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Summary. During Agrobacterium tumefaciens infection,
the T-DNA flanked by 24 bp imperfect direct repeats
is transferred and stably integrated into the plant chro-
mosome at random positions. Here we measured the
frequency with which a promoterless reporter gene is
activated after insertion into the Nicotiana tabacum SR1
genome. When adjacent to the right or left T-DNA
border sequences, at least 35% of the transformants ex-
press the marker gene, suggesting preferential T-DNA
insertion (>70%) in transcriptionally active regions of
the plant genome. When the promoterless neomycin
phosphotransferase II (nptIl) gene is located internally
in the T-DNA, the activation frequency drops to 1%
since gene activation requires T-DNA truncation. These
truncation events in the nptIl upstream region occur in-
dependently of the nature of the upstream sequence and
of the T-DNA length. Deletion of the right border region
prevents the detection of activated marker genes. There-
fore, T-DNA truncation probably occurs after synthesis
of a normal T-DNA intermediate during the transfer
and/or integration process. In the absence of border re-
gions, expression of the nptIT selectable marker directed
by the nopaline synthase promoter was detected in 1
out of 10° regenerated calli, suggesting the possibility
that any DNA sequence from the Ti plasmid can be
transformed into the plant genome, albeit at a low fre-
quency.

Key words: Agrobacterium tumefaciens — T-DNA
borders — Intergeneric gene transfer — pseudoborder —
Insertional activation — Aberrant T-DNAs

Introduction

The transformation of plant cells by Agrobacterium tu-
mefaciens is dependent on the insertion of a precisely
delimited bacterial DNA sequence, the T-DNA, into the
host genome (for a review see Gheysen et al. 1989).
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Upon contact with phenolic compounds released by
wounded plant cells, the Agrobacterium transfer func-
tions (vir) are induced (Stachel et al. 1985). The VirD1
and VirD2 proteins introduce single-stranded nicks in
the lower strand of the 24 bp repeat sequence which
flanks the transferred DNA region (Yanofsky et al.
1986; Wang et al. 1987). Subsequently, single-stranded
linear molecules (T-strands) are generated by strand dis-
placement with their 5 and 3’ ends terminating at the
nicked sites within the right and left T-DNA border
repeats (Stachel et al. 1986; Albright et al. 1987). The
right border repeat is absolutely required in cis for T-
DNA transfer most probably because it directs the T-
strand synthesis, whereas the left border repeat seems
to act as a termination signal beyond which DNA se-
quences are normally not transferred (Wang et al. 1984).

The overdrive sequence at the right of the right
border repeat is necessary to obtain high T-DNA
transfer frequencies (Peralta et al. 1986). Consequently,
the T-strand molecules become associated with several
proteins in the so-called T-complexes. The VirE2 protein
exhibits a single-stranded DNA-binding activity and
probably plays a role in protecting the T-DNA strand
during transfer from the bacterium to the plant (Christie
et al. 1988; Citovsky et al. 1988; Das 1988; Diirrenber-
ger et al. 1989). The VirD2 protein is covalently linked
to the 5 end of the T-strands and may play a role in
the translocation of the T-complex to the plant cell nu-
cleus by acting as a pilot protein (Young and Nester
1988 ; Herrera-Estrella et al. 1988, 1990). Thereafter, the
T-DNA fragments are integrated at random positions
in the plant genome (Ambros etal. 1986; Chyi et al.
1986; Wallroth et al. 1986).

DNA sequence analysis of T-DNA junctions cloned
from genomes of transformed plants indicates that the
junction points are located within or near the 24 bp
imperfect repeats, which flank the transferred DNA re-
gion (Bakkeren et al. 1989). However, aberrant forms
of T-DNA insertion are found in transformed plants
with varying frequencies (1% to 40%), most commonly
showing a deletion at one or both ends of the T-DNA
(Spielmann and Simpson 1986; Deroles and Gardner
1988). It is not known how and when these truncated



