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Abstract Insertional mutagenesis provides a rapid way to
clone a mutated gene. Transfer DNA (T-DNA) of
Agrobacterium tumefaciens has been proven to be a
successful tool for gene discovery in Arabidopsis and rice
(Oryza sativa L. ssp. japonica). Here, we report the
generation of 5,200 independent T-DNA tagged rice lines.
The T-DNA insertion pattern in the rice genome was
investigated, and an initial database was constructed
based on T-DNA flanking sequences amplified from
randomly selected T-DNA tagged rice lines using Ther-
mal Asymmetric Interlaced PCR (TAIL-PCR). Of 361 T-
DNA flanking sequences, 92 showed long T-DNA
integration (T-DNA together with non-T-DNA). Another
55 sequences showed complex integration of T-DNA into
the rice genome. Besides direct integration, filler se-
quences and microhomology (one to several nucleotides
of homology) were observed between the T-DNA right
border and other portions of the vector pPCAMBIA1301 in
transgenic rice. Preferential insertion of T-DNA into
protein-coding regions of the rice genome was detected.
Insertion sites mapped onto rice chromosomes were
scattered in the genome. Some phenotypic mutants were
observed in the T generation of the T-DNA tagged plants.
Our mutant population will be useful for studying T-DNA
integration patterns and for analyzing gene function in
rice.

Electronic Supplementary Material Supplementary
material is available in the online version of this article
at http://dx.doi.org/10.1007/s00122-003-1423-9.
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Introduction

Rice is one of the most important cereals, the principal
food crop for half of the world’s population. More than
90% of rice is consumed by humans (Goff 1999). Besides
its economic importance, rice has several major advan-
tages over other cereals for genetic and molecular studies.
The estimated total genes of the rice genome are 32,000
to 50,000 (Goff et al. 2002) or 46,022 to 55,615 (Yu et al.
2002), yet it has the smallest genome among cereals. The
gene density of rice, estimated at one gene in less than
15 kb, is higher than other cereals such as maize and
wheat (Goff 1999). Furthermore, cereal genes were
predicted to show conservation of gene order and
orientation, or synteny (Goff 1999). In addition, a YAC-
based map covering 63% of the rice genome and a
physical map consisting of 65,287 finger-printed BAC
clones are available (Saji et al. 2001; Chen et al. 2002).
Cell culture and transformation methods have been
developed for rice (Li et al. 1993; Hiei et al. 1994; Yin
and Wang 2000). The draft sequence of the rice ge-
nome has been published (Goff et al. 2002; Yu et al.
2002). More than 120,000 expressed sequence tag (EST)
collections from different rice tissues have been reported
to the National Center of Biotechnology Information
(NCBI) dbEST (http://www.ncbi.nlm.nih.gov/dbEST/
dbEST_summary.html).

Despite such a large amount of rice sequencing data,
DNA or protein sequences do not provide much infor-
mation on biological function for the vast majority of
genes. Analysis of the rice genome shows that about
80.6% of the Arabidopsis genes had a homolog in rice,
whereas only 49.4% of the predicted rice genes had a
homolog in Arabidopsis (Yu et al. 2002), indicating that
genome asymmetry in the monocot and dicot was
obvious. Moreover, a large number of genes are also
regarded as hypothetical, due to lack of homologous
genes and EST sequences in rice and other species.
Therefore, defining functions of the numerous genes is
extremely important and challenging to plant molecular
biologists.



The direct approach to determine a predicted gene is to
generate a mutation in the gene and analyze the pheno-
type (Ramachandran and Sundaresan 2001). Saturation
mutagenesis covering the whole genome can be obtained
by classic chemical or physical mutagenesis procedures.
However, accessing the mutated genes is time-consuming
and labor-intensive (Bouchez and Hofte 1998). Insertional
mutagenesis, using either transposable elements or trans-
fer DNA (T-DNA) of Agrobacterium, provides a rapid
way to clone a mutated gene. This method has been
proven successful in Arabidopsis (Azpiroz-Leehan and
Feldmann 1997; Krysan et al. 1999; Parinov et al. 1999;
Speulman et al. 1999; Tissier et al. 1999; Weigel et al.
2000) and rice (Chin et al. 1999; Enoki et al. 1999).
Besides disrupting the expression of the gene into which it
is inserted, the inserted fragment can be used as a marker
in subsequent analysis of the mutants. T-DNA insertion
has the advantage that additional steps to stabilize the
inserts through multiple generations are not needed
(Azpiro-Leehan and Feldmann 1997; Ramachandran and
Sundaresan 2001). In addition, a low copy number, about
1.5 inserts per diploid genome, was reported in Ara-
bidopsis as well as in rice (Feldmann 1991; Jeon et al.
2000).

