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Bacterial Transposons Are Co-Transferred with
T-DNA to Rice Chromosomes during
Agrobacterium-Mediated Transformation

Sung-Ryul Kim, and Gynheung An*

Agrobacterium tumefaciens is widely utilized for delivering
a foreign gene into a plant’s genome. We found the bacte-
rial transposon Tn5393 in transgenic rice plants. Analysis
of the flanking sequences of the transferred-DNA (T-DNA)
identified that a portion of the Tn5393 sequence was pre-
sent immediately next to the end of the T-DNA. Because
this transposon was present in A. tumefaciens strain
LBA4404, but not in EHA105 and GV3101, our findings
indicated that Tn5393 was transferred from LBA4404 into
the rice genome during the transformation process. We
also noted that another bacterial transposon, Tn5563, is
present in transgenic plants. Analyses of 331 transgenic
lines revealed that 26.0% carried Tn5393 and 2.1% con-
tained Tn5563. In most of the lines, an intact transposon
was integrated into the T-DNA and transferred to the rice
chromosome. More than one copy of T-DNA was intro-
duced into the plants, often at a single locus. This resulted
in T-DNA repeats of normal and transposon-carrying T-
DNA that generated deletions of a portion of the T-DNA,
joining the T-DNA end to the bacterial transposon. Based
on these data, we suggest that one should carefully select
the appropriate Agrobacterium strain to avoid undesirable
transformation of such sequences.

INTRODUCTION

The soil-borne organism Agrobacterium tumefaciens induces
crown gall tumorigenesis by transferring its own DNA, located
on the transferred-DNA (T-DNA) region of a tumor-inducing (Ti)
plasmid, into plant chromosomes. This capacity to move DNA
into a plant genome has been exploited by researchers who
have adopted this bacterium as a genetic engineering tool for
plant transformation. In this way, any DNA molecule can be
transferred when laid between two imperfect 25-bp repeats -
the right border (RB) and the left border (LB). This is accom-
plished with the help of proteins encoded from virulence (vin
genes. In nature, both T-DNA and vir genes are located on the
same Ti plasmid. Because such plasmids are difficult to ma-
nipulate directly in vitro due to their large size (about 200 kb), a
binary vector system has been developed. One plasmid, dis-

armed, is the derivative of a Ti plasmid that contains vir genes
but lacks the T-DNA region (Hoekema et al., 1983). The other,
the binary vector, is a small-sized artificial plasmid that carries
modified T-DNA containing cloning sites, a gene for selection of
transformants, and the borders (An et al., 1985; Bevan, 1984).
During the past 25 years numerous binary vectors have been
developed (Kim et al., 2009; Komori et al., 2007; Lee and
Gelvin, 2008), but only a few disarmed plasmids have been
reported. The most widely used are Agrobacterium strains
EHA105, GV3101, and LBA4404, which contain different dis-
armed plasmids (Hellens et al., 2000; Lee and Gelvin, 2008).

Although Agrobacterium transformation methods have been
commonly applied in plant transformation, some concerns re-
main. For example, multiple T-DNA insertions frequently occur
at one locus of a plant genome (De Buck et al., 1999; De Neve
et al., 1997; Kim et al., 2003a). This T-DNA repeat structure
may affect transgene expression through gene-silencing (Jorgen-
sen et al., 1996). Another problem is that unexpected DNA can
be integrated into a plant genome. A vector sequence outside
of the T-DNA is often detected in transgenic plants (De Buck et
al., 2000; Kim et al., 2003a; Kononov et al., 1997; Oltmanns et
al., 2010). This is mainly due to the failure of T-DNA termination
at the LB during T-DNA transformation, which then generates a
read-through product. Agrobacterium chromosomal DNA has
also been detected (Ulker et al., 2008).

