T-DNA and cer5 (Figure
2B). These results also showed that dAc-I-RS ele-
ments in #14-58.3.1 and in #14-68.1.4 were trans-
posed toward the centromere and the telomere at the
bottom on the chromosome 1, respectively.

Isolation of Morphological Mutants with a
Transposed dAc-I-RS

We searched for mutants with abnormal morphology
among 103 plants that had a transposed dAc-I-RS
from line #14 and found five mutants. Linkage ana-
lysis revealed that two out of the five mutations were
closely linked to the transposed dAc-I-RS. One of
these two mutations caused various abnormalities in
leaf shape (named abnormal leaf shape I: alel) and
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Figure 3. (A) Summary of distances of transposition in the I-RS/dAc-1-R8#14 line. LB and RB indicate left and right border sequences on
the T-DNA, respectively. Each bar represents the distance of transposition in each plant that had a transposed dAc-I-RS. Some of the
names of F3 progeny plants are indicated in parentheses. (B) Alignment of the genetic map around position 80. Relative positions of the
transposed dAc-I-RS elements in #14-58.3.1 and #14-68.1.4 to as2 and cer5 were determined by three-point test and Southern blotting as

described in the text.

the other caused delayed development and slow
growth (slow growth: slwl). These two mutants had
dAc-I-RS at a distance of 160 kb and 850 kb from
the original site, respectively. The remaining three
mutations did not cosegragate with the transposed
dAc-I-RS.

We analyzed a phenotype of the ale/ mutant, and
isolated revertants. The mutant produced crinckled
leaves with short petioles. Such abnormalities were
observed mainly in juvenile leaves of the mutant but
rarely in adult leaves. Microscopic analyses of the
leaf sections and the leaf surfaces showed that severe
abnommalities were found in the epidermis of cotyle-
dons and juvenile leaves of ale!. Although pavement
cells of the leaf surfaces of a wild-type Arabidopsis
plant exhibited a unfixed- and rugged-shape like
each piece of a jigsaw puzzle, those of the alel mu-
tant showed a much more smooth shape. In addition,
organ adhesion was observed between leaves, be-
tween a cotyledon and a juvenile leaf, and betrween a
stem and a juvenile leaf of the mutant. These obser-
vations indicate that the ale] epidermis was altered
by a mutation.

We isolated revertants of the ale/ mutant. In all the
revertants, the dAc-I-RS elements were excised, and
footprints of three or six nucleotides remained. These
results reveal that the insertion of dAc-I-RS causes
the ale] mutation. We cloned an ALE] gene and

analzed characteristic features of the predicted ALE1
protein, which indicates that this gene is predicted to
encode for a subtiline-like protease. We also ana-
lyzed sites of transcription of this gene. Based on the
results of these experiments, we will propose a model
how differentiation of plant epidermal cells can be
controlled during the development.

In the siw mutant, the dAc-I-RS was inserted in the
NADPH reductase gene [27]. Although the mutation
was not linked to the insertion, its site was mapped in
the ¢jromosomal site very close to the NADPH re-
ductase gene. Identification of the mutated gene in
slw is in progress in my laborartory.

Use of the Transposed dAc-I-RS for Map-Based
Cloning of Genes

Linkage analysis of previously mapped genes, such
as as? and transposed dAc-I-RS elements with hy-
gromyecin resistance, together with measurements of
physical distances of transposition allowed us to de-
termine the precise positions of these genes and of
the dAc-I-RS elements on the chromosomal DNA. In
addition, since the transposition site and the original
site of the T-DNA include the HPT and NPTII genes,
respectively, it should now be easy to obtain recom-
binants between these resistance genes and the mu-
tant genes. Recently, we have cloned the 452 gene



by using such a strategy. In the present lecture, we
also provide several pieces of information of sym-
metrical development of plant leaves and a structure
of the predicted AS2 protein.

Use of the Transposed dAc-I-RS in Combination with
the R-RS Site-Specific Recombination System

Development of recombinant DNA technology for
manipulation of large segments of DNA is of impor-
tance for the structural and functional analysis of
eukaryotic chromosomes. For development of such a
technology in a plant, use of site-specific recombina-
tion systems, such as the cre-loxP system, the R-RS
system and FLP-FRT systems, has been proposed [17,
21, 23, 24, 26, 29]. Chromosomal deletions and in-
versions have been induced in Arabidopsis and to-

bacco plants by exploitation of these systems [21, 26].

However, full exploitation of this system for sys-
tematic analysis has been cumbersome, due in part to
technical difficulties. One of the aims of our present
study was to solve this problem. As shown in Figure
I, the (I-RS/dAc-I-RS) T-DNA that we constructed
contained two RS sequences, namely, recognition
sites for a recombinase (R protein) from Z. rouxii.
The Arabidopsis plants that we generated in the pre-
sent study will, therefore, be useful for a systematic
examination of chromosomal deletions mediated by
the R-RS system since the physical distance between
two RS sequences on the chromosome have been
precisely determined.
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