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Abstract

Nineteen transgenic banana plants, produced via Agrobacterium-mediated transformation, were analyzed
for the integration of T-DNA border regions using an improved anchored PCR technique. The method
described is a relatively fast, three-step procedure (restriction digestion of genomic DNA, ligation of
‘vectorette’-type adaptors, and a single round of suppression PCR) for the amplification of specific T-DNA
border-containing genomic fragments. Most transgenic plants carried a low number of inserts and the
method was suitable for a detailed characterization of the integration events, including T-DNA border
integrity as well as the insertion of non-T-DNA vector sequences, which occurred in 26% of the plants.
Furthermore, the particular band pattern generated by four enzyme/primer combinations for each indi-
vidual plant served as a fingerprint, allowing the identification of plants representing identical transfor-
mation events. Genomic Southern hybridization and nucleotide sequence analysis of amplification products
confirmed the data obtained by anchored PCR. Sequencing of seven right or left border junction regions
revealed different T-DNA processing events for each plant, indicating a relatively low frequency of precisely
nicked T-DNA integration among the plants studied.

Introduction

To millions of people, bananas (Musa spp.) are
more than the typical dessert fruit, as it is known
in developed countries. Of the roughly 100 million
tons produced worldwide annually, only some
10% enter the trade market (Anonymous, 2003),
clearly illustrating its importance as a basic food
source throughout the 120 producing countries in
the tropical and subtropical regions of the world.

The genetic pool of cultivated bananas has
become highly stabilized over time due to the
naturally occurring sterility in most polyploid
cultivars. This crossing barrier has also historically

hampered the conventional breeding programs
that have significantly improved management
and yield in other crops. Thus, biotechnological
intervention has become a necessary tool for the
genetic improvement of banana. Significant pro-
gress has been made over the last decade in
developing different transformation protocols
(Sági et al., 1994, 1995; May et al., 1995;
Ganapathi et al., 2001; Khanna et al., 2004),
among which Agrobacterium-mediated transfor-
mation is generally considered to be efficient and
provide high levels of transgene expression. How-
ever, the resulting structure and disposition of
transferred DNA (T-DNA) sequences from
Agrobacterium to plants do vary widely – to
include single or multiple T-DNA insertions,
individually distributed or in tandem repeats,
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located at a unique or several loci in the plant
genome – and are not always precisely delimited
by the corresponding T-DNA border repeats
(Gheysen et al., 1990; Kononov et al., 1997;Wenck
et al., 1997). These characteristics further compli-
cate the characterization of the usually large
populations of transgenic plants that need to be
generated for the identification of lines of interest.
To this purpose, analysis by blot hybridization of
genomic DNA (Southern, 1975) has been a stan-
dard method, but is relatively laborious and
requires large amounts of DNA. Alternative meth-
ods, originally developed to amplify unknown
sequences that flank known DNA (reviewed by
Hui et al., 2002), are based on the fast and low-
DNA-demanding polymerase chain reaction (PCR).
The combination of two genome walking principles,
‘vectorette’ PCR (Arnold & Hodgson, 1991) and
suppression PCR (Siebert et al., 1995), has provided
a new strategy to study T-DNA boundaries in
transgenic plants (Spertini et al., 1999; Cottage
et al., 2001; Zheng et al., 2001). Similar PCR-
walking methods (Balzergue et al., 2001; Sallaud
et al., 2003) have been used to isolate flanking
sequence tags from large collections of T-DNA
insertion mutants in Arabidopsis (Samson et al.,
2002) and rice (Sallaud et al., 2004). Up to date, a
common drawback to these PCR-based methods is
the unspecificity of initial amplifications, generally
solved by extra rounds of nested PCR.

In this paper, we describe an improved anchored
PCR (APCR) method for the characterization of
T-DNA border-containing regions after a single
PCR reaction in 19 randomly selected transgenic
banana plants. A subset of amplified fragments
were then cloned and sequenced to confirm results
and obtain more details about T-DNA integration
patterns. A good correlation between APCR and
Southern analysis demonstrated the utility of this
technique. Our data show the frequent integration
of vector sequences and reveal that integration of
precisely nicked T-DNA occurs at a relatively low
frequency in this set of transgenic bananas.

Materials and methods

Outline and principle of the APCR technique

A schematic representation of the technique is
outlined in Figure 1. The process involves restric-