In this study we discovered two bacterial transposons,
Tn5393 and Tn5563, in transgenic rice. The former had first
been reported from Erwinia amylovora, which causes fire blight
in rosaceous plants. Tn5393 belongs to the Tn3 transposon
family and is composed of 81 bp of inverted repeats (IRs), the
transposase gene tnpA, a recombination site (res), the resol-
vase gene tnpAR, the insertion sequence 1S1133, and two strep-
tomycin resistance genes - strA and strB (Chiou and Jones,
1993). The second transposon, Tn5563, was first identified
from the pRA2 plasmid of Pseudomonas alcaligenes. It also
belongs to the Tn3 family and has two 39-bp inverted repeats --
tnpA and tnpR — plus two putative mercuric ion transport genes,
merP and merT (Yeo et al., 1998). Tn3 and its relatives are
replicative DNA transposons.

Crop Biotech Institute and Department of Plant Molecular Systems Biotech, Kyung Hee University, Yongin 446-701, Korea

*Correspondence: genean @khu.ac.kr

Received January 6, 2012; revised April 4, 2012; accepted April 5, 2012; published online May 7, 2012

Keywords: Agrobacterium, bacterial transposon, LBA4404, rice, T-DNA, Tn5393

) Springer



584 Detection of Bacterial Transposons in Transgenic Rice Plants

1kb Fig. 1. Schematic diagram of Tn5393 and

—_— deletion end points. Structure is based on

a b f g c d e report by Chiou and Jones (1993). T-DNA

IR-L >, -+ * . * * RR flanking sequences matching Tn5393 are

J tnpA |.-es‘ tnpR my indicated with arrows below map. Starting

—> — — — —> — points of arrows are junctions between Tn5395

S : : H ; and T-DNA. Junction regions were PCR-

£ , ! N ! . ' amplified using T-DNA border primer and

A ansis ' g ARCELLTF H H 2D-21000 Tn5393 primer as indicated in parentheses.
(LB1+b) | i (LBl+g) 1 H (LB1+c) : A =

' H H ! Asterisks (*) indicate restriction enzyme Sacl

i : i : sites. IR-L and IR-R, terminal inverted re-

2D 2&820 2D _‘:0995 - 2’1154 30 520993 peats; res, recombination site; strA and strB,

(RB1+b) (RB1+2) (RB1+g) (RB1+d) streptomycin resistance genes; inpA, trans-

MATERIALS AND METHODS

Plant materials and Agrobacterium strains

We used transgenic plants of rice (Oryza sativa var. Dongjin,
Hwayoung, and Kitaake) produced by the binary vectors
pGA2144, pGA2707, pGA2715, pGA2717, and pGA2772 (An
et al., 2003; Jeon et al., 2000; Jeong et al., 2002; 2006; Lee et
al., 2012; Ryu et al., 2004). Their backbone was derived from
pGA472 (An et al., 1985; Kim et al., 2003b), having an RK2
replication origin. For DNA preparation, 10 seeds from individ-
ual primary transgenic plants were sterilized for 24 h in 0.025%
(v/v) prochloraz diluted with water, then washed in tap water for
24 h. They were then sown in soil and grown in the greenhouse
under natural light. Leaves of 20-day-old seedlings were sam-
pled and used for DNA extraction by a modified cetyl trimethyl
ammonium bromide (CTAB) method (Chen and Ronald, 1999).
These DNAs were subjected to PCR analysis and Southern
hybridization. Agrobacterium tumefaciens strains LBA4404,
EHA105, and GV3101 were cultured in YEP liquid media with-
out antibiotics, using a shaking incubator set at 28°C.

PCR analysis

All PCR reactions comprised 35 cycles of denaturation at 95°C,
annealing at 57°C, and extension at 72°C, followed by a final
elongation step at 72°C for 5 min. Amplifications were per-
formed with the following primers: a (5-GAGCTTCATGG
TGTTCCAGAA-3), b (5-AGCCACGTCTCCGACCAAT-3), ¢
(5-TGACCGCCTCATTTGGCTCAA-3), d (5-CATGATGCAG
ATCGCCATGTA-3'), e (5-CTTGGAACGCGGATGGAGAA-3),
f (5'-CTGCGCTCCGATAAATTCGAT-3'), and g (5'-AGACTGC
GAGCCATCGGCTTT-3) on Tn5393;, RB1 (5'-CCACAGTTT
TCGCGATCCAGACT-3), LB1 (5-TCCGAAACTATCAGTGTC
TAGCT-3), 15F (5'-ATGATTAGAGTCCCGCAATT-3), and
15R (5-AGTGCTTGACATTGGGGAATTCAG-3') on T-DNA;
and 5563a (5-AGGCTCTGTAAGCCGACCTT-3) and 5563b
(5'-GGTACGCTTAATCAAAGTTCAA-3') on Tn5563.