In this study, we report the generation of 5,200
independent lines of T-DNA tagged rice plants by
Agrobcterium-mediated transformation. Analysis of the
flanking sequences isolated by Thermal Asymmetric
Interlaced PCR (TAIL-PCR) revealed complex T-DNA
insertion patterns and preferential integration of T-DNA
into the protein coding-region of the rice genome. Our
results suggest the T-DNA tagged rice population and the
database of rice genome-sequences flanking T-DNA
inserts will be useful for rice functional genomics.

Materials and methods
Plant transformation

Rice tissue transformation was performed according to Yin and
Wang (2000) with slight modification. Vigorously embryogenic
calli were induced on scutella from germinated rice seeds of
Japonica rice cultivar Nipponbare and co-cultivated with Agrobac-
terium tumefaciens EHA105 (Hood et al. 1993), carrying the binary
vector pPCAMBIA1301 (http:/www.cambia.org.au/). After 3 days
of co-cultivation, the rice tissues were cultured on NBy medium (Li
et al. 1993) containing 250 mg 17! of cefotaxime, 500 mg 17! of
ampicillin, 2 mg 17" of 2, -D and 50 mg 1! of hygromycin at 25°C in
the dark for 3—4 weeks. Hygromycin-resistant calli were transferred
to the same fresh medium for 2-3 weeks. The vigorously growing
hygromycin-resistant calli were subcultured on NB, medium
containing 1 mg I"! of 6-BA (6-benzylaminopurine), 2 mg 1= of
NAA (naphthalaneacetic acid), 5 mg 17! of ABA (abscisic acid) and
50 mg 1! of hygromycin for 3 weeks. Compact, white embryogenic
calli were transferred to the NBy medium containing 2 mg I~! of 6-
BA, I mg I”! of NAA, 1 mg 17! of KT (Kinetin), 1 mg ™' of IAA
(Indoleacetic acid) and 50 mg 1I™' of hygromycin, and cultured at
25°C with 14-h light (about 50 pmol m™ s7') and a 10-h dark
period. The regenerated plantlets were subcultured to 1/2 MS
medium (Murashige and Skoog 1962) containing 0.1 mg 1! of IBA
(indolebutyric acid) to form whole plants. Regenerated plants were
transferred to soil and grown in a greenhouse.
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Assay of GUS activity

Expression of the GUS gene in rice cells was assayed essentially as
previously described (Rueb and Hensgens 1998) with 5-bromo-4-
chlor-3-indoly glucuromide (X-Gluc) as a substrate. Segments of
rice calli, leaf and stems were incubated in phosphate buffer (0.2 M
Na3POy, pH 7.0) containing 1 mg ml™' X-Gluc, 0.1% (v/v) Triton
X-100 and 10 mM EDTA at 37°C for 4 h. Leaf segments were
washed 4-5 times with 75% ethanol before visual examination.
Tissues that expressed the GUS gene were dark-blue.

PCR primers and reaction

Primers of GUSa (ACGGCCTGTGGGCATTCAGT), GUSb (TG-
CACCATCAGCACGTTATCG) and HPTa (TGCGCCCAAGCTG-
CATCAT), HPTb (TGAACTCACCGCGACGTCTGT), were de-
signed to amplify a coding region fragment of the GUS (S3-
glucuronidase) gene and the /pt (hygromycin phosphotransferase)
gene, respectively. The reaction mix (20 ul) for PCR consists of 5—
10 ng of rice genomic DNA, 0.2 mM each of dNTPs, 0.2 uM of
each PCR primer, 1x PCR buffer (10 mM Tris-HCI, pH 8.3, 50 mM
KCl, 1.5 mM MgCl,) and 0.8 units of Tag DNA polymerase
(TAKARA, Dalian, P. R. China). Thermal cycling was done at
94°C for 1 min followed by 35 cycles of 94°C for 45 s, 60°C for
45 s and 72°C for 90 s. After the final cycle, the reactions were
maintained at 72°C for 5 min before completion. Reactions were
conducted using a PTC-100-programmable thermal controller (MJ
Research, USA).