tion digestion of total DNA, followed by the
ligation of asymmetric adaptors to the ends of
generated fragments, and a final single PCR round
to specifically amplify the regions containing the
corresponding T-DNA borders. The restriction
endonuclease, a tetracutter without sequence rec-
ognition sites in the region delimited by T-DNA
priming sites and border repeats, generates the
appropriate fragment lengths to facilitate amplifi-
cation, detection at a high resolution, as well as
subsequent cloning and sequencing. The procedure
involves a number of safety levels implemented to
enhance specific amplifications (Figure 1a) and
block possible interferences (Figure 1b). The
asymmetric adaptor and primers are designed to
ensure initial amplifications starting from the
T-DNA border side, according to the ‘vectorette’
characteristics described by Arnold and Hodgson
(1991). Two additional features included in the
short strand adaptor-oligonucleotide (Figure 2
and Table 1) are: (i) an unphosphorylated 5¢-end
to favor its release thereby ensuring that only the
long adaptor strand is ligated to the restriction
fragments, which decreases unspecific amplifica-
tion from denatured DNA templates (Vos et al.,
1995) and prevents the generation of PCR frag-
ments with complementary termini, and (ii) a
3¢-end amine group to prevent its extension (in
case the DNA polymerase would still repair the
ligated ends) for the generation of premature
priming sites (rather than generated by the tar-
geted extension from the T-DNA border-specific
primers) and to block its own priming capacity.
Finally, PCR parameters include an initial ‘hot
start’ step (see below) to avoid undesired exten-
sions, and a touchdown cycling program (see
below) to suppress unspecific amplifications of
possible fragments with terminal inverted repeats
generated from identical adaptor-containing ends
(Figure 1c).

Template DNA and restriction digestion

Total DNA was isolated by a modified method of
Dellaporta et al. (1983) from transgenic T0 Musa
spp. (‘Three Hand Planty’ 2n=3x=33) plants
transformed with Agrobacterium tumefaciens
EHA105 (pFAJ3000) (De Bondt et al., 1994).
Between the border regions of the octopine-type
plasmid pTiB6S3 (Deblaere et al., 1985) an intron-
containing gusA the reporter gene is inserted in
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pFAJ3000. Binary vector DNA in Agrobacterium
waspurifiedby the alkaline lysismethod (Sambrook
et al., 1989). Extracted DNAwas quantified by UV
spectrophotometry prior to complete digestion
overnight at 37 �C. A spiked one-copy recon-
structed positive control (1CR), corresponding to

a single T-DNA integration in the triploid banana
genome, was prepared by mixing 1 lg of genomic
DNA from an untransformed control plant with
8.3 pg of vector DNA (15 kbp). For APCR ampli-
fications, 1 lg DNA samples were digested with 10
units of BfaI (New England Biolabs) or 8 units of

Figure 1. Flow chart representation of the APCR method. A region of plant DNA adjacent to the T-DNA (gray box) and, as an
example, the left border repeat (LB, black box) is shown. In the adaptor (dashed boxes), the unphosphorylated 5¢-end and the 3¢
amine modification of the short strand are represented by a solid and an empty circle, respectively. Vertical black arrows indicate
the location of restriction sites (RS); dotted arrows indicate the direction of DNA synthesis; solid horizontal arrows represent the
position of border- and adaptor-specific primers.
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MseI (Amersham Biosciences), followed by heat
inactivation of the enzymes. For Southern analysis,
digestions of DNA were done with 4.5 units of
BamHI (Amersham Biosciences) per 1 lg of DNA.

Oligonucleotides and adaptor ligation reactions

The sequence of primers and adaptor oligonucle-
otides used in this study are shown in Table 1.
T-DNA border-specific primers were designed
based on conserved nucleotide sequences in the
wild (octopine)-type pTi15955 plasmid (Barker
et al., 1983). The adaptor was prepared by mixing
50 pmol ll)1 of long and short oligonucleotides at
80 �C for 10 min and cooled down to room
temperature. Ligation reactions were performed

overnight at room temperature in buffer contain-
ing 50 pmol of adaptor, 250 ng of digested DNA
sample, 1.24 Weiss units of T4 DNA ligase
(Amersham Biosciences), and 200 lM of rATP
in 50 ll final volumes. The position of priming
sites and a schematic representation for adaptor
ligation to the left border T-DNA region in
pFAJ3000 is shown in Figure 2.

PCR amplification and sequencing of APCR
fragments

Reaction mixtures for DNA amplification in-
cluded 200 lM of dNTPs and 0.5 units of Hot-
Star Taq DNA polymerase in 1� PCR buffer
(Qiagen) at final reaction volumes of 20 ll.
Forward and reverse primers were added at
0.5 lM, and as template, 25 ng of digested and
adaptor-ligated DNA was used. PCR conditions
included: (a) 15 min ‘hot start’ at 95�C, (b) 10
cycles of 30 s denaturation at 94�C and 1 min
annealing-extension steps with a touchdown of
)0.5�C every cycle from 72 to 67�C, (c) 24 extra
cycles of 30 s denaturation at 94�C and 1 min
annealing-extension at 67�C, and (d) 3 min final
elongation step at 67�C. Reactions were per-
formed in a Mastercycler Gradient PCR machine
(Eppendorf). Amplified fragments were electro-
phoresed in 2% agarose gels and stained with
ethidium bromide. For sequencing, APCR prod-
ucts were purified with the Qiaquick PCR Puri-
fication Kit (Qiagen), cloned into plasmid vector
pCR�4-TOPO (Invitrogen), and transformed into
TOP10 One Shot� chemically competent E. coli
cells (Invitrogen). Recombinant plasmids were
purified and inserts were commercially sequenced
in both strands (Eurogentec).