T-DNAs are formed: during synthesis, transfer, or inte-
gration. It was suggested that truncated T-DNAs arise
from the recognition of “pseudoborders™ during T-
strand synthesis in the bacterium (Hepburn and White
1985; Van Lijsebettens et al. 1986). This suggestion is
based on correlations found between the truncation
points as determined by genomic blotting and the posi-
tions of sequences resembling the 24 bp border repeat.
The sequences of several aberrant T-DNA-plant junc-
tions, however, do not reveal homology with the border
consensus sequence (Gheysen et al. 1990). Therefore,
even if pseudoborder sequences are at low frequency
responsible for the generation of aberrant T-DNAs,
other mechanisms resulting in random distribution of
the endpoints must occur, such as: (i) the use of random
nicks for the synthesis of shortened T-strands, (it) diges-
tion of the T-DNA ends by nucleases prior to integra-
tion, (iii) breakage of the T-DNA during the transfer
process (i.€. in the bacterium or in the plant), and (iv)
rearrangements generated during integration.

In this paper we analyse in more detail the process
of T-DNA truncation. We have used the method of co-
cultivation of plant protoplasts with Agrobacterium,
since this system allows detection and quantification of
low frequency DNA transfer events. Firstly we deter-
mined the frequency of T-DNA integration into tran-
scriptionally active regions of the plant genome using
T-DNAs carrying a promoterless reporter gene next to
the T-DNA border sequences. Secondly, we measured
the frequency of T-DNA truncation by selecting for fu-
sions of a marker gene located in the middle of the T-
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DNA with plant expression signals. Lastly, we deter-
mined the frequency of DNA transfer in the absence
of right and left T-DNA border regions.

Materials and methods

Bacterial sirains and plasmids. Plasmid constructions
were transformed into Escherichia coli MC1061 (Casa-
daban and Cohen 1980). All recombinant DNA tech-
niques were performed according to Maniatis et al.
(1982).

Plasmid pGVL120 contains the bacterial spectino-
mycin (Sp) resistance gene and a promoterless nptl] gene
between octopine T-DNA borders (GenBank Accession
No. M35007) (Fig. 2 A) and the f-lactamase gene outside
the T-DNA (Herman et al. 1986). pGVKS50 is a cloning
intermediate derived from pGVL120, with the Km® gene
of Tn903 cloned in the Sall site outside the T-DNA
of pGVL120. Subsequently, pGVRBN was derived from
pGVK 50 by deleting the internal T-DNA Haelll-Bg/Il
segment and the nptIl translation start codon and insert-
ing the chimaeric hygromycin resistance gene (Pnos-hpt-
3’ ocs) in the Clal site of the T-DNA (Fig. 1 A and B).
pGVRBH is derived from pGVL136 (Herman et al.
1986) by insertion of the coding sequence of the hygro-
mycin resistance gene (hpt) with the 3’ end of the nopa-
line synthase (3" nos) gene into the BamHI site (Fig. 1A
and B). pGVLBN is derived by insertion of the HindIII-
Apal fragment of pGVL120 containing the nptIl-3’ ocs
gene into the large HindIlI-Apal fragment of pGVL.202
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Fig. 1A~C. Insertional activation of a promoterless T-DNA gene
adjacent to the right or left border. A Schematic representation
of the T-region of pGVRBN, pGVRBH and pGVLBN. RB and
LB indicate the position of the right and left border, respectively.
The dotted line represents the flanking pBR322 DNA; Sp® is a
bacterial spectinomycin resistance marker; Pnos indicates the nopa-
line synthase promoter; 3’ nos and 3 ocs represent the 3’ ends
of the nopaline synthase gene and the octopine synthase gene,
respectively; nptIl and hpt represent the coding sequences of the
nptIl and hpt genes, respectively. B Sequences of the nptll and

nptIl

hpt upstream regions adjacent to the border sequence. The boxed
nptIl translation start codon in pGVRBN is situated 37 bp from
the right border and in pGVLBN 30 bp from the left border.
The boxed hpt translation start codon in pGVRBH is located 52 bp
from the right border. C Kanamycin selection of the transformed
pGVRBN minicalli. Transformed minicalli with the pPGVRBN T-
DNA were selected on 25 pg/ml hygromycin and subsequently
screened on 100 pg/ml kanamycin. The calli show different pheno-
types; some are growing rapidly and form shoots, others are grow-
ing slowly; about half of them are not growing at all
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(Herman et al. 1986); by insertion of the spectinomycin
resistance gene as a BamHI-Bglll fragment from
pGV300 (A. Caplan, personal communication) into the
BamHI site; and by insertion of a 192 bp Sau3A frag-
ment containing the left T-DNA border sequence of
pGV0201 (De Vos et al. 1981) upstream from the nptll
sequence (Fig. 1A and B).

