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Crown gall is a neoplastic disease pro-
duced in most dicotyledonous plants by
infection of the plant with the Gram-neg-
ative soil bacterium Agrobacterium tu-
mefaciens. Crown gall tumors can prolif-
erate autonomously in tissue culture
and, in some cases, it is possible to re-
generate plants from these cells (/). The
tumorous state of crown gall tissue has
been shown to result from the transfer of
DNA from A. tumefaciens to the plant
cell [see reviews cited in (2, 3)]. This nat-
ural system for DNA exchange has be-
gun to be studied extensively, since in
addition to providing an interesting sys-
tem of genetic exchange and tumor in-
duction, it may make available a vector
for the introduction of new genes into
plants by molecular genetic engineering
methods.

It is now firmly established by both
physical and genetic evidence that the
agent responsible for crown gall tumor
induction is a large plasmid, Ti (tumor-
inducing), contained in all oncogenic
strains of A. tumefaciens (4). Loss of
these large plasmids results in loss of
bacterial oncogenicity, and introduction
of a Ti plasmid into originally nonon-
cogenic plasmid-free Agrobacterium
strains renders them oncogenic.

Crown gall cells produce derivatives
of basic amino acids (such as arginine or
lysine) called opines (5). In nature, Agro-
bacterium utilizes opines as sources of
carbon and nitrogen. The genetic infor-
mation for the synthesis and catabolism
of opines is carried by the Ti plasmid it-
self; hence Ti plasmids are classified ac-
cording to the type of opine synthesized
in tumor cells. Agrobacterium strains
which induce the synthesis of nopaline
[N-a(1,3-dicarboxypropyl)-L-arginine] in
crown gall cells (nopaline strains) and
strains which induce the synthesis of
octopine [N-a(N-l-carboxyethyl)-L-argi-
nine] (octopine strains) have been stud-
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ied most extensively. Thus, the inter-
action of Agrobacterium with plants is a
novel sort of parasitism, which has been
described as genetic colonization (2).
Agrobacterium tumefaciens introduces
genetic information into its host and

Almost nothing is known about the
mechanism of transfer of Ti plasmid
DNA to plants. Most likely, the transfer
involves two stages: first, the bacterial
and plant cell walls interact in a manner
which allows the Ti plasmid to enter the
plant cell [the bacteria themselves do not
enter (/5)], and second, part of the Ti
plasmid DNA is transferred to plant
DNA.

The work described in this article is
concerned with the second stage of the
transfer. We analyzed the DNA in a tu-
mor cell line of tobacco, the T37 tera-
toma isolated by Braun (I, /6), which
was induced by the nopaline Ti plasmid
strain T37. Hybridization blotting analy-
ses of the plant DNA isolated from the
T37 teratoma and other nopaline tumor
cell lines (/4) suggest that the insertion
process responsible for the T-DNA
transfer probably recognizes specific se-
quences at the ends of the T-DNA; the
length of the T-DNA segment found in

Summary. Crown gall tumors are induced in plants by infection with the soil bacte-
rium Agrobacterium tumefaciens. Because the tumor induction involves transfer of a
portion of the tumor-inducing (Ti) plasmid DNA from the bacterium to the plant cells,
this system is of interest for the study of genetic exchange as well as tumor induction.
The boundaries of the transferred DNA (T-DNA) have been cloned from transformed
plant cells of tobacco. Detailed mapping with restriction enzymes and nucleotide se-
quence analysis of two independent clones were used to study the molecular struc-
ture of the ends of the T-DNA. One clone contains the two ends of the T-DNA joined
together; the other contains one end of the T-DNA joined to repetitive plant DNA
sequences. These studies provide direct evidence that the T-DNA can be integrated
into the plant genome. In addition, the data suggest that in the plant, T-DNA can be
tandemly repeated. Sequence analysis of the junction of crown gall clone 1 reveals
several direct repeats as well as an inverted repeat; these structures may be involved
in the transfer of the DNA from Agrobacterium to plant cells.

thereby induces the host to synthesize
products coded for by the newly in-
troduced genes, which it alone can uti-
lize.