Figure 2. Schematic representation of the binary vector
pFAJ3000 T-DNA left border region and the adaptor used
for APCR analyses. The nearest approximate position of non-
T-DNA restriction sites (in the vector backbone), priming
sites, and the unique BamHI site are shown. The unphosphor-
ylated 5¢-end and the 3¢ amine modification of the adaptor’s
short strand are represented by a solid and an empty circle,
respectively. The size and location of the LB probe used for
Southern hybridizations are indicated.

Table 1. Nucleotide sequence of primers and adaptors used for APCR and Southern analyses

Oligonucleotide Sequence: 5¢ to 3¢

GSPL1 (Inner) CCC CCA TTT GGA CGT GAA TGT AGA CAC

GSPL2 (Outer) GTT TAT TGC TTT CGC CTA TAA ATA CGA CG

LB1 CGG CAG GAT ATA TTC AAT TGT AAA TGG C

GSP3 (Inner) ACC TCA ATT GCG AGC TTT CTA ATT T

GSPRL1 (Outer) GGG CCT AAC TTT TGG TGT GAT GAT GC

ABADAPR1 GAC GAT GAG TCC TGA GTC GAC

Long adaptor strand GAC GAT GAG TCC TGA GTC GAC GGC CCG GGC TGG

Short adaptor strand dTAC CAG CCC Gs

d Unphosphorylated 5¢-end; s 3¢-end amine modification.
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Southern hybridization analysis

A 217-bp T-DNA left border probe (Figure 2) was
amplified by standard PCR using the alkali-labile
digoxigenin-11-dUTP label (Roche) and primer
pair LB1-GSPL2 (Table 1 and Figure 2). Genomic
Southern hybridizations were performed using
10 lg of BamHI-digested DNA samples and the
labeled probe for the detection of left border-
containing sequences.

Results

Optimization of APCR analysis

A one-copy reconstructed positive control (1CR)
and a transgenic plant (1G) containing multiple
insertions as previously shown by Southern anal-
ysis were used to develop an improved APCR
procedure (Figure 1). The optimized parameters
included primer concentrations, length of the
adaptor-specific primer and cycling conditions.
Key factors for specific and reproducible amplifi-
cations were: (i) the use of long adaptor-specific
primers, which provided a better suppression effect
during PCR, (ii) the inclusion of hot start to avoid
unspecific extensions from the short adaptor-
oligonucleotide, and (iii) touchdown cycling to
increase the specificity of amplifications. Without
these steps a secondary PCR reaction with (semi-)
nested primers was necessary to obtain specific
products. The specificity of the optimized APCR
products was confirmed by hybridizations to
probes specific to either the T-DNA right (RB,
data not shown) or left (LB, Figure 2) border
regions. The optimized conditions were then
applied to the analysis of 19 transgenic banana
plants randomly selected from a population of 52
plants.

APCR analysis of transgenic banana plants

A total of 21 DNA samples representing 19
randomly chosen transgenic plants (1A to 1T),
an untransformed plant (UP, as a negative con-
trol), and the spiked 1CR (as a positive control),
were analyzed by APCR for the detection of
integrated RB and LB regions. Each border area
was reconstructed from four different PCR reac-
tions, resulting from the alternative combination

of two T-DNA-specific primers and two restriction
enzymes. The complete APCR analysis obtained
from the T-DNA LB regions in the spiked positive
control 1CR and transgenic plants 1H and 1A is
shown in Figure 3a as an example of single copy
insertions. For the 1CR control, each enzyme/
primer combination led to the amplification of
single fragments, with expected size shifts corre-
sponding to the differential position of primers
(60 bp) and restriction sites (140 bp) (Figure 2).

The APCR band pattern obtained for trans-
genic plant 1H was identical to that of the 1CR
control (Figure 3a), which, considering the frag-
ment length differences observed in the corre-
sponding genomic blots (Figure 3b), suggests the
integration in the genome of this plant of partial
vector sequences that extend from the LB repeat. A
single band was also detected in transgenic plant
1A, but as both APCR and Southern analyses
show, in this case, with distinct patterns of frag-
ment distribution (Figure 3a and 3b). Conse-
quently, this plant may carry a single and more
precisely delimited LB T-DNA integration, exclud-
ing the non-T-DNA region from the binary vector,
at least until the MseI target site present in
pFAJ3000 at position )160 (Figure 2).