pGVL150 is a derivative of pGVL120 (Herman et al.
1986) and for convenience is renamed pGVL12011
(Fig. 2A). pGVL12012 (B. Claes, personal communica-
tion) is derived from pGVL150 by insertion of the chi-
maeric hygromycin resistance gene (Pros-Apt-3'ocs) in
the Clal site of the T-DNA (Fig. 2A). pGVL12041 is
a pGVKS50 derivative with a deletion of the Bc/l frag-
ment upstream from the nptIl gene (Fig. 2A).

pGVL1204RB1 is a pGVKS50 derivative with a sub-
stitution of the right border (EcoRI-BamHI) by the small

pBR322 EcoRI/BamHI fragment (Fig.3). pGVL120-

ARB2 is a pGVKS0 derivative with a substitution of
the mptIl upstream region including the right border
(EcoR1/BglIl) by the small pBR322 EcoRI-BamHI frag-
ment (Fig. 3).

pGVL1364RB (Fig. 4A) is derived from pGVL136
(Herman et al. 1986) by substitution of the right border
region (EcoRI-BamHI) by the small EcoRI-BamHI
pBR322 fragment. pL.LGVneo2103 is described by Hain
et al. (1985).

Conjugation and plant transformation. All plasmid con-
structions were mobilized to Agrobacterium C58C1RifR
(pGV2260) by triparental mating and stabilized by coin-
tegration through the homologous pBR322 segment into
the resident pGV2260 virulence plasmid (Deblaere et al.
1985). Southern blot analysis of total Agrobacterium
DNA was performed to confirm the structure and the
integrity of the T-DNAs in the cointegrates (Dhaese
et al. 1983).

Nicotiana tabacum var. SR1 was transformed by co-
cultivation of the different Agrobacterium strains with
regenerating protoplasts (Depicker et al. 1985). Trans-
formed Agrobacterium minicalli were selected on 100 pg/
ml kanamyein or 25 pg/ml hygromycin.

Plant DNA preparations and Southern analysis. Total
plant DNA was prepared from 20 g callus tissue as de-
scribed by Lemmers et al. (1980). Digested DNA was
separated in 0.8% agarose gels. Transfer to nylon mem-
branes and hybridizations were carried out according
to the recommendations of the manufacturer (Amer-
sham, UK). Probes were prepared with a Random
Primed Labeling Kit (Boehringer, Mannheim, FRG).

Results

The frequency of insertional activation

of a promoterless T-DNA gene, located next

to the T-DNA border, suggests preferential insertion
in transcriptionally active regions of the plant genome

André et al. (1986) and Teeri et al. (1986) demonstrated
that the activation of a promoterless nptl/l-coding se-

quence adjacent to the T-DNA right border sequence
is possible after plant cell transformation. We were inter-
ested in determining the frequency of this phenomenon.
This would allow us not only to gain insight into the
T-DNA gene-tagging efficiency but also to interpret the
activation frequency of an internally located promoter-
less marker gene (Herman et al. 1986; Gheysen et al.
1990).

Therefore, T-DNAs were constructed with a promo-
terless ncomycin phosphotransferase II (nptII) or hygro-
mycin phosphotransferase (hpf) gene adjacent to the T-
DNA border sequences. Plasmids pGVRBN and
pGVRBH were constructed as described in the Materials
and methods and are shown in Fig. 1A. The pPGVRBN
T-DNA contains the Pnros-hpt gene as a selectable
marker and the nptll-coding sequence with its start co-
don located 37bp from the right border repeat
(Fig. 1 A). Similarly, pGVRBH contains the Pros-nptIl
gene as a selectable marker and the coding sequence
for the hpt gene, starting 52 bp from the right border
repeat (Fig. 1A). These T-DNA constructions were re-
combined in the A. tumefaciens plasmid pGV2260 (De-
blaere et al. 1985) and used in co-cultivation experiments
with protoplasts of N. tabacum SR1.