Isolation of genomic DNA and Southern hybridization

Genomic DNA was extracted from leaf tissues (1-2 g per plant) as
described by Komari et al. (1989). Genomic DNA was digested
with HindIll, separated on a 1% agarose gel in 1 x TAE by
electrophoresis, blotted onto Hybond-N* membranes and hy-
bridized with [*?P]dCTP-labeled probe. For the GUS gene detec-
tion, a coding region of pCAMBIA1301 amplified with primers
GUSa and GUSb was used as a probe. For the Apr gene detection, a
coding region of pPCAMBIA1301 amplified with primers HPTa and
HPTb was used as a probe. All blot-analysis procedures were
carried out as described by Sambrook et al. (1989) and Kang et al.
(1998).

TAIL-PCR isolation of the flanking sequences

Genomic sequences flanking the T-DNA insertions were amplified
according to Liu et al. (1995), with minor modification of 15 super
cycles (consisting of two high-stringency cycles and one reduced-
stringency cycle) in the secondary reaction, and 15 super cycles in
the tertiary reaction instead of 20 reduced-stringency cycles were
performed. Ten to twenty ng of genomic DNA was used as
template DNA. We designed three nested and target-specific
primers: SP1 (GGTGACCAGCTCGAATTTCCC), SP2 (TGAATC-
CTGTTGCCGGTCTTG) and SP3 (GCGCGCGGTGTCATCTAT-
GT). Each of these primers was used in combination with three
arbitrary degenerate primers: AD4, TG(A/T)GNAG(A/T)AN-
CA(G/C)AGA; ADS8, (G/C)TTGNTA(G/C)TNCTNTGC; and
AD9, (A/T)CAGNTG(A/T)TNGTNCTG. TAIL-PCR products
were purified by the Gel Extraction Kit (EZNA, USA), cloned
into pPGEM-T easy vector (Promega, USA) and sequenced.

Database search

With 200-700 bp of T-DNA flanking sequences, Gramene
(http://www.gramene.org/gramene/searches/blast), NCBI (http://
www.ncbi.nlm.nih.gov/BLAST/), Sygenta (Torry Mesa Research
Institute; http://www.tmri.org/index.html) and TIGR (The Insti-
tute for Genomic Research; http://www.tigr.org/tdb/e2k1/osal/
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BACmapping/description.shtml) databases were searched for nu-
cleotide similarities by the BLASTN algorithm. It was previously
reported that the mean size of rice genomic DNAs between the start
and stop codons, including introns, was 2.6 kb, and the mean gene
size for rice is about 4.5 kb (Jeon et al. 2000; Yu et al. 2002). To
find the disrupted genes located in the 3’ and 5’ sites of inserted T-
DNA, 2-kb upstream and downstream of flanking sequences were
searched in the same databases using BLASTX algorithm for the
similarity of proteins and by BLASTN for the similarity of ESTs.
The flanking sequences, which showed no significant similarity to
released rice genome sequences through searching the same
databases using BLASTN, were submitted to BLASTX for protein
similarity and BLASTN for the EST similarity search directly.

In silico mapping of T-DNA insertion sites

To determine the positions of the T-DNA insertion sites, the rice
genomic BAC or PAC clones containing the flanking sequences
were in silico mapped on rice chromosomes based on the map
databases of NCGR (National Center for Gene Research, Chinese
Academy of Sciences, China; http://www.ncgr.ac.cn/rice/chr4/
physicalmap/index.htm), RGP (Rice Genome Program, Japan;
http://rgp.dna.affrc.go.jp/cgi-bin/statusdb/status.pl), US genome-se-
quencing group (http://www.usricegenome.org/) and TIGR (The
Institute for Genomic Research; http://www.tigr.org/tdb/e2k1/osal/
BACmapping/description.shtml). The chromosomes were modified
from a YAC-based transcript map (http://rgp.dna.affrc.go.jp/pub-
licdata/estmap2001/).