Characterization of the Tn5393 flanking region in
transgenic rice plants

Flanking regions of the bacterial transposons were amplified by
iPCR as described previously (Kim et al., 2011). Briefly, ge-
nomic DNA was digested with Sacl and self-ligated by T4 DNA
ligase. Our iPCR was conducted with a set of primers located at
the terminal regions of Tn5393: 5-CATCTTCTGGAACACC
ATGAA-3' and 5-GCTTCAGCGCATGATGACGTT-3 at the
left end, and 5-CTTGGAACGCGGATGGAGAA-3' and 5'-
CAAATCCGCTCCAGACAGAT-3 at the right end, Nested
PCR was performed with 5-GAGGTCGTTGCAAACCAGAA-3

posase gene; inpR, resolvase gene.

and 5-GAGTTCGGCATCCAGAATCCA-3 for the left end, and
5-GGAGCAACGCGATCTAGCTA-3 and 5-TTCCTCCTGCC
AGTTGATCA-3 for the right end.

Detection of transposition of Tn5393 into T-DNA in
Agrobacterium

Agrobacterium cells harboring pGA2715 binary plasmid were
plated on YEP-agar medium containing tetracycline (5 ng/ml).
Single colonies were picked and grown in YEP liquid medium
containing tetracycline for 36 h. After purification of DNA, PCR
was performed with a pair of primers (one on T-DNA and the
other on Tn5393). The PCR products were directly sequenced.

DNA-blot hybridization

Procedures were as described previously (Kang et al., 2010).
Briefly, genomic DNA (2 ng) digested with Sacl was separated
on a 0.7% agarose gel, blotted onto a nylon membrane (GE
Healthcare, USA), and hybridized with a **P-labeled probe. For
probe preparation, a portion of the streptomycin-resistant gene
on Tn5393 was amplified by PCR with ¢ and d primers. The
PCR product was used for isotope-labeling with a Rediprime I
random prime DNA labeling system (GE Healthcare).

RESULTS

Bacterial Tn5393 is present in transgenic rice plants

We generated numerous transgenic rice plants and determined
the flanking sequences of T-DNA insertion sites (An et al.,
2003; 2005; Jeon et al., 2000; Jeong et al., 2002; 2006; Ryu et
al., 2004). During the analysis of those flanking sequences, we
found DNA sequences for bacterial transposon Tn5393 (Gen-
Bank Accession No. M95402). To confirm its presence in our
transgenic plants, we amplified DNA fragments containing this
transposon, using a pair of specific primers in which one was
located near the T-DNA border and the other was located on
Tn5393. Sequencing the amplified fragments showed that the
transposon was linked to the T-DNA ends, albeit with varying
amounts of deletion (Fig. 1). For example, the transposon was
found in the LB flanking region, and approximately 300 bp of
the IR-L region of Tn5393 had been deleted in Line 2D-20912.
Much larger deletions were noted in Lines 2D-21000 and 2D-
21177. This transposon was also found at the RB, with varying
amounts of deletions.

To confirm the presence of Tn5393 in transgenic plants, we
performed DNA-blot analyses of randomly selected lines trans-
formed with either pGA2772 or pGA2715. There, seven out of
10 lines from pGA2772 and five out of eight from pGA2715 had
hybridized with the Tn5393 probe (Fig. 2).
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pGA2715

Fig. 2. DNA-blot hybridization experiment of transgenic rice
plants with Tn5393 probe. Ten randomly selected pGA2772-
transformed lines and eight pGA2715-transformed lines were
examined. Genomic DNAs were digested with Sacl, then
blotted and hybridized with Tn5393 probe. Non-transgenic is
wild type rice (O. sativa var. Dongjin) as a negative control.