A reconstruction in Figure 3c represents the
distribution of restriction sites in the non-T-DNA
LB region of the binary vector control (1CR) as
well as for transgenic plants 1H and 1A. The
identical APCR band pattern of 1H and 1CR
indicates the amplification of a common DNA
region delimited by the BfaI recognition site,
which includes a minimum of 300 bp of non-
T-DNA sequence (Figure 2). The length differ-
ences between the LB hybridizing fragments in
1CR and 1H suggest a plant origin for the nearest
BamHI site in transgenic plant 1H. Similarly, the
size shift between BfaI- and MseI-derived PCR
fragments in plant 1A reveals an inverse distribu-
tion of restriction sites with respect to that found
in the 1CR control (Figure 2), pointing to a plant
origin for these sites, as well as for its nearest
BamHI site (Figure 3c).

Table 2 shows a summary of results obtained for
the T-DNA right and left border analysis of the 21
DNA samples, including the number of fragments
amplified by APCR and the presence/absence of
vector backbone sequences. The identical number
and size of PCR bands (not shown) detected at each
T-DNA border and for every enzyme/primer
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combination in plants 1Band 1E, aswell as in 1Fand
1I (pairs boxed inTable 2), suggests that theplantsof
these pairs do in fact derive from the same transgenic
cell lineage. An additional feature in the 1F–1I pair is
the presence of a probable truncation at the RB
region, as detected by the absence of amplification
products only when the outer T-DNA primer was
used in combination with either BfaI or MseI. A
similar situation was found for the RB insertion in
transgenic plant 1T, and possibly 1A as well as 1P

(Table 2). This type of variation suggesting border
truncation was not observed at any LB region
studied (Table 2). The other identical pair, 1B and
1E, possessed the highest number of insertions in the
population tested. Interestingly, the very same two
plants were the only ones that did not express the
introduced gusA reporter gene (data not shown).

To compare the APCR results with Southern
analysis, a LB-specific probe was hybridized to
genomic DNA from ten transgenic plants

Figure 3. APCR analysis of the T-DNA left border (LB) region in a 1 copy reconstructed sample (1CR) and two transgenic plants
(1H and 1A). (a) APCR gels: each lane corresponds to amplifications obtained by a particular combination of restriction enzymes
(BfaI or MseI) and LB-specific primers (GSPL1 or GSPL2); arrows point to fragments shown in Figure 4a and 4b. (b) Genomic
Southern analysis: BamHI-digested DNA samples hybridizing to the LB-specific probe. Molecular weight markers (in kbp) are in-
cluded. (c) Deduced distribution of restriction sites in T-DNA LB regions: solid lines represent binary vector sequences; dotted and
broken lines are of undetermined and plant origin, respectively.
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(Table 2). A perfect correlation was found in six
plants (1A, 1F, 1H, 1L, 1O and 1T; see Figure 3b
for 1A and 1H) and only a minor difference in the
other four plants (1C, 1G, 1K and 1R).

Sequence analysis of APCR fragments

To further confirm results from APCR studies, in
total seven PCR fragments (referred in Table 2),

five from the RB region (1CR as control, 1F, 1I,
1K, and 1R) and two from the LB region (1H and
1A), were sequenced. Figure 4a shows a partial
sequence alignment comprising the T-DNA border
sites of pTi15955 (which provides the T-DNA ends
in 1CR) and the junction regions of cloned
APCR fragments. The sequences, together with
the T-DNA border regions in pTi15955, were also
used to draw the schematic representations

Table 2. Summary of T-DNA boundaries characterized in 19 transgenic banana plants according to the number of integrated
T-DNA border regions and the presence of non-T-DNA vector sequences via APCR and Southern analyses