The minicalli co-cultivated with pGVRBN were se-
lected for the expression of the hygromycin resistance
gene. Subsequently, 600 hygromycin-resistant calli were
screened on plates containing 100 pg/mi kanamycin. As
shown in Fig. 1C, these calli showed different growth
rates, corresponding to different levels of NPTII activi-
ty; 35% of the calli grew normally, 10%-15% hardly
grew but did not die after two subsequent transfers, and
50%—55% were clearly kanamycin-sensitive (Table 1A).
Kanamycin selection of regenerating tobacco proto-
plasts has proven to be a very reliable low-background
method to identify plant clones expressing the nptII gene
(Herman et al. 1986; André et al. 1986; Gheysen et al.
1990). The transformants contain variable amounts of
NPTII activity with proteins of normal or enlarged mo-
lecular weight indicating transcriptional or translational
fusions to plant-encoded expression signals (Koncz et al.
1989). Therefore, we conclude that at least 50% of the
transformants contain a T-DNA with its nptll-coding
sequence at the right border fused to plant expression
signals active in callus.

The pGVRBH-transformed minicalli were selected
for expression of the nptll selectable marker. Subse-
quently, 300 calli were screened for expression of the
hpt resistance gene on plates containing 25 pg/ml hygro-
mycin; 49% of these were found to be hygromycin-resis-
tant (Table 1 A). Thus, the Ap? promoterless marker gene
at the right T-DNA border is activated in 49% of the
transformed calli, confirming the result obtained with
the nptIl marker gene.

We also determined the frequency of insertional acti-
vation of a promoterless gene placed close to the left
border. Since the transcribed region in the plant genome
is asymmetric with a complexed coding strand and an
uncomplexed non-coding strand, it could be hypothe-
sized that the polar VirD2-directed intermediate T-struc-
ture would preferentially react with the non-coding
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Table 1. Selection of kanamycin-resistant plant clones after transformation with Agrobacterium, containing the nptII gene in different

configurations

Agrobacterium carrying Colonies screened

the plasmid construct

Number of
agarose discs screened®

Marker gene insertional
activation frequency (%) per col-

ony
Transformed Regenerated Transformed Regenerated
A. pGVRBN 600 50
pGVRBH 300 49
pGVLBN 300 26
B. pGVL120 20 0.2
pGVL12011 20 0.2
pGVL12012 20 0.2
pVGL12041 20 02
pGVL1204RB1 20 <0.001
pGVL1204RB2 20 <0.001
C.pGVL136 200 50
pGVL1364RB 20 0.1
pGVneo2103(4RB, ALB) 20 0.01

* Four days after co-cultivation, plants cells were embedded in agarose discs and selection was applied by the addition of 50 pg kanamycin
(Km)/ml in the liquid medium (Depicker et al. 1985). Five weeks later, the agarose discs were placed on solidified B5 agar medium
containing 50 ug Km/ml. The plates were scored for the number of colonies ten weeks after protoplast isolation. When grown in
non-selective conditions, approximately 10* minicalli regenerated per agarose disc

strand of the target DNA. This would mean that inser-
tional activation would be more frequent when a promo-
terless marker gene is located at the right rather than
the left border.

Plasmid pGVLBN was constructed as described in
the Materials and methods and is shown in Fig. 1A.
The pGVLBN T-DNA contains the mpfll-coding se-
quence starting 30 bp from the left border repeat. Since
there is no additional selectable marker present, the pro-
toplasts co-cultivated with pGVLBN were regenerated
without selection. Afterwards, 300 calli were screened
for the expression of the kanamycin resistance gene;
26% were found to be kanamycin resistant (Table 1 A).
Assuming a high transformation frequency (50%) which
is commonly found in our co-cultivation experiments,
we estimated that the frequency of insertional activation
of the nptll-coding sequence next to the left border oc-
curs in half of the transformed calli. This co-cultivation
and screening experiment was repeated three times and
cach time the same activation frequency was obtained.
The high frequency of insertional activation of a promo-
terless gene at both the left and right sides of the T-DNA
suggests that there is a preferential insertion of the T-
DNA into actively transcribed regions of the plant ge-
nome, and also that the insertion event does not show
polarity.