=28
‘ - # . ‘ - g
g & 17
0. sativa A. tumefaciens Fig. 3. Detection of Tn5393 and Tn5563 from O. sativa and
A. tumefaciens. Tests included 3 rice varieties (Dongjin,
Hwayoung, and Kitaake) and 3 Agrobacterium strains
(LBA4404, EHA105, and GV3101). Primers for amplification
of Tn5393 are shown with Fig. 1. In amplifying Tn5563, only a
portion detected from the transgenic plant was tested.
Tn5393 (a+b)
Tn5393 (c+d)
Tn5563 (5563a+5563b)

Tn5393 originates from Agrobacterium tumefaciens
LBA4404

DNA hybridization and PCR analyses showed that Tn5393 was
not present in wild-type rice, thus indicating that the sequence
was instead introduced during generation of the transgenic
plants (Fig. 3). We isolated its flanking regions from Line O-
45544, which had been transformed with pGA2144. Sequenc-
ing the flanking regions of this transposon showed that T-DNA
sequences of the binary vector were located next to Tn5393.
That transposon had been inserted at the OsTubAT intron se-
quence, which is located between the OsTubA1 promoter and
the hygromycin resistance gene HPH (Fig. 4A). At the junction

points, 5-bp duplications of the target DNA were found (Fig. 4B).

Similar results were obtained from transgenic plants gener-
ated with other vectors. Sequencing pGA2715-transformed lines
identified two different insertions of Tn5393 in the T-DNA region
of the vectors (Fig. 4A). In the first group, the transposon was
inserted at the OsTubA1 terminator that was located after the
hygromycin resistance coding sequence. In the second group,
it was inserted to HPH and also caused target-site duplication
(Fig. 4B). Analyses of the pGA2772-transformed lines showed
that Tn5393 was inserted at the OsTubA1 terminator region (a
different site from that associated with the first group of

pGA2715 lines); there, 6 bp of duplications were observed (Figs.

4A and 4B).
Because the transposon-positioning was identical in more

than one line transformed with the same vector, it is likely that
Tn5393 was introduced into the binary vector before the plant
cells could be transformed. If so, then A. tumefaciens strain
LBA4404, used as a host for the binary vector, may have had
the transposon. Therefore, we investigated for the presence of
Tn5393 in strain LBA4404 that did not carry a binary vector,
and discovered that it did indeed have the transposon (Fig. 3).
Meanwhile, strains EHA105 and GV3101, carrying different
disarmed plasmids, did not contain Tn5393. We examined
whether Tn5393 was transposed to T-DNA before co-cultiva-
tion with rice. Analysis of 24 colonies resulted in identification of
five independent transpositions to T-DNA (Fig. 5). This result
indicates that Tn5393 was inserted into T-DNA in Agrobacte-
rium.

In Line 2D-00597, the Tn5563 transposon occurred in the
flanking sequence of the T-DNA insertion site. This bacterial
transposon has also been found on plasmid pRA2 from Pseu-
domonas alcaligenes (GenBank Accession No. U88088.2; Yeo
et al., 1998). Sequencing the surrounding region of Tn5563
showed that it was located within Tn5393 (Fig. 4C). Therefore,
these results indicate that Tn5563 was inserted into Tn5393
before both were transferred into the plant chromosome. Fur-
thermore, Tn5563 was not detected in wild-type rice, but was
found in A. tumefaciens LBA4404 (Fig. 3).
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Fig. 4. Locations of bacterial transposons within T-DNA in transgenic rice plants. (A) Structure of T-DNA and positioning of Tn5393. (B) Se-
quences at junctions between T-DNA and Tn5393. Underlined sequences (5-6 bp) are target duplications by Tn5393 insertion. (C) IR-R of
Tn5393 was linked to another bacterial transposon, Tn5563, in Line 2D-00597. GUS, f-glucuronidase; HPH, hygromycin phosphotransferase;
pUC18, plasmid pUC18; pTub, promoter of OsTubAT; tTub, terminator of OsTubA1; Tub int, first intron of OsTubA1; 4X 35S En, 4-fold tran-

scription enhancer of CaMV 35S.