Samplesa T-DNA border region

Right Left

APCR Non-T-DNAc APCR Non-T-DNAc Southernd

Restriction enzyme Restriction enzyme

BfaI MseI BfaI MseI

Primer and positionb Primer and positionb

GSP3

Inner

GSPRL1

Outer

GSP3

Inner

GSPRL1

Outer

GSPL1

Inner

GSPL2

Outer

GSPL1

Inner

GSPL2

Outer

UP 0 0 0 0 ) 0 0 0 0 ) 0

1CR 1 1 1e 1 + 1 1 1 1 + 1

1A 2 1 2 1 ) 1e 1 1 1 ) 1

1B 3 3 5 5 + 3 3 5 5 + nd

1C 1 1 1 1 ) 0 0 0 0 ) 1

1D 0 1 1 1 ) 1 1 2 2 ) nd

1E 3 3 5 5 + 3 3 5 5 + nd

1F 1e 0 1 0 ) 1 1 1 1 ) 1

1G 3 3 4 4 + 4 4 2 2 + 4

1H 0 0 0 0 ) 1e 1 1 1 + 1

1I 1e 0 1 0 ) 1 1 1 1 ) nd

1J 3 3 4 5 + 2 2 2 2 + nd

1K 2 2e 2 1 ) 0 0 1 1 ) 1

1L 1 1 1 1 + 1 1 1 1 + 1

1M 2 0 4 1 ) 3 3 3 3 ) nd

1N 1 1 2 2 ) 1 1 1 1 ) nd

1O 0 0 1 1 ) 2 2 2 2 ) 2

1P 3 2 3 2 ) 2 2 4 4 ) nd

1Q 1 1 2 2 ) 1 1 2 2 ) nd

1R 1e 1 1 1 ) 1 1 2 2 ) 2

1T 1 0 1 0 ) 1 1 1 1 ) 1

aUP, untransformed plant; 1CR, 1 copy reconstructed spiked control; 1A to 1T, transgenic plants; plants in the same box have
identical bands in all enzyme/primer combinations.
bPrimer position within the T-DNA with respect to the corresponding border repeat (see Figure 2).
cPresence (+) or absence ()) of non-T-DNA vector sequences as identified in corresponding APCR band patterns.
dSouthern hybridizations performed with a LB probe; nd, not determined.
eSequenced APCR fragments. For plant 1K, only the smallest fragment (approx. 250 bp) of the two present in the gel was sequenced.
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Figure 4. (a) Sequence alignments of the RB and LB regions from pTi15995 (the source for the T-DNA borders in 1CR) and
cloned APCR fragments from positive control sample 1CR (MseI-derived fragment) and transgenic plants 1F, 1I, 1K, 1R, 1H and
1A (all BfaI-derived fragments; indicated by arrows in Figure 3a when applicable). Only the relevant part around the T-DNA
border is shown. Bold letters correspond to vector sequences with relevant features underlined. Normal letters indicate sequences
of probable plant origin, including an MseI site (boxed) in plant sample 1K. (b) Schematic representation of T-DNA right and left
boundaries in the octopine-type pTi15955 plasmid and APCR fragments as identified by nucleotide sequence analysis. Relevant
features (not to scale) include T-DNA right (RB) and left (LB) border repeat; T-DNA border-specific primers (GSP3, GSPRL1,
GSPL1, and GSPL2); adaptor (AD); position of restriction sites (vertical arrows); plant DNA (solid lines); binary vector DNA
(double lines); position of theoretical nick site (TNS, dotted vertical line).
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illustrated in Figure 4b. The RB region in the 1CR
sample, used to control specificity of amplifica-
tions, perfectly matched the RB boundary of
pTi15955 for a region starting at the T-DNA
inner priming site and ending beyond the BfaI site
(Figure 4b). Similarly, RB APCR fragments from
plants 1F and 1I were 100% identical, as previ-
ously hypothesized, and showed the truncation at
the T-DNA right border as predicted above. In
this particular insertion, only one nucleotide
remained from the original outer T-DNA priming
site (Figure 4a). Therefore, these plants did not
contain a RB repeat, as it could also be deduced
from the absence of amplification products with
the outer T-DNA RB primer (Table 2). The
position of an MseI site within DNA of plant
origin (Figure 4b) is in agreement with the APCR
fragment obtained from MseI-based amplification
(Table 2). T-DNA RB integrations were far more
accurate in transgenic plants 1K and 1R. The RB-
containing APCR fragment from the 1K sample
(Figure 4a) did not contain vector DNA sequence,
in accordance with data gained from the study of
its APCR band pattern (Table 2). In fact, this
insertion was rather precise, i.e. only one nucleo-
tide of what should theoretically remain after
T-DNA integration was missing from the RB
repeat. On the other hand, the APCR product
from plant 1R was an example of an exact T-DNA
RB integration. In this case, only the first three
nucleotides of the RB repeat were conserved after
insertion, which correlates with the theoretical
nick site for RB processing in model transforma-
tions (Figure 4a). The presence and relative dis-
tance of an MseI recognition site in plant DNA, as
well as the location of the conserved outer priming
site, also correlated with APCR results shown in
Table 2.

The existence of vector backbone sequences, as
suggested by APCR analyses in different samples,
was confirmed in the LB-containing fragment
from plant 1H (Figure 4a). Its complete identity
with the binary vector LB region up to the position
of the adaptor, 306 bp away from the LB, is
represented in Figure 4b. In agreement with the
prediction drawn from APCR results (Figure 3a
and 3c), this plant indeed carried at least 300 bp of
vector sequences extending from the theoretical
nick site at the T-DNA LB. The conserved GSPL2
and MseI sites were consistent with amplification
data (Table 2). For transgenic plant 1A, the

predicted absence of vector backbone DNA
(Figure 3c and Table 2) was also confirmed. The
identity of this fragment with binary vector DNA
started at the GSPL1 priming site, continued
through the T-DNA to include the GSPL2 site
and ended with the first three nucleotides of the LB
repeat (Figure 4a). From this point onwards, i.e.
18 bp before reaching the theoretical LB nick site
started the discrepancy from the vector and
therefore a DNA region of plant origin. Since no
MseI sites were present in the sequenced fragment,
BfaI-based APCR products were indeed shorter
than MseI-based fragments (see Figure 3a). Thus,
nucleotide sequence analysis confirmed the predic-
tions of APCR in all samples sequenced.