The activation frequency of a promoterless nptll gene,
located internally in the T-DNA,

stays constant for T-DNAs of different lengths

and different nptll upstream sequences

Selecting for a kanamycin-resistant phenotype after
transformation of plant cells with a promoterless nptll

gene located in the middle of the T-DNA can be used
as a selection method for shortened T-DNA insertions.
The nptIl-coding sequence is activated by truncation of
the T-DNA and subsequent fusion of the resistance gene
with expression signals of the plant genome (Gheysen
et al. 1990). To distinguish different possible mechanisms
for the generation of truncated T-DNAs, we compared
the insertional activation frequency of the nptIl-coding
sequence located in T-DNAs of different lengths and/or
with a different nptII upstream DNA sequence.

Therefore, several pGVL120 derivatives were con-
structed as shown in Fig. 2A. The pGVL120 T-DNA
is 6425 bp long and the distance between the start codon
of the nptIl gene and the right border sequence is 3670
bp (Herman et al. 1986). The pGVL12041, pGVL12011,
and pGVL120I12 T-DNAs are 4775 bp, 7858 bp, and
9463 bp in length, respectively, with the mpill-coding
sequence separated from the right border by 2010 bp
in the first and 5093 bp in the two latter constructions.

After transformation of N. tabacum SR1 protoplasts
with the pGVL120, pGVL12041, pGVL120I1, and
pGVL12012 T-DNA constructions, the minicalli were
grown with or without selection, as is shown in Fig. 2B
for the pGVL12012 transformation. Without selection,
approximately 10* minicalli regenerated per agarose
disc, whereas after hygromycin selection approximately
50% of the calli grew, indicating a high transformation
frequency. After kanamycin selection, approximately 20
calli were found per agarose disc in all the different
transformations; this means that the nptII marker is acti-
vated in 0.2% of the regenerated minicalli (Table 1B).
This result was confirmed in four independent experi-
ments.

The probability that the level of expression of the
promoterless marker gene is sufficient to survive the se-
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Fig. 2A and B. Transformation with T-DNAs containing an inter-
nal, promoterless nptIl gene. A Schematic representation of the
T-region derivatives of pGVL120. The length of the total T-DNA
and the distance between the nptll-coding sequence and the right
border are indicated below each construct. Only the restriction
sites relevant for the cloning are indicated (see the Materials and
methods). ocs indicates the octopine synthase gene with its own
promoter and 3’ end signals. B Minicalli transformed with the
pGVL12012 T-DNA and grown with or without selective pressure,
as indicated below each plate. Nicotiana tabacum SR1 protoplasts
were co-cultivated with Agrobacterium and embedded to a density
of approximately 10* minicalli per agarose disc

lection is assumed to decrease with the distance from
the border sequence, since increasing the spacing en-
hances, for instance, the number of intervening transla-
tional start and stop codons. The T-DNA has to be
truncated to delete these interfering translational signals
and thus allow the expression of the internally located
T-DNA marker. Since the insertional activation fre-
quency is two orders of magnitude lower for the internal-
ly located promoterless nptII marker than for the nptll
gene adjacent to the border (0.2% versus 25% of the
regenerated calli), we estimated that truncation of the
nptIl upstream region occurs in approximately 1% of
the transferred T-DNAs.

To explain this phenomenon of truncation the use
of pseudoborders has been postulated (Hepburn and
White 1985; Van Lijsebettens et al. 1986). However, the
involvement of pseudoborders is rather unlikely since
different nptII upstream sequences have no pronounced
effect on the observed truncation frequency in a particu-
lar T-DNA segment. Also, five truncated T-DNA /plant
junctions were cloned, sequenced, and compared with
the nucleotide sequence of the T-DNA, but none showed
a truncation point close to a pseudoborder (Gheysen

F ¢
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| o n —----  pGVL120ARBq
Focs  nptll spR
LB
4 < < ~—-- pGVL120ARB;
3'oes  nptll 400bp
—_—

Fig. 3. Schematic representation of pGVL120 and derived con-
structions with deleted right border region. In pGVL1204RB1 and
pGVL1204RB2 only the fragments corresponding to the T-DNA
of pGVL120 are presented. Only the restriction sites relevant for
the cloning are indicated (see the Materials and methods)

et al. 1990). A mechanism, involving exonuclease diges-
tion from the ends can be excluded since the truncation
frequency would be inversely correlated with length. Our
results favour the hypothesis that shortened T-DNA in-
sertions are generated by breakage at some stage during
the transfer and/or integration process.