Results

Efficient transformation of rice mediated
by A. tumefaciens

Scutella-derived embryonic calli were co-cultivated with
A. tumefaciens EHAI105 carrying the binary vector
pCAMBIA1301. Most of the calli that recovered from
the first round of selection proliferated on the second
selective medium. Approximately 20-30% of the co-
cultured calli produced hygromycin-resistant cells. Fifty
to sixty percent of hygromycin-resistant calli could be
regenerated into whole rice plants. Therefore, an Agro-
bacterium-mediated, stable and efficient rice transforma-

Fig. 1a, b Southern-blot analy-
sis of T-DNA tagged T rice
plants. Ti-plasmid pCAM-
BIA1301, non-transgenic rice
genomic DNA and genomic
DNAs from different T trans-
genic rice plants digested with
HindIll were hybridized with
hpt probe (a) or GUS probe (b).
Lane I: Ti plasmid 1301 (pos-
itive control); lane 2: non-
transgenic rice genomic DNA
(negative control); lanes 3—15:
genomic DNA from different
transgenic TO plants

tion system was established. With this system, 5,200
independently transformed plants were obtained. Some
phenotypic aberrations were observed in the tagged plants
and their progeny, such as dwarf, white-striped leaves,
lesion-mimic like spotted leaves, long sterile glumes and
partial fertility. The study to determine whether these
phenotypic aberrations were due to the T-DNA integra-
tion is in progress.

Confirmation of the tagged transgenic T, plants

GUS histochemical staining, PCR amplification and
Southern-blot analysis were carried out to investigate T-
DNA integration in randomly selected T, plants. Most of
the selected plants (22/24, i.e. 92%) were positive in GUS
histochemical staining. All of the selected plants showed
specific amplified bands of the hpt gene using primer
pairs HPTa and HPTb, whereas 12 out of 190 randomly
selected plants of those regenerated did not show
amplified bands of the GUS gene using primer pairs of
GUSa and GUSD, indicating that deletion of the GUS
gene has probably occurred during the process of
transformation.

The result was also confirmed by Southern analysis of
Ty tagged plants using the GUS or hpt gene-fragment as a
probe. Since the T-DNA of pCAMBIA1301 has a single
HindIlI site, and there is no HindlIII site on the probes,
genomic DNA of T, transgenic plants was digested with
HindIIl in Southern analysis. The number of hybridizing
bands reflected the copy number of integrated T-DNA in
the plants. Among the 39 transgenic Ty plants examined,
most carried only one copy of GUS (23, i.e. 59%) or the
hpt gene (19, i.e. 49%), although multiple copies of GUS
and hpt were observed in some plants (Fig. 1). The
average copy number of the GUS gene was 1.38, and the
average copy number of the hpt gene was 1.76. The
different copy number of GUS and hpt in some plants may
have been produced by rearrangement of T-DNA during

— 10kb
— 8
— 6kb
— 5kb
— 4kb
— 3kb



GCGCGCGGTGTATCTATGTTACTA
GCGCGCGGTGTATCTATGTTACTAG
GCGCGCGGTGTATCTATGTTACTAGATC
GCGCGCGGTGTATCTATGTTACTAGATCGGGA
GCGCGCGGTGTATCTATGTTACTAGATCGGGAATTAAACTATC:
GCGCGCGGTGTATCTATGTTACTAGATCGGGAATTAAACTATC:
GCGCGCGGTGTATCTATGTTACTAGATCGGGAATTAAACTATC.,
GCGCGCGGTGTATCTATGTTACTAGATCGGGAATTAAACTATC:
GCGCGCGGTGTATCTATGTTACTAGATCGGGAATTAAACTATC!
GCGCGCGGTGTATCTATGTTACTAGATCGGGAATTAAACTATC:
GCGCGCGGTGTATCTATGTTACTAGATCGGGAATTAAACTATC!