In an attempt to identify insertion sites a
homology search was performed for all APCR
sequences in GenBank, which resulted in no
significant hits (E = 2e)5). This might be ex-
plained by the relatively short length of the
sequences (on average 351 bp). A further search
in a Musa EST database (donated to the Musa
Genomics Consortium by Syngenta) revealed
homology only between the 1I sequence (386 bp)
to an unannotated EST (E = 5e)37) indicating
the insertion of the T-DNA in this transgenic line
into a transcribed banana sequence.

Discussion

The APCR results presented, as obtained after all
four possible reactions performed for the T-DNA
LB region, showed a perfect correlation with
Southern analysis in 8 out of the 12 cases
(including an untransformed control plant and
the positive control sample 1CR) studied through
both techniques. The partial discrepancies (differ-
ence of one insertion) observed in the remaining
four samples (1C, 1G, 1K and 1R; Table 2) can be
clarified by the differential resolution power of
both technologies as influenced by (i) the relative
position of restriction sites in flanking plant DNA,
(ii) the integrity of inserted T-DNA border
regions, and (iii) the structure of T-DNA repeats
in multiple integrations.

Under the conditions used, an extremely dis-
tant or excessively proximal location of restriction
sites in neighboring plant DNA can prevent PCR
amplifications. In fact, we found a number of
plants for which the number of identified LB
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insertions exclusively depended on the restriction
enzyme used, and not on the relative position of
border primers. Among them were three of the
four transgenic plants that showed discrepancies
with Southern results, i.e. 1G, 1K, and 1R
(Table 2). This situation can be demonstrated in
the sequence of the T-DNA RB insertion in plant
1K (Figure 4a). The position of the MseI site, just
10 bp away from the T-DNA outer GSPRL1 site,
might explain why only one RB was detected by
APCR for the MseI/GSPRL1 combination
(Table 2) while this plant probably contained
two RB insertions. The possible incidence of
nearest restriction sites in plant DNA has been a
matter of concern in other PCR-based studies of
T-DNA integration. For the analysis of transgenic
shallot, Zheng et al. (2001) tested seven different
restriction enzymes, but only obtained consistent
results with two of them. Similarly, Theuns et al.
(2002) proposed the use of alternative restriction
enzymes and compatible adaptors to ensure visu-
alization of fragments generated from AFLP-
derived amplifications in transgenic Arabidopsis
plants.

With regard to border integrity, Southern
analysis limits the information to a plus/minus
value for the presence of T-DNA borders, whereas
the APCR technique is more flexible due to a wide
choice of alternative border-specific primers,
which can be used to scan for partially deleted
inserts. The existence of T-DNA truncations could
therefore contribute to the discrepancies observed
between APCR and Southern results. In general,
the integration of incomplete T-DNA copies with
deletions at either or both border regions can
reach a frequency of up to 40% of transferred
T-DNAs (Spielmann & Simpson, 1986; Deroles &
Gardner, 1988). Whereas truncations preferen-
tially occur at the LB (Gheysen et al., 1991;
Mayerhofer et al., 1991), in our study, T-DNA
LB regions analyzed by APCR seemed to be better
conserved than RB regions in all plants tested,
though this could have been influenced by the
longer distance from T-DNA outer priming sites
to border repeats in the LB region (217 bp,
Figure 2) compared to that in the RB (54 bp, not
shown). Similarly, the characterization of T-DNA
borders in Arabidopsis (Balzergue et al., 2001) and
rice (Sallaud et al., 2003) has shown that LBs are
more suitable for amplification of flanking
sequence tags. Whereas in the first case the authors

considered the probable higher accuracy of LB
insertions, the RBs studied in the latter case were
be more often associated with inverted repeats.

RB endpoints in transgenic plants have been
shown in the literature to preferentially include the
first three nucleotides of the border repeat, coin-
ciding with the nick site for the VirD1/VirD2
processing proteins (Yanofsky et al., 1986), while
LB processing appears to be more random
(reviewed by Gheysen et al., 1998). While this
standard bias of T-DNA integration has generally
been found in rice (Hiei et al., 1994) and maize
(Ishida et al., 1996), we have not observed any
particular preference for the location of endpoints
in transgenic banana. Each APCR fragment
sequenced from independent transgenic plants
indeed represented a unique example of a different
type of border integration (Figure 4a).

A third cause of disparity between Southern
hybridization and the APCR method can be due to
the inherent limitation of the PCR to amplify
inverted repeats, a rather frequent type of rear-
rangement in plants containing multiple T-DNA
copies (De Neve et al., 1997). However, the main
interest of a fast screening system is the rapid
identification of plants with low number of inte-
grations. In this respect, five candidate transgenic
lines carried single insertions (1C, 1F–1I, 1H, 1L,
and 1T, Table 2). Among them, only plant 1L
represented an intact T-DNA integration event,
but non-T-DNA vector sequences extending from
both right and left border repeats were evident in
its band pattern. The precise extent and mecha-
nism of non-T-DNA sequence transfer in banana
remains to be determined. Nevertheless, four (1B,
1E, 1G, 1J and 1L) out of the five transgenic plants
positive for vector sequences (Table 2) had non-
T-DNA integrated both at the right border and
the left border region, which indicates that the
generation of a full-length plasmid molecule may
be frequent in banana. Vector backbone transfer
has a frequency of 26.3% (5/19) in our population
of transgenic banana plants, which could be
considered an intermediate value when compared
to 75–80% in up to 50 tobacco plants (Kononov
et al., 1997; Hanson et al., 1999) and 10%
reported for 29 Arabidopsis plants (Meza et al.,
2002) and fits in the range of 25–30% observed in
rice (Yin & Wang, 2000; An et al., 2003; Sha et al.,
2004), the only other monocot species studied so
far. Thus, this report confirms for the first time
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that binary vector backbone transfer also occurs in
monocots outside the cereals.