The right border region is necessary
for the efficient transfer of truncated T-DNAs

The presence of the right border region is a prerequisite
for efficient T-DNA transfer to the plant genome. How-
ever, it is not known whether the right border region
is also instrumental in the formation of aberrant T-
DNAs. Study of the intermediate T-strand structures
showed that all possible T-strands can be found between
four nicked sites in the four border repeats (Stachel et al.
1987), suggesting that fortuitous nicks could be used
for the synthesis of shortened T-DNAs. If indeed trun-
cated T-DNAs are synthesized from randomly occurring
nicks, then the frequency of occurrence will be the same
whether or not the right border sequence is present. If,
on the other hand, the truncated T-DNAs are derived
from the normal T-DNA intermediates, then the fre-
quency of their occurrence will decrease when the right
border is deleted. )

As shown in Fig. 3, a deletion of 280 bp removes
only the right border and the overdrive sequence in
pGVL1204RB1, whereas all T-DNA sequences, starting
9 bp upstream from the nptIT translation codon and in-
cluding the right border and the overdrive are deleted
in pGVL1204RB2. Co-cultivation of protoplasts with
the deletion  derivatives, pGVL1204RB1 or
pGVL1204RB2, showed that no kanamycin-resistant
callus could be obtained (Table 1B), whereas transfor-
mation with the pGVL120 T-DNA yields kanamycin-
resistant calli with a frequency of 0.2%. This means that
the presence of the right border region is required for
the detection of truncated T-DNAs and, therefore, fa-
vours the hypothesis that truncation occurs after synthe-
sis of a normal T-DNA intermediate during the transfer
and/or integration process.
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Fig. 4A and B. Genomic characterization of kanamycin-resistant
plant clones, transformed with the Pnos-nptll gene derived from
the cointegrate plasmids A pGV2260::L1364RB and B
pGV2260::ne02103. Lanes 1 in panels A and B show a control
Poull digest of 100 ng of the infecting Agrobacterium DNA con-
taining the pGV2260::1364RB  cointegrate and  the
pGV2260: :neo2103 cointegrate, respectively; lanes 2 and 3 contain
10 pg of DNA digested with Poull from plant clones transformed
with pGV2260:1364RB (T1364RB-1 and TI1364RB-2) and

DNA transfer from the Agrobacterium 77 plasmid
to the plant genome can occur in the absence
of the right and|or left border sequences

Deletion of the left border repeat does not detectably
affect T-region transfer, whereas deletion of the right
border has been claimed either to attenuate or to abolish
T-DNA transfer to the plant genome (Joos et al. 1983;
Wang et al. 1984; Jen and Chilton 1986). Without the
right border region no insertional activation of a promo-
terless marker gene could be detected and, therefore,
it was important to determine more precisely the fre-
quency of DNA transfer in the absence of border re-
gions.

Different plasmids were constructed with a chimeric
nptll gene under the control of the nopaline synthase
promoter (Pros). pGVL136 contains the Pros-nptII gene
flanked by both border sequences (Herman et al. 1986);
pGVL1364RB is derived from this construct by deleting
the right border region (Fig. 4A); and in pLGVne02103
(Hain etal. 1985) no border regions are present
(Fig. 4B).