Fig. 2 The nick position of the T-DNA right border in the rice
genome. The capitalized letters indicate the right border sequences.
The letters in lowercase indicate T-DNA sequences immediately
next to the right border. The right column indicates the percent of
the T-DNA nick position in 214 rice genome sequences flanking
the T-DNA right border. The asterisk-marked sequences indicate
the T-DNA right border nicked precisely at the same sites found in
dicot species

the transformation process (Ohba et al. 1995), or by
breakage at some stage during the transfer or integration
process (Herman et al. 1990).

Molecular characterization
of the T-DNA integration pattern

According to Tinland (1996), a majority of the T-DNA
insertions occur within the right-border at specific loci in
dicot species. To examine whether it is the same case in
our tagged plants, the junction regions between rice
genomic DNA and the T-DNA right-border were ampli-
fied by TAIL-PCR as previously described (Liu et al.
1995). The success rate for amplification of specific
products (>200 base pair) varied according to the arbitrary
degenerate (AD) primer used, from about 50% with AD4
to 70% with AD8 and 85% with AD9. With these three
AD primers, at least one fragment was amplified in more
than 90% of the transformants. Among the examined 361
amplified-products, 214 contained plant sequences flank-
ing T-DNA inserts and 147 showed long T-DNA
integration and complex T-DNA integration into the
genome. The nick positions at the right border of our T-
DNA inserted plants were more complex than those
observed in Arabidopsis and tobacco transgenic plants. In
dicot species, most T-DNAs were nicked after the first or
second base of the right border (Yadav et al. 1982;
Zambryski et al. 1982). Out of the 214 TAIL-PCR
products that contained plant sequences, 59 (27.6%) were
nicked precisely at the same site found in dicot species.
The other 155 (72.4%) were nicked between 25 bp before
the right-border repeat to 4 bp after the right-border repeat
(Fig. 2).

Analysis of the conjunction sequences of the T-DNA
right-border and rice genome DNA also revealed long T-
DNA transfer and complex T-DNA insertion patterns in
the rice genome (Fig. 3). Ninety two of 361 sequences
showed a long T-DNA transfer. Direct or inverted
junction of the T-DNA borders, as well as linkage of
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TACTAGATCGOOAATTAAACT. 142 bp]6-16 bp Eller sequecel(-5-23 bp) AATTOACGE 6
TACTAGATCGUGANT TAAACTATCAGTGTT(-11-+2 bp)3-231 by filler sequencaljoined with the 1331 bp o 9878 bp of pCAMBIALZOL 7
~
TACTAGATCGGGAATTAAACTATCAGTGTT(-11-+2 bp)E-04 bp fller sequencd joined with the 272 bp 1o 9578 bp of pCAMBIALI0L  §
IAC'EQGAMGGMTEAMCT.MCA]EEY(:I
£ 1 gl prptasac AAATTGALGC mn
TACTAGATCOGOAATTAAACTATCAGTOT Tigaeaggataimi|
| leptptaancAAATTAOACGC 3
TACTAGATCOGGANTTAACTATCAGTGT |
(10293} TTHOCCCABCTATCTOTCACTTCATCAARAG 4
TACTAGATCGGGAATTAAACTATCAGTGT Tiga |
F (T A COTATOCACGOOGTATTOGGTGAT 1
Tncnmrcnmmﬁ,\uc’mrmmm‘r{?l
(1182503 GOOACTCTTGACCATGGTAGATCTG 3
TACTAGATOGGGAATTAAACTATCAGTGTTIR o ¢ o
(1900) ACANGAAAGGGATCTTCACTCGOGA 2
TACTAGATCGGOGAATTAAACTATCAGTGTT] /
I (B82TIGICCACCAGECAGCEAACAGCTCCCOGA 4
TACTAGATCGGGAATTAAACTATCAGTGTT(0-+3 bp) joined with the 1123 bp of pCAMBIAI30] 13

TACTAGATCEHHEAATT(-14 bp) [30 bp filler scquencd [s 158 by non-bousdary T-DNA region] joined with the 6546 bp of pCAMBLA L3011