The Ti plasmids of tumor-inducing
strains of A. tumefaciens are large, rang-
ing in size from 150 to more than 200
kilobase pairs (kbp) (6-9), and encode
functions for oncogenicity, opine biosyn-
thesis and catabolism, conjugative trans-
fer between bacteria, sensitivity to anti-
biotics, and exclusion of bacteriophage
Apl (10). There are several regions of
DNA which are common to both octo-
pine and nopaline Ti plasmids; one of the
common DNA sequences is contained
within the DNA region which is present
in transformed plant cells (6, 8, 11). This
transferred DNA is called T-DNA. Ki-
netic (/2) and blot hybridization @, 13,
14) analyses have provided evidence that
the T-DNA can stably integrate into the
genome of transformed plant cells.
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association with the plant DNA is rela-
tively constant. The T-DNA of inde-
pendent tumors induced by nopaline Ti
plasmid has been shown to be a continu-
ous stretch of DNA 23 kbp in length, co-
linear with the T region of the Ti plasmid
(14).

Figure 1 shows possible models for the
transfer of T-DNA to plant DNA. Either
the T-DNA interacts directly with plant
DNA, or the ends of the T-DNA first in-
teract with each other prior to insertion
into plant DNA. To investigate this pro-
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cess, we isolated the boundaries of the
T-DNA from the T37 teratoma by molec-
ular cloning techniques and studied their
structure.

Molecular Cloning of the Boundaries of
T-DNA from Transformed Plant Cells

An Eco RI and Hind III restriction
map of the T region of nopaline strain
C58 Ti plasmid (9) is shown in Fig. 2A. A
different natural isolate, nopaline strain
T37, was used to induce the teratoma tu-
mor cell line of tobacco (Nicotiana taba-
cum cv. Havana) used in this study (the
restriction map of the T region of C58
and T37 is compared below). The T-
DNA of transformed plant cells from the
T37 teratoma has been mapped in detail
(/14). The T-DNA is colinear with the Ti
plasmid, since all the internal Eco RI
and Hind III fragments from Hind III
fragment A to Hind III fragment B are
found in tumor DNA (Fig. 2A). The ends
of the T-DNA were defined by hybridiza-
tion, using radioactive probes synthe-
sized from specific restriction fragments
isolated from this region of the Ti plas-
mid. On the left, the T-DNA ends in
Hind IIT fragment B (6.3 kbp) between
Eco RI fragments of 1.5 and 3.9 kbp; on
the right, the T-DNA ends in Hind III
fragment A (3.15 kbp) contained within
the 14.1-kbp Eco RI fragment. Details of
the determination of the T-DNA bounda-
ries in teratoma T37 and other tumor cell
lines will be published (/4). In the pres-
ent study, the T-DNA boundary frag-
ments in plant tumor DNA are defined as
those fragments which hybridize to
probes of fragments A or B and which
are different in size from the correspond-
ing fragments in the Ti plasmid. When
plant tumor DNA from T37 teratoma is
digested with Eco RI there are two frag-
ments of 8.7 and 12.4 kbp which fulfill
these criteria. These two fragments were
cloned in the bacteriophage lambda vec-
tor Charon 4A (/7) and their structures
determined by restriction mapping and
hybridization analysis as diagrammed in
Fig. 2B.

The restriction enzyme digestion pat-
tern of crown gall (cg) clone 1 (12.4 kbp)
and cg clone 2 (8.7 kbp) were compared
to the pattern from the T region of Ti
plasmid (Fig. 2B). Crown gall clone 2 is
colinear with the Ti plasmid to a point
within fragment A. However, cg clone 1
has an unexpected structure; it is colin-
ear with the Ti plasmid to a point within
fragment A on one side and is also colin-
ear to a point within fragment B on the
other side. (To illustrate its structure, we
show cg clone 1 bracketing two tandem
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Fig. 1. Schematic representation of several

possible models of transfer of T-DNA from Ti
plasmid to plant cell DNA.