Fig. 5. Schematic diagram of Tn5393 insertions in T-
DNA of pGA2715. Primers 15F and 15R were used
together with b and e primers in Fig. 1 for amplifica-
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Intact Tn5393 is inserted within the T-DNA of most
transgenic rice lines examined here

To elucidate whether Tn5393 was intact in our transgenic rice,
we examined 24 lines that had been transformed with pGA2715.
Amplification of the end regions of the transposon showed that
19 out of 24 lines contained the entire Tn5393 (Fig. 6). In Line
2A-50047, only one end of Tn5393 had been amplified, sug-
gesting that the transposon was truncated. In 16 lines, the junc-
tion region was amplified between the IR-R of Tn5393 and the
T-DNA, indicating that, for the majority of lines, this transposon
was located near the terminator of OsTubA1 on the T-DNA.
However, no PCR band was detectable in three lines (2A-
50025, 2A-50030, and 2A-50041), implying that Tn5393 either

was located elsewhere or had an inverse orientation. If Tn5393
was not in fact present at the locus, then the T-DNA sequence
surrounding the insertion site should have been amplified. As
expected, the T-DNA region was amplified in Lines 2A-50025
and 2A-50041, but not in Line 2A-50030. This suggested the
possibility that the transposon was set at an inverse orientation.
Interestingly, the T-DNA sequence surrounding the Tn5393
insertion site was amplified in 10 of 16 lines carrying the trans-
poson at that locus. This demonstrated that more than one T-
DNA insertion had occurred in the lines: one with Tn5393 and
the other without a transposon.

We used PCR to determine the frequency of bacterial trans-
poson insertions in our transgenics. Approximately 26% (86
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Table 1. Detection frequencies of Tn5393 and Tn5563 from rice T-
DNA-tagged lines

Tagging Number of  Number of lines bearing transposon
vector lines tested Tn5393 (%) Tn5563 (%)
pGA2707 37 5(13.5) 1(2.7)
pGA2715 232 48 (20.7) 5(2.2)
pGA2717 33 12 (36.4) 0(0.0)
PGA2772 29 21 (72.4) 1(3.4)
Total 331 86 (26.0) 7(2.1)

PCR was performed with f and g primers for Tn5393 and 5563a and
5563b primers for Tn5563.

lines) out of a randomly selected 331 lines contained Tn5393
(Table 1). Although the Tn5563 sequence was found at a much
lower frequency (2.1%), it did occur in the lines transformed
with different vectors examined here (Table 1).

Occurrence of transposon sequences in the T-DNA
flanking region is due to T-DNA repeat structures

Because Tn5393 was located within the T-DNA, we did not
expect to identify its sequence from the T-DNA flanking region.
Kim et al. (2003a) have previously reported that more than one
T-DNA can be inserted into a single locus as a tandem or in-
verse repeat. During the transformation process, a portion of
the T-DNA might be deleted, connecting a T-DNA border to the
middle of the next T-DNA. If such a deletion occurs from one T-
DNA end to the sequence near or at the bacterial transposon,
the transposon sequence can then be detected in that flanking
region.

To examine this hypothesis, we selected seven lines de-
scribed in Fig. 1. Genomic DNA isolated from them was ampli-
fied, using one primer located near the T-DNA borders (RB1 or
LB1 in Fig. 7A) and another from within the T-DNA where
Tn5393 was inserted (15F or 15R in Fig. 7A). As predicted, T-
DNA repeat structures containing Tn5393 were amplified (Fig.
7B). Based on the size of the amplified DNA and the sequence
at the junction between T-DNA and Tn5393, we estimated

1kb P i i
| | Fig. 6. Detection of Tn53§93—mserted
T-DNA. (A) Schematic diagrams of

H Tub int HpTub H
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e+ 15R

15F + 15R

el ET RPN | i,

-
LB1 15R

..y B:5kb dolotion (T-DNA 2.4 kb + Tn5393 4.1 kb)
- -‘\“

RN
2D-20955 L7

re T
-

-
RB1 15R

8’; e 8.2 kb deletion (Tn5393 0.3kb + T-DNA 7.9 kb)

20-20012 | U

LB1 15F

Fig. 7. Formation of T-DNA end::Tn5393 through deletion of a portion of T-DNA. (A) Schematic diagram of T-DNA of pGA2772 with Tn5393
insertion. PCR primers are indicated below map. (B) PCR-amplification of T-DNA end::Tn5393 region. Primer pairs are shown in parentheses.
(C) Schematic diagrams for formation of T-DNA end::Tn5393. Deleted regions are shown in dotted boxes.
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that 2.8-11.4 kb of T-DNA had been deleted. Those deduced
structures are illustrated in Fig. 7C.