Fig. 3A-1 Scheme of complex integration patterns in T-DNA
tagged rice plants. A Filler sequences at junctions of the right and
left border. B Filler sequences at junctions of the right border and
non-boundary region of T-DNA contiguous to the right border. C
Filler sequences at junctions of the right border and the non-
boundary region of T-DNA contiguous to the left border. D
Integration of the T-DNA right and left border showing nucleotides
of homology. E Nucleotides of homology at conjunctions of the
right border and non-boundary region of T-DNA contiguous to the
right border. F Nucleotides of homology at conjunctions of the
right border and non-boundary region of T-DNA contiguous to the
left border. G Nucleotides of homology at conjunctions of the right
border and vector backbone of pPCAMBIA1301. H Direct integra-
tion of the right border and non-boundary region of T-DNA. I A
complex pattern of integration. The lower case letters indicate the
right border repeat and the left border repeat. The number of clones
of each integration pattern is shown in bold at the right of each
sequence. The bracket-enclosed numbers in A, B, C, H and I
indicate nucleotides deleted or elongated, symbolized with — or +,
respectively, from the nick position of the T-DNA borders in
comparison with dicot species. The bracket-enclosed numbers in E,
F and G indicate the position at which the other part of
pCAMBIA1301 joined with the T-DNA right border. When the
junctions are at positions where the right border and the other part
of pCAMBIA1301 show nucleotides of homology, rwo vertical
lines delineate the region where the right border and other part of
pCAMBIA1301 must have joined. The nucleotides of homology
are shown in italics

the right border to non-boundary regions of T-DNA (T-
DNA between right and left borders) and/or non-T-DNA
regions of pCAMBIA1301, were found in another 55
sequences. Filler sequences of 3 to 251 bp were found at
junctions of the T-DNA borders and between junctions of
the right border and the non-boundary region of T-DNA
(Fig. 3A, B, C). The junctions between the T-DNA
borders, the T-DNA right border and the non-boundary
region of T-DNA, and the right border and vector
backbone showed 1 to 12 bp of microhomology
(Fig. 3D, E, F, G). Direct integration of the right border
and the non-boundary region of T-DNA was also
observed (Fig. 3H). In these sequences, there are no filler
sequences and no microhomologous nucleotide at the
conjunctions. The fusion seemed to result from a simple
ligation of blunt double-strand ends. A complex pattern of
integration that involved a 30-bp filler sequence and a
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155-bp non-boundary region of T-DNA between the right
border and the vector backbone is shown in Fig. 3 (I).

Database of T-DNA insertion plants

To assess the distribution of inserts in our population of
5,200 rice tagged-plants, 500 flanking sequences were
amplified by TAIL-PCR. After removal of overlapping
sequences and vector backbone sequences (i.e. sequences
of long T-DNA integration and complex T-DNA integra-
tion), a primary database of 214 flanking sequences was
generated. Of these, 169 flanking sequences showed
greater than 95% homology to sequenced rice genomic
BAC or PAC clones, and 45 showed no significant
similarity to any released rice genomic BAC or PAC
clones. The results of protein similarity and EST similar-
ity indicated that 152 (71%) flanking sequences showed
more than 50% identity to predicted protein-sequences,
and 70 (32%) flanking-sequences showed more than 90%
identity to ESTs (Table 1, Supplemental data). Low
identity of some of the flanking sequences with rice ESTs
may result from the presence of introns. The T-DNA
flanking-sequences database will be useful for mutational
analysis since some important genes such as ribosomal
protein, the recognition molecule CASPR3, GMP syn-
thase, ammonium transporter and the disease-resistance
protein RPM1 were predicted. Phenotypic analysis of
these insertion mutants is in progress and the unique
function of these genes in rice will be revealed through
reverse genetic and biochemical approaches.

Distribution of T-DNA tagged sites

Out of 169 rice genomic BAC or PAC clones containing
flanking sequences, 35 (20.7%) were located on chromo-
some 1, 23 (13.6%) on chromosome 2, 20 (11.8%) on
chromosome 3, nine (5.3%) on chromosome 4, 11 (6.5%)
on chromosome 5, 15 (8.8%) on chromosome 6, 14
(8.3%) on chromosome 7, 14 (8.3%) on chromosome 8,
two (0.1%) on chromosome 9, 16 (9.5%) on chromosome
10, three (0.2%) on chromosome 11 and seven (4.1%) on
chromosome 12 (Fig. 4, Table 1 in the supplemental
data). Only few flanking sequences were located on
chromosome 9 and chromosome 11. This may due to the
limited availability of the chromosome 9 and chromo-
some 11 sequences released. In seven flanking sequences,
the corresponding BAC or PAC clones have been
sequenced, but precise chromosomal locations have not
been determined (Table 1 in the Supplemental data).