T-DNA regions in Fig. 2B.) Thus, cg
clone 1 hybridizes to probes of fragments
A and B and implies a joining of the two
ends of the T-DNA. Crown gall clone 2
hybridizes to fragment A only and repre-
sents a single end of the T-DNA. We
have not yet obtained a clone for the oth-
er end of the T-DNA with homology to
fragment B.

The crosshatched areas in Fig. 2B are
the border fragments of the T-DNA. The
Hind III/Hind IIT fragment AcgB (5.2
kbp) from cg clone 1 and the Hind III/
Eco RI fragment Acg (2.9 kbp) from cg
clone 2 were subcloned into the appro-
priate sites in the plasmid pBR322 to fa-
cilitate further analysis.

Restriction Enzyme Analysis of the
Border Fragments of T-DNA

The two border DNA fragments Acg
and AcgB were analyzed in detail to de-
termine whether the T-DNA integrates
into the plant cell genome during tumor
induction by the Ti plasmid. Two experi-
mental approaches were taken. First, a
detailed restriction map of fragments
Acg and AcgB was constructed to deter-
mine whether there were any subfrag-
ments not derived from either of the Ti
plasmid fragments A or B. Second, frag-
ments Acg and AcgB were used as
probes in hybridization to total DNA
from untransformed plants.

Five different DNA’s were digested
with endonuclease Hae III (pBR322, Ti
plasmid fragments A and B in pBR322,
and fragments Acg and AcgB in pBR322)
and the resultant fragments were sepa-
rated by electrophoresis (Fig. 3E). After
transfer to nitrocellulose, the Hae III
fragments from the gel separation were
hybridized with specific radioactive
probes [to purified fragments A (Fig.
3A), B (Fig. 3B), Acg (Fig. 3C), or AcgB
(Fig. 3D)].

The results of these experiments (sum-
marized in Fig. 3, F and G) indicate that
the T-DNA boundary for Acg is con-
tained within the Hae III fragment of
1200 base pairs (bp), and for AcgB the T-
DNA boundary is within the Hae III
fragment of 550 bp on the fragment A

portion, while on the fragment B portion
there are unexpectedly two Hae III frag-
ments of 840 and 880 bp which hybridize
to B but are different in size from B frag-
ments.

For the analysis of Fig. 3, cloned frag-
ments A and B were available from the
nopaline plasmid C58 (9). By overall re-
striction pattern (9) and electron micro-
scope heteroduplex analysis (8), the T
region of nopaline plasmid C58 is identi-
cal to the T region of nopaline plasmid
T37, except for a small deletion in the
4.2-kbp Eco RI fragment of C58 which
reduces its size to 2.85 kbp in T37. Nev-
ertheless, it seemed important, espe-
cially with respect to the observation of
two different boundary ‘‘B-like frag-
ments’’ in clone AcgB, to demonstrate
conclusively that the observed dif-
ferences in Hae III patterns between Ti
plasmid fragments A and B and frag-
ments AcgB and Acg were not due to dif-
ferences between nopaline strains T37
and C58, since T37 was used to induce
the plant tumor used in this study.

Fragments A and B from T37 Ti plas-
mid were therefore cloned in pBR322.
The Hae III digestion patterns were
compared (see Fig. 4 and below) and
fragments A and B were found to be
identical in the two nopaline strains, ex-
cept that there is an 840-bp Hae III frag-
ment in T37 fragment B instead of the
740-bp Hae III fragment of C58; that is,
there is a 100-bp deletion in C58 between
the Hinc II and the Hae III site of the
840-bp fragment of T37. This new
Hae III fragment of 840 bp is identical in
size to the 840-bp Hae III fragment in
fragment AcgB of cg clone 1. Thus, these
results explain the aforementioned dis-
crepancy, and in AcgB there is only one
Hae III fragment of 880 bp which hybrid-
izes to B but is different in size than any
B Hae III fragments.