After transformation with the pGVL1364RB con-
struction, kanamycin-resistant calli were obtained with
a frequency of 0.1% of the regenerated calli (Table 1C).
This value is 500 times lower than the transformation
frequency obtained when both borders are present, indi-

15 31
4—?*— ——————————— > T136ARB -1
——» T136 ARB -2
15 31
& <> N
Q-\Q QAQ QAO
1 1 1 3 .
<< ~mmmy/ pGV2260:: neo 2103
KmR  3'0cs nptll 2xPnosCbR
. .|
e 7/ pGV2260::nec 2103

500bp
|

pGV2260: :ne02103 (Tneo2103-1 and Tneo2103-2), respectively.
The filter in A was hybridized with the pKC7 Bg/I1-Smal fragment
which carries the nptll-coding sequence; the filter in B was hybrid-
1zed with a pBR322 probe. The size of the hybridizing fragments
is indicated in kb. The scheme at the right represents the cointegrate
structure and the sizes of the hybridizing fragments in the experi-
ment shown. The homology with the probes is represented by a
black bar. The wavy lines and the bold lines represent pBR322-
and Ti plasnrid-homologous sequences, respectively

cating that DNA transfer still occurs in the absence of
the right border region but inefficiently. Two kanamy-
cin-resistant plant lines, T1364RB-1 and T1364RB-2,
were analysed by Southern hybridization. As shown in
Fig. 4 A, the internal 1.5 kb Poull fragment overlapping
the nptIl gene is present in both cell lines, whereas the
3.1 kb Puull fragment upstream from the nuptIl gene
is only present in the T1364RB-2 plant line and not
in the T1364RB-1 plant line. Since the 1.2 kb Puull-
HindIll fragment upstream from the nptII gene is also
lacking in the T1364RB-1 line (data not shown), the
right endpoint of the insertion is located within this frag-
ment close to the nptII gene. The right endpoint of the
insertion in the T1364RB-2 line is located more than
2 kb upstream from the npt/l gene within the pBR322
sequences or within Ti plasmid sequences. By hybridiz-
ing the genomic digests of both plant lines with a
pBR322 probe, the left endpoints could be localized.
In T1364RB-1, pBR322 sequences derived from the left
repeat give a hybridization signal, but the left pBR322
Poull site is not present. In T1364ARB-2, the HindIIl
fragment spanning the nptIl gene is present as internal
fragment but also in this line the pBR322 Puull site
is no longer present. Thus, both transferred DNA frag-
ments have their left endpoint in the pBR322 sequences
upstream from the left border.

If both borders are omitted, as in pLGVneo2103,
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the transfer frequency of the Pros-nptII gene drops to
0.01% (Table 1C). This indicates that the left border
in the absence of the right border enhances the DNA
transfer of adjacent sequences from Agrobacterium to
the plant cell by at least one order of magnitude. Possibly
the nicked border sequence stimulates the formation of
intermediate T-DNA structures or allows processing of
randomly initiated T-strands. Southern hybridizations
of two kanamycin-resistant plant lines transformed with
pLGVneo02103 indicate that indeed the Pros-nptIl gene
from the infecting strain is integrated with a variable
amount of flanking pBR322 DNA. Figure 4B shows the
result of the hybridization of a pBR322 probe with a
Poull digest of both plant DNAs. Clearly, the 3.1 and
3.5 kb fragments are present whereas the flanking DNA
differs in the two plant lines. This result seems to imply
that any DNA sequence from the Ti plasmid can be
transferred to the plant genome albeit with a low fre-
quency.

Discussion

The frequency of T-DNA insertions within transcrip-
tional units in the plant genome was determined by mea-
suring the proportion of transformants in which a pro-
moterless marker gene adjacent to the right border is
activated. When the nptll-coding sequence is located 37
bp from the right border, 35% to 50% of the trans-
formed calli express the nptIl gene. A similar frequency
for insertional gene activation was found for the Apz-
coding sequence located 52 bp from the right border
sequence. Also when the nptIl-coding sequence is located
next to the left border, close to 50% of the calli contain
the activated marker gene. Therefore, as many as 70%
to 100% of the transformed calli contain at least one
of their T-DNA insertions in a transcriptionally active
region with a transcript running into the T-DNA from
either the left or the right. The frequency of T-DNA
insertion in transcribed plant sequences is remarkably
high, especially since only chromosome/marker gene fu-
sions in the correct transcriptional orientation or in the
appropriate translational reading frame will be detected.
However, it should be noted that transformed calli often
contain more than one T-DNA and, therefore, the
chance that a particular T-DNA will integrate into a
transcribed region is lower than the observed marker
activation frequency. Preferential insertion of the T-
DNA in transcriptionally active regions, as suggested
by our results, has also been observed by Koncz et al.
(1989). Therefore, T-DNA integration is random in re-
spect of sequence specificity (Ambros et al. 1986; Chyi
et al. 1986; Wallroth et al. 1986) but shows a clear bias
for open transcribed chromatin. The open chromatin
structure might facilitate recombination and serve as a
preferential target for integration of the T-intermediate.
Similarly, retroviral integration sites in transgenic Mov
mice frequently map in transcribed DNA regions near
DNase I hypersensitive sites (Mooslehner et al. 1990).
When the promoterless nptII gene is located internal-
ly in the T-DNA, kanamycin-resistant calli can arise