Fig. 4 Chromosomal positions of T-DNA insertions in the rice
genome. The chromosomal positions of the rice genomic clones
containing T-DNA insertions were determined by searching map
databases of RGP, US genome-sequencing group and NCGR. The
clone number of T-DNA flanking sequences and the loci of
corresponding T-DNA insertion positions are shown on the right
side of each chromosome. Chromosomes 9 and 11 are not shown
because of few T-DNA insertion sites on these two chromosomes
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Discussion

Sequence analysis of the junctions between the T-DNA
right-border and rice genome DNA revealed that the T-
DNA nick position in the tagged rice plants are more
complex than in dicot species. The T-DNA right-bound-
aries in most of the transgenic rice plants did not
correspond to the T-DNA nicking positions found in A.
thaliana, and tobacco as reported previously (Hiei et al.
1994; Jeon et al. 2000). In our study, the nick position of
T-DNA within the right border was complex (Fig. 2).
Besides, nicking precisely at the same site found in dicot
species, the majority of the sequences at the junction were
nicked between 25 bp before the right border repeat to
4 bp after the right border repeat. The result further
supports the viewpoint that the nick position of T-DNA in
transgenic rice plants is different from that in transgenic
dicots (Hiei et al. 1994; Jeon et al. 2000), although the
molecular mechanism of the transfer of T-DNA from
Agrobacterium to dicots and monocots is apparently
identical.

Analysis of conjunction sequences also revealed long
T-DNA integration and complex T-DNA integration
(Fig. 3). Ninety two of the 361 sequences (25.5%)
showed long T-DNA transfer. Long T-DNA transfer has
been described in previous reports (Hiei et al. 1994;
Kononov et al. 1997; Wenck et al. 1997; Jeon et al. 2000),
with frequency of 33.2% in rice, 75% in Nicotiana
tabacum and 62% in A. thaliana. Using primer pairs
designed from different parts of the Ti-plasmid, Yin and
Wang (2000) proved the existence of long T-DNA
transfer in rice. Our results provide evidence based on
sequences isolated from the T-DNA right-border of
transformed rice. According to Wenck et al. (1997), the
transfer of long T-DNA may be due to insufficient Vir
proteins in the binary system. Two VirD2 proteins are
needed per one copy of T-DNA in the normal T-DNA
transfer system. One Vir protein associates with the 5’
region of T-DNA and transfers it from Agrobacterium to
the plant cell. Another VirD2 protein associates with the
5" end of non-T-DNA and rejoins the 3’ end of the
replacement (Lanka and Wilkins 1995). If there are fewer
VirD2 proteins in a binary system, T-DNA processing
will skip the other border of T-DNA with a long T-DNA
of Ti-plasmid transferred into the plant cell (Yin and
Wang 2000). Interestingly, the existence of the greater-
than-unit-length binary plasmid in rice transformants was
also detected in the study of Yin and Wang (2000). In our
study, this phenomenon is not found due to the limitation
of the size of TAIL-PCR products (about 250 to 750 bp).
The presence of long T-DNA transfer would make it
difficult to isolate plant genomic sequences flanking T-
DNA inserts using PCR approaches. However, the
plasmid rescue approach would be applied to isolate the
flanking sequence of the long T-DNA insertion (Yin and
Wang 2000). Moreover, the presence of the antibiotic
gene from the non-T-DNA region in transgenic plants
might cause environmental problems in transgenic appli-
cations in the field.
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Fifty five sequences showed complex T-DNA integra-
tion. Illegitimate recombination is observed at junctions
between two T-DNA borders and junctions between T-
DNA and the plant genome in A. thaliana (Gheysen et al.
1991; De Buck et al. 1999). In our study, this phenom-
enon was observed at junctions between two T-DNA
portions in transgenic monocots. Eighteen of the 55
sequences contained a few to 251-bp additional sequences
(filler sequence) at the junctions (Fig. 3A, B, C). The
filler sequences consisted of additional nucleotides
different from the T-DNA sequences adjacent to the
junctions. The filler sequences were observed in T-
DNA::plant junctions in transgenic N. tabacum (Gheysen
et al. 1991). According to Gorbunova and Levy (1997)
and Salomon and Puchta (1998), the double-strand break
repair (DSB) mechanism plays an important role in T-
DNA integration into the plant genome. Interaction of the
proteins, such as exonucleases, RecA-like proteins,
topoisomerases and ligases, results not only in degrada-
tion of DNA ends but also the synthesis of filler DNA
with multiple template switches. Another 28 sequences
showed one to several nucleotides of microhomology
between both ends at cross-over points of the right border
and other portions of pPCAMBIA1301 (Fig. 3D, E, F, G).
Roth and Wilson (1986) showed that 1-6 bp of micro-
homology between single-stranded ends is sufficient for
ligation directed by pairing of these homologous nucle-
otides in the circularization of SV40 molecules in monkey
cells. Microhomology was also reported in a previous
study of junctions between two T-DNAs and junctions
between T-DNA and plant genomic DNA in dicots
(Gheysen et al. 1991; De Buck et al. 1999). Interestingly,
one sequence showed the most-complex pattern of
integration (Fig. 3 I). In this sequence, the T-DNA right
border is joined to a 155-bp T-DNA region with a 30-bp
filler sequence at the junction. Then the 155-bp T-DNA
region was integrated with a vector backbone region of
pCAMBIA1301.