The order of the Hae III fragments in
each of the clones A, Acg, AcgB, and B
was determined by restriction mapping
and hybridization analysis (Fig. 4). We
have included the Hae III map of frag-
ment B from both T37 and CS8 nopaline
Ti plasmids for comparison. Additional
restriction enzymes were used in the
mapping and their sites are included in
this diagram. The data presented in Figs.
3 and 4 can be summarized as follows:

1) There are no unique Hae III frag-
ments of Acg or AcgB which do not hy-
bridize to either fragment A or fragment
B. Thus, there is no totally foreign DNA
(for example, plant) contained in these
clones which has at least two Hae III
sites.

2) There is no Hae III fragment in
AcgB which hybridizes to both frag-
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ments A and B. (As will be shown below,
the Hae III site occurs close to thejunc-
tion of the A and B sequences.)

3) The A portion of Acg ends to the
“‘right”” of the Sac II site (see Fig. 4 and
below). The A portion of AcgB also ends
to the right of the Sac II site, at or very
close to the Hae III junction; the 150-bp
Sac II/Hae III  fragment  hybridizes
uniquely to Ti plasmid A and not B.

4) The B portion of AcgB ends to the
right of the Eco RI site of the 1240-bp
Hae III fragment of B (note the Eco RI

site present in B is missing in AcgB); no
fragments to the left of this Eco Rl site in
the T37 “‘B’’ clone hybridize to an AcgB
probe.

The Sac II/Eco RI DNA fragment of
Acg and the Sac II/Kpn I DNA fragment
of AcgB contain the T-DNA boundary
sequences of interest, and these frag-
ments were used in further studies. Fig-
ure 5 shows the Hinf I restriction en-
zyme maps for the Sac II/Kpn I frag-
ment of AcgB (labeled fragment 1) and
the Sac II/Eco RI fragments of Acg (la-