DISCUSSION

We observed that the Tn5393 sequence was often present at
the flanking regions of T-DNA tagging lines. Inserting multiple
copies of T-DNA at a single locus and subsequence rear-
rangement had brought Tn5393 next to the T-DNA border. At
the junction points between that border and Tn5393, micro
homology (1-4 bp) was present, often along with small filler
DNA. These contexts are similar to that of general T-DNA re-
peats (Kim et al., 2003a; Kumar and Fladung, 2000).

Tn5393 was previously discovered in Arabidopsis trans-
formed with LBA4404 (Zhao et al., 2009). Because we also
used LBA4404 as a host for our binary vectors, we supposed
that the transposon had originated from those bacteria. The
Agrobacterium strain carries disarmed Ti plasmid pAL4404, a
derivative of the octopine Ti plasmid pTiAch5 (Hellens et al.,
2000). To generate insertional mutations in the Ti plasmid, bac-
terial transposon Tn904 conferring streptomycin resistance has
been introduced to that plasmid (Klapwijk et al., 1980). Screen-
ing of T-DNA deletion mutants has resulted in the identification
of a Ti plasmid designated as pAL4404 (Ooms et al., 1982).
The strain carrying the mutant plasmid is named LBA4404.
Therefore, Tn5393 is a derivative of Tn904.

We gained evidence here that Tn5393 is inserted into the T-
DNA of binary vectors in Agrobacterium before it is transferred
to plant chromosomes. This transposon is likely derived from
the pAL4404 plasmid based on our finding that other Agrobac-
terium strains carrying a different disarmed Ti plasmid did not
contain the transposon.

We often detected normal T-DNA and Tn5393-carrying T-
DNA within one transgenic plant, perhaps because of transfec-
tion of one plant cell by more than one Agrobacterium: one with
normal T-DNA, the other with T-DNA carrying Tn5393. Alterna-
tively, this might be explained by the fact that normal as well as
Tn5393-inserted binary plasmids were present in the same
Agrobacterium cells. The vectors used in this study had an RK2
replication origin, which generally entails seven to 10 copies per
cell in A. tumefaciens (Oltmanns et al., 2010).

Transferring Agrobacterium DNA into a plant via the Ti plas-
mid appears to be a common phenomenon. Although it hap-
pened here at low frequency, we also found a second transpo-
son, Tn5563. Both Tn5393 and Tn5563 have previously exhib-
ited transposition activity into another replicon (Chiou and
Jones, 1993; Yeo et al., 1998).

Agrobacterium chromosomal DNA sequences are often
found in transgenic plants generated by that organism (Ulker et
al., 2008). Transposable element 1S426, located on linear chro-
mosomes, is detected at relatively high frequency. It has been
proposed that processed T-DNA is first integrated into a non-
essential region, such as transposons on the Agrobacterium
chromosome, before that region is transferred into the plant
genome (Ulker et al.,, 2008). In such a model, a border-like
sequence should be present near the T-DNA insertion site on
the Agrobacterium chromosome. By contrast, we present an
alternative model here. Briefly, chromosomal DNA is first in-
serted into a binary plasmid before it is transferred into the plant
cell. The Agrobacterium genome carries 25 IS elements (Wood
et al., 2001), which might often be transferred into a binary
vector along with surrounding chromosomal DNA.

The presence of Agrobacterium DNA is not desirable in
transgenic plants and can be disadvantageous to genetic engi-
neering efforts, especially those applied toward the production

of commercial transgenic plants. However, this problem could
be reduced by using Agrobacterium strains freshly engineered
to carry binary vectors. In that way, the chance of transposon
movement to T-DNA can be diminished. Avoiding helper plas-
mids containing transposable elements would also minimize the
risk. Ultimately, development of transposon-free Agrobacterium
strains will resolve this challenge.
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