only by breakage and subsequent fusion of the nptil
gene with transcriptionally active plant DNA sequences.
The frequency with which kanamycin-resistant calli can
be selected is therefore the product of the transformation
frequency, the truncation frequency, and the frequency
of gene activation. Activated T-DNA insertions are de-
tected in our selection system in 0.2% of the regenerated
minicalli. Since we select only those aberrant T-DNA
insertions which cause active nptII fusions, the trunca-
tion frequency anywhere in the T-DNA is much higher
and, over the entire T-DNA, probably comparable to
reported frequencies: 12% of the transformants after
co-cultivation (Van Lijsebettens et al. 1986), at least 25%
of the root cultures after transformation with 4grobac-
terium rhizogenes (Simpson et al. 1986), and between
30% and 40% of the transferred T-DNA copies after
leaf disc infection (Spielmann and Simpson 1986; Der-
oles and Gardner 1988).

Based on our results, we favour the hypothesis that
shortened T-DNA insertions are generated by breakage
at some stage during the transfer or integration process,
most probably after synthesis of a normal T-DNA inter-
mediate. There are two lines of evidence supporting this
hypothesis; firstly, no truncated T-DNAs could be de-
tected when the right border region of pGVL120 was
deleted, suggesting that truncation occurs after synthesis
of a normal intermediate. Secondly, truncation occurs
with equal frequency in different DNA sequences and
at different distances from the right border, indicating
that truncation is a random process and not sequence-
dependent. The equal distribution of the truncations
over the right and left border regions of the T-DNA
(Deroles and Gardner 1988) is in agreement with this
mechanism for generation of truncated T-DNAs.

We have tried to assess the relative importance of
the right and left border for the frequency of transfer
of DNA to the plant genome. As compared to the nor-
mal transformation frequency, deletion of the right
border lowers the transfer frequency 500-fold, which
means that 1 out of 1000 regenerated calli is transformed
with the selective marker gene. This result confirms and
extends the observations of previous studies which also
detected reduced transfer of selected sequences when the
right T-DNA border was deleted (Joos et al. 1983 ; Wang
etal. 1984; Caplan et al. 1985; Hepburn and White
1985; Jen and Chilton 1986).

Here, we report for the first time that DNA transfer
from the Ti plasmid of Agrobacterium to the plant ge-
nome can also occur in the absence of both the left
and the right border regions. In about 1 out of 10° co-
cultivated calli, insertion of the nptII selection marker
is detected. Genomic characterization of two kanamy-
cin-resistant transformed plant lines confirmed the inser-
tion of the nptIl sequence together with variable amount
of adjacent sequences. These results suggest a low-fre-
quency transfer of arbitrary Agrobacterium DNA to the
plant genome, possibly due to the uptake of naked
DNA, but more likely to a conjugative process. In this
respect, Buchanan-Wollaston et al. (1987) reported that
in a genetic background where vir genes are expressed
the mobilization functions of the wide host-range plas-



mid pRSF1010 can mediate the efficient transfer of the
oriT-adjacent DNA sequences from Agrobacterium into
plant cells. More recently, Heinemann and Sprague
(1989) have shown that several conjugative systems con-
sisting of tra functions, the Mob protein, and oriT can
mobilize oriT-linked DNA sequences from E. coli to
yeast. Thus, we propose that the Ti plasmid vir-encoded
functions also transmit single-stranded DNA molecules
originating from the Ti plasmid oriT locus or maybe
even from random nicks in vir-induced agrobacteria.
This occurs only at a low frequency possibly because
these single-stranded DNAs are inefficiently complexed
or because the derived intermediates lack signals for
transport and/or integration in the plant genome.
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