beled fragment 2); these maps are shown
expanded from the Hae III restriction
maps of AcgB and Acg (Fig. 4). Frag-
ments 1 and 2 were digested with Hinf I
and hybridized with probes made from
fragments A and/or B of the Ti plasmid
(Fig. 5, B and C). The Hinf I divides the
Sac II/Eco RI fragment of Acg into a
portion of 190 bp which hybridizes to
fragment A and a portion of approxi-
mately 600 bp which does not hybridize
to fragment A (Fig. 5C). In contrast, all
the Hinf I fragments of the Sac II/Kpn I
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Fig. 2. The T-DNA of nopaline Ti plasmids. (A) Map of the T-DNA region of nopaline Ti plasmid C58 for the restriction enzymes Eco RI and
Hind III, drawn to scale in kilobase pairs. The restriction map of Ti plasmid T37 is identical except for a small deletion in the 4.2-kbp Hind III
fragment which reduces its size in T37 to 2.85 kbp (see also text and Figs. 3 and 4). The four small Eco RI fragments (4 X Q) are 0.6, 0.7, 0.8, and
0.9 kbp, but their order has not been determined. The small Hind III fragment between the 6.3- and 4.35-kbp fragments is 0.3 kbp, and the one
between the 3.7- and 3.25-kbp fragments is 0.6 kbp; their sizes are not shown on the map because of lack of space. Large arrows indicate T-DNA,
the portion of the Ti plasmid found in plant tumor cells. Small arrows indicate Hind III fragments A (3.15 kbp) and B (6.3 kbp), which contain the
borders of the T-DNA. These fragments were previously referred to as Hind III fragments 23 and 10, respectively (9). (B) Schematic representa-
tion of the boundaries of T-DNA in the T37 teratoma cell line. Two tandem copies of the T-DNA are drawn. The T-DNA junctions are shown as
- Jjagged lines in the upper part and as crosshatched areas below. The T-DNA junctions were cloned with the EK2 vector bacteriophage Charon 4A
(17), yielding cg clone 1 and cg clone 2. Charon 4A and recombinant phage were propagated in E. coli strain DP50 supF (/7) under P1 physical
containment in accordance with NIH guidelines for recombinant DNA research. Phage DNA was purified as described in (24). Charon 4A
‘‘arms’’ were prepared by sucrose gradient fractionation after Eco RI digestion (25). For the isolation of cg clone 2, 6 ug of total teratoma DNA
digested with Eco RI was ligated to 12 ug of “‘arms.”” For the isolation of cg clone 1, the teratoma DNA digested with Eco RI was enriched for
DNA ranging from 10 to 15 kbp by sucrose gradient fractionation and 3 ug of this DNA was ligated to 12 ug of ‘‘arms.”” Vector DNA concentra-
tion in the ligation reaction (50 mM tris, pH 8, 7 mM MgCl,, 1 mM dithiothreitol, 0.1 mM EDTA, 1 mM ATP plus T4 DNA ligase from Biolab at 20
U/ml at 4°C for 12 hours) was always 600 ug/ml. DNA was packaged into phage (/7) and recombinant phage were screened [by the method of
Benton and Davis (26) as modified by Cordell et al. (24)], using radioactive probes specific to fragment A or B of Ti plasmid. Crown gall clones 1
and 2 were digested with Hind III or Eco RI, and the restriction fragments were separated on 1 percent agarose gels and transferred to nitro-
cellulose (Schleicher and Schuell) (27). Fragments were tested for homology to radioactively labeled fragments of Ti plasmid. Hybridizations
were carried out at 42°C in 50 percent formamide, 5 X strength Denhardt solution (28), triple-strength SSC (1 X SSC is 0.15M NaCl, 0.015M
sodium citrate), 20 ug/ml E. coli carrier DNA, 40 ug/ml yeast carrier RNA, 50 mM Hepes (N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic
acid), pH 7.5. After hybridization, filters were washed in 0.1 X SSC containing 0.1 percent sodium dodecyl sulfate (SDS) at 50°C. The cg clone 1
hybridizes to both Ti plasmid fragments A and B it is homologous to the Ti plasmid from the Eco RI site at the left edge of the Eco RI 14.1-kbp
fragment to the Eco RI site between the Eco RI 3.9- and 1.8-kbp fragments. The Hind III fragment AcgB (crosshatching) contains the DNA
junction between the two ends of the T-DNA in cg clone 1. The cg clone 2 contains a single boundary of the T-DNA; by hybridization it is
homologous to the Ti plasmid from the Eco RI site at the left edge of the 14.1-kbp Eco RI fragment to a point just before a new Eco RI site. The
Hind II/Eco RI fragment Acg (crosshatching) is homologous in part to Ti plasmid fragment A. The Eco RI restriction sites at the ends of cg
clones 1 and 2 are indicated by heavy lines; the Hind III sites are indicated internal to the Eco RI sites in the lower diagram. The cg clone 1 DNA
in A Charon 4A was digested with Hind III and ligated to pBR322 DNA digested with Hind III and treated with calf intestinal phosphatase
(Calbiochem), and the ligation mix was used to transform E. coli HB101 (29). Plasmids were screened for the presence of the 5.2-kbp fragment
AcgB, which hybridizes to radioactive probes specific for fragment A or B. Similarly, cg clone 2 DNA was digested with both Hind III and
Eco RI and ligated to pBR322 DNA digested with Hind III and Eco RI. After transformation of E. coli HB101, recombinant plasmids were
screened for the presence of the 2.9-kbp fragment Acg, which hybridizes specifically to radioactive fragment A.
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fragment of AcgB hybridize to either A
or B specific probes (Fig. 5B). There is a
Hinf I fragment of 165 bp which hybrid-
izes weakly in Fig. 5B (shown as a cross-
hatched band in the diagram in Fig. 5, A
and B). Preliminary nucleotide sequence
analysis reveals that this fragment has a
composition of about 80 percent A-T (A,
adenine; T, thymine) and is homologous
to the nucleotide sequence of Ti plasmid
fragment B in this region (only approxi-
mately 92 bp have been compared be-
tween B and AcgB in this region so far).
Its base composition and small size may
prevent this fragment from hybridizing
efficiently to fragment B specific probe.

When fragment 1 is digested with
Hinf I two fragments of 310 bp are pro-
duced. To separate these two fragments,
fragment 1 was- first digested with
Hae III and the 880-bp Hae III fragment
subsequently digested with Hinf I (the
sizes of the digestion products are shown
in Fig. SA). The 235-bp Hae III/Hinf I
fragment hybridizes to Ti plasmid frag-
ment B specific probe (data not shown);
however, by nucleotide sequence analy-
sis it is not completely homologous to B,
as indicated by the stippled region in Fig.
SA (see below).