Although the exact mechanism of the complex patterns
of T-DNA integration is largely unknown, it has been
proposed that T-DNA integration involves illegitimate
recombination in transgenic dicots (Gheysen et al. 1991;
Mayerhofer et al. 1991; Tinland 1996; De Neve et al.
1997). The presence of microhomology at or nearby the
junctions is one of the characteristics of illegitimate
recombination. Other characteristics of illegitimate re-
combination include the presence of the filler sequence at
the recombinant junctions and the generation of either a
microdeletion or the presence of larger target rearrange-
ments (Gheysen et al. 1991). In our study, the existence of
microhomology, filler sequences and microdeletion were
found at the junctions of T-DNA right borders and other
parts of pCAMBIA1301. Thus, we can conclude that
illegitimate recombination plays an important role in the
formation of complex patterns of T-DNA integration in
transgenic rice; and the mechanism of the formation of
complex patterns of T-DNA integration in rice is similar
to that of dicot species and mammalian cells. It would be

interesting to examine whether this pattern is common in
other monocot species.

In our initial database of T-DNA flanking sequences,
most flanking sequences exhibited different levels of
similarity with proteins or predicted genes in public
databases. Seventy sequences showed 90% similarity to
rice ESTs in public databases of NCBI, TIGR and
Gramene. Significant preferential insertion of AC into the
protein-coding region was reported previously (Enoki et
al. 1999; Greco et al. 2001). Our results suggest
preferential insertion of the T-DNA into transcriptionally
active regions, which has previously been reported in
Arabidopsis (Koncz et al. 1989; Kertbundit et al. 1991;
Topping et al. 1991) and rice (Barakat et al. 2000). This
result may reflect that T-DNA inserts into selective
chromatins, which are potentially or actually transcrip-
tionally active, in a relatively “open” status. Only in these
types is high-frequency integration of T-DNA possible
(Topping et al. 1991). The “open” chromatin structure
might facilitate the integration of foreign sequences. A
similar result has been suggested for retrovirus insertion
in mice (Mooslehner et al. 1990) and the P-element in
Drosophila melanaogaster (Downes 1990). Jeon et al.
(2000) predicted that rice genome saturation could be
archived with 660,000 insertions. Saturation of the
transcriptionally active regions by T-DNA insertion in
rice may only require 165,000 insertions due to T-DNA
insertion specificity, and the fact that the gene space of
rice corresponds to 25% of the genome (Barakat et al.
2000).
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