Another factor that may interfere with the
interpretation of the APCR results is the potential
survival of Agrobacteria in tissue cultures and
in vitro plants. APCR fragments from these
contaminating bacteria could lead to false inter-
pretations of positive transgenic plants as well as
of vector backbone integration. It should be noted
that the survival of Agrobacteria is not limited to
in vitro tissues and micropropagated plants but
also reported in greenhouse plants (Matzk et al.,
1996), and thus may, in principle, present a
problem even for the subsequent progenies. In
our case, as polyploid bananas are sterile and do
not produce sexual progeny, the APCR analysis
was done from primary shoots regenerated from
individually selected transgenic cell colonies. Fur-
thermore, control PCR experiments with primers
specific to the picA gene (Yusibov et al., 1994),
which resides on the bacterial chromosome (Rong
et al., 1990), were never positive for transgenic
colonies or plants (data not shown but submitted),
indicating no Agrobacterium survival in these
transgenic lines. Therefore, APCR results do
indicate vector backbone integrations rather than
the presence of residual Agrobacteria.

In summary, the APCR technique proved to be
a useful and fast screening tool for the identifica-
tion of plants carrying a low number of T-DNA
insertions. The incidence of non-T-DNA transfer
events, the integrity of T-DNA border regions,
and the characterization of individual transgenic
plants complete the set of data that could be
inferred from the analysis of particular APCR
band patterns. Sequence analysis of several
T-DNA inserts amplified by APCR allowed us to
conclude that single integrations with precisely
nicked T-DNA processing were infrequent events
in this population of transgenic banana.

Acknowledgements

The authors acknowledge Tina Redard for
improving the English text. This work has been
partially supported by a grant from the Instituto
Nacional de Investigación y Tecnologı́a Agraria
y Alimentaria of the Spanish Ministry of Agri-
culture, Fisheries and Food and by the Interna-
tional Network for the Improvement of Banana

and Plantain (INIBAP) through the Belgian
Directorate-General for Development Coopera-
tion (DGDC).

References

An S, Park S, Jeong D-H, Lee D-Y, Kang H-G, Yu J-H, Hur J,
Kim S-R, Kim Y-H, Lee M, Han S, Kim S-J, Yang J, Kim E,
Wi SJ, Chung HS, Hong J-P, Choe V, Lee H-K, Choi J-H,
Nam J, Kim S-R, Park P-B, Park KY, Kim WT, Choe S, Lee
C-B and An G (2003) Generation and analysis of end
sequence database for T-DNA tagging lines in rice. Plant
Physiol 133: 2040–2047.

Anonymous, (2003) Agricultural Production Statistic Database
FAOSTAT. Food and Agricultural Organization of the
United Nations.

Arnold C and Hodgson IJ (1991) Vectorette PCR: a novel
approach to genomic walking. PCR Methods Appl 1: 39–42.

Balzergue S, Dubreucq B, Chauvin S, Le-Clainche I, Le
Boulaire F, de Rose R, Samson F, Biaudet V, Lecharny A,
Cruaud C, Weissenbach J, Caboche M and Lepiniec L (2001)
Improved PCR-walking for large-scale isolation of plant
T-DNA borders. BioTechniques 30: 496–504.

Barker RF, Idler KB, Thompson DV and Kemp JD (1983)
Nucleotide sequence of the T-DNA region from the
Agrobacterium tumefaciens octopine Ti plasmid pTi15955.
Plant Mol Biol 2: 335–350.

Cottage A, Yang A, Maunders H, de Lacy RC and Ramsay NA
(2001) Identification of DNA sequences flanking T-DNA
insertions by PCR-walking. Plant Mol Biol Rep 19: 321–327.

Deblaere R, Bytebier B, De Greve H, Deboeck F, Schell J,
Van Montagu M and Leemans J (1985) Efficient octopine Ti
plasmid-derived vectors for Agrobacterium-mediated gene
transfer to plants. Nucleic Acids Res 13: 4777–4788.

De Bondt A, Eggermont K, Druart P, De Vil M, Goderis I,
Vanderleyden J and Broekaert WF (1994) Agrobacterium-
mediated transformation of apple (Malus x domestica
Borkh.): an assessment of factors affecting gene transfer
efficiency during early transformation steps. Plant Cell Rep
13: 587–593.