The Sac I/Eco RI fragment of Acg
and the Sac I/Kpn I fragment of AcgB

were used as hybridization probes
against total tobacco DNA digested with
Eco RI. Under stringent hybridization
conditions [50 percent formamide, 42°C,
triple-strength SSC (see legend to Fig.
2)], we do not detect hybridization of
these DNA'’s to plant DNA. However,
under less stringent hybridization condi-
tions (50 percent formamide, 25°C,
triple-strength SSC) the Sac II/Eco RI
fragment of Acg hybridizes to the entire
molecular weight range of Eco RI frag-
ments of total plant DNA, while the
Sac II/Kpn I fragment of AcgB does not
(Fig. 5D). These data suggest that the
plant DNA in Acg is representative of
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f— —  — Tommm 7w B s | - s i R acrylamide cross-links were then

cleaved by shaking the gel in 2 per-
cent periodic acid at 37°C for 15 minutes. The gel was denatured in 0.5M NaOH plus 1.5M NaCl for 10 minutes, neutralized in 0.5M tris (pH 7.5)
plus 3M NaCl for 10 minutes, and transferred to nitrocellulose (Schleicher and Schuell) in 0.2M Na acetate (pH 4) at room temperature (30). (E)
Ethidium bromide staining pattern of gel-separated Hae III fragments. The DNA blots were hybridized to radioactive probes specific for purified
fragment A (A), purified fragment B (B), purified fragment Acg (C), or purified fragment AcgB (D). Results of hybridization patterns in (A) and (B)
are summarized in (F). Fragment sizes are given in base pairs. White fragments hybridize to radioactive fragment A, and black fragments
hybridize to radioactive fragment B. Results of hybridization patterns in (C) and (D) are summarized in (G). White and black fragments are the
same as in (F). White circles represent fragments which hybridize to radioactive fragment Acg, and black circles, fragments which hybridize to
radioactive fragment AcgB. Hybridization and wash conditions were as described in Fig. 2, except that the temperature was 37°C. (F) Hae III
fragments of Acg or AcgB which are derived from fragment A or B of Ti plasmid. For example, in both Acg and AcgB there are fragments of 1400
and 190 bp which are identical in size to those derived from fragment A of Ti plasmid [compare (F), lanes 2, 3, and 4]. In AcgB there are fragments
of 380, 370, 270, 200, and 70 bp which are identical to those in fragment B of Ti plasmid [compare (F), lanes 4 and 5]. The hybridization of the 70-
bp fragment is not visible in the photograph shown here. The other fragments represent either true boundary fragments of T-DNA or boundaries
in the cloning vehicle pBR322 (for example, Hae III fragments of 230 and 270 bp). By digestion with different restriction enzymes these two
possibilities can be distinguished (data not shown). (G) Hae 111 fragments in Ti plasmid which contain sequences homologous to T-DN A bound-
ary Hae III fragments of Acg and AcgB. Both Acg and AcgB hybridize to Hae III fragments of 1400, 900, 190, and 130 bp derived from Ti plasmid
fragment A [(G), lane 2]. AcgB hybridizes to Hae III fragments of 1240, 740, 530, 380, 370, 270, 200, and 90 bp derived from Ti plasmid fragment
B [(G), lane 5].
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highly repeated plant DNA sequences
and that the repeated sequences are rich
in A-T since they are detected only un-
der nonstringent hybridization condi-
tions. Sequence analysis indicates that
the first 150 bp from the Eco RI site of
Acg are approximately 77 percent A-T.
The plant DNA in Acg contains se-
quences unique to tobacco, since Acg
does not hybridize to DNA from Pe-
tunia, Arabidopsis, Agrobacterium, or
rat pancreas (data not shown).