Dellaporta SL, Wood J and Hicks JB (1983) A plant DNA
minipreparation: version II. Plant Mol Biol Rep 1: 19–21.

De Neve M, De Buck S, Jacobs A, Van Montagu M and
Depicker A (1997) T-DNA integration patterns in co-
transformed plant cells suggest that T-DNA repeats origi-
nate from co-integration of separate T-DNAs. Plant J 11:
15–29.

Deroles SC and Gardner RC (1988) Analysis of the T-DNA
structure in a large number of transgenic petunias generated
by Agrobacterium-mediated transformation. Plant Mol Biol
11: 365–377.

Ganapathi TR, Higgs NS, Balint Kurti PJ, Arntzen CJ,
May GD and van Eck JM (2001) Agrobacterium-mediated
transformation of embryogenic cell suspensions of the
banana cultivar Rasthali (AAB). Plant Cell Rep 20: 157–162.

Gheysen G, Herman L, Breyne P, Gielen J, Van Montagu M
and Depicker A (1990) Cloning and sequence analysis of
truncated T-DNA inserts from Nicotiana tabacum. Gene
94: 155–163.

Gheysen G, Villarroel R and Van Montagu M (1991) Illegiti-
mate recombination in plants: a model for T-DNA integra-
tion. Genes Dev 5: 287–297.

149



Gheysen G, Angenon G and Van Montagu M (1998)
Agrobacterium-mediated plant transformation: a scientifically
intriguing story with significant applications. In: Lindsey K
(ed), Transgenic Plant Research. (pp. 1–33) Hardwood
Academic Publishers, Amsterdam.

Hanson B, Engler D, Moy Y, Newman B, Ralston E and
Gutterson N (1999) A simple method to enrich an
Agrobacterium-transformed population for plants containing
only T-DNA sequences. Plant J 19: 727–734.

Hiei Y, Ohta S, Komari T and Kumashiro T (1994) Efficient
transformation of rice (Oryza sativa L.) mediated by
Agrobacterium and sequence analysis of the boundaries of the
T-DNA. Plant J 6: 271–282.

Hui EK, Wang PC and Lo SJ (2002) PCR-based strategies to
clone unknown DNA regions from known foreign integrants.
An overview. Methods Mol Biol 192: 249–274.

Ishida Y, Saito H, Ohta S, Hiei Y, Komari T and Kumashiro T
(1996) High efficiency transformation of maize (Zea mays L.)
mediated by Agrobacterium tumefaciens. Nat Biotechnol 14:
745–750.

Khanna H, Becker D, Kleidon J and Dale J (2004) Centrifu-
gation assisted Agrobacterium tumefaciens-mediated trans-
formation (CAAT) of embryogenic cell suspensions of
banana (Musa spp, Cavendish AAA and Lady finger AAB).
Mol Breeding 14: 239–252.

Kononov ME, Bassuner B and Gelvin SB (1997) Integration of
T-DNA binary vector ‘backbone’ sequences into the tobacco
genome: evidence for multiple complex patterns of integra-
tion. Plant J 11: 945–957.

Matzk A, Mantell S and Schiemann J (1996) Localization of
persisting agrobacteria in transgenic tobacco plants. Mol
Plant-Microbe Interact 9: 373–381.

May GD, Afza R, Mason HS, Wiecko A, Novak FJ and
Arntzen CJ (1995) Generation of transgenic banana (Musa
acuminata) plants via Agrobacterium-mediated transforma-
tion. Bio/Technology 13: 486–492.

Mayerhofer R, Koncz-Kalman Z, Nawrath C, Bakkeren G,
Crameri A, Angelis K, Redei GP, Schell J, Hohn B and
Koncz C (1991) T-DNA integration: a mode of illegitimate
recombination in plants. EMBO J 10: 697–704.

Meza TJ, Stangeland B, Mercy IS, Skarn M, Nymoen DA,
Berg A, Butenko MA, Hakelien AM, Haslekas C, Meza-
Zepeda LA and Aalen RB (2002) Analyses of single-copy
Arabidopsis T-DNA-transformed lines show that the pres-
ence of vector backbone sequences, short inverted repeats
and DNA methylation is not sufficient or necessary for the
induction of transgene silencing. Nucleic Acids Res 30:
4556–4566.

Rong LJ, Karcher SJ, Oneal K, Hawes MC, Yerkes CD,
Jayaswal RK, Hallberg CA and Gelvin SB (1990) PicA, a
novel plant-inducible locus on the Agrobacterium tumefaciens
chromosome. J Bacteriol 172: 5828–5836.

Sági L, Remy S, Panis B, Swennen R and Volckaert G (1994)
Transient gene expression in electroporated banana (Musa
spp., cultivar ‘Bluggoe’, ABB group) protoplasts isolated
from regenerable embryogenic cell suspensions. Plant Cell
Rep 13: 262–266.
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