Sequence Analysis

The preliminary DNA sequence of the
junction region of cg clone 1 (stippled re-
gion of AcgB as shown in Fig. 5A) has
several interesting features (Fig. 6). In

Fig. 4 (top). Hae III restriction maps of
boundaries of T-DNA. The order of the
Hae III restriction fragments analyzed in Fig.
3 was determined by comparing the sizes of
the fragments produced after digestion with
either Hae III or Hind III plus a second en-
zyme: Bam HI, HincII, Kpnl, Pstl,
Eco RI, Sac II, or Xba I (diagrammed as B,
Hc,K,P,R, S, or X, respectively). Boxes de-
lineate Hae III sites except that the bounda-
ries of clone AcgB are Hind III (H) or of Acg
are Hind III and Eco RI. Arrows indicate
which portions of Acg and AcgB hybridize to
fragment A or B. The Hae III maps for frag-
ment B from strains T37 and C58 are
shown. Fig. 5 (bottom). Hinf I restriction
maps of the boundaries of T-DNA and hybrid-
ization of T-DNA boundaries to total plant
DNA. The Hae III map of fragments AcgB
and Acg is reproduced from Fig. 4 except that
the sizes of the fragments are not included.
The Sac II/Kpn I fragment of AcgB (fragment
1) and the Sac I/Eco RI fragment of Acg
(fragment 2) were further digested with Hinf I
(Hf) and the order of the fragments was deter-
mined (37). (A) Hinf I restriction map of frag-
ments 1 and 2. Fragment 1 was digested with
Hinf I and electrophoresed on an agarose-ac-
rylamide gel (see Fig. 3 legend for details) and
hybridized to Ti fragments A and B (B) after
blotting and transfer. Similarly, fragment 2
was digested with Hinf I and hybridized to Ti
fragment A (C). The ethidium bromide stain-
ing patterns are diagrammed beside the auto-
radiogram of the hybridization pattern in (B)
and (C). The diagram also indicates the extent
of hybridization: black, strong hybridization;
white, no hybridization; and crosshatched
and stippled, weak hybridization. The band
labeled 190 in (C) is a partial digestion product
which was barely visible on ethidium bro-
mide-stained gel but gave a positive hybrid-
ization signal. In contrast, the 165-bp frag-
ment in (B) was visible but gave a weak hy-
bridization signal. The extent of hybridization
in (B) and (C) is also indicated on the Hinf I
map in (A). In (D), fragments 1 and 2 were
used as hybridization probes to total untrans-
formed tobacco DNA digested with Eco RI.
For (B) and (C) hybridization and washing
were performed at 37°C. For (D) hybridiza-
tion was carried out at 25°C and the filter was
washed at 55°C in 3X SSC containing 0.1 per-
cent SDS.
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particular, there are several long direct
repeats (13, 15, and 36 bp) as well as an
inverted repeat (18 bp). These sequences
may facilitate T-DNA transfer by provid-
ing specific sites for recombination either
between the ends of the T-DNA or be-
tween the ends of the T-DNA and sites in
plant DNA. The border of B in AcgB has
been precisely determined by sequence
analysis (arrow at position 176 in Fig. 6),
but we cannot determine the precise ori-
gin of the repeated sequences in cg clone
1 until further information is obtained.
However, preliminary data indicate that
the B fragment sequence ends precisely
at the junction of the right arm of the in-
verted repeat, as shown by the arrows in
Fig. 6 (I18).

In addition, the sequence of clone Acg
(from cg clone 2) is identical to AcgB

3
| | B |

from position 1 to position 40 and diverg-
es at position 41 (data not shown). We
have not yet completed the sequence of
the A fragment of the Ti plasmid; how-
ever, if it confirms the result from the se-
quence of Acg, then the A border would
occur precisely at the end of the 36-bp-
long direct repeat (repeat 1 in Fig. 6) at
base position 40. What, then, is the ori-
gin of the DN A between positions 41 and
176? It would not seem unlikely that re-
peated sequences 1 and 3 arose from
fragment A of the Ti plasmid and 2 and 4
from fragment B; sequences 1 to 4 occur
in the interval between base positions 41
to 176 and are repeated outside this re-
gion in the respective regions encom-
passed by fragment A or fragment B. Re-
arrangement of sequences has been
shown to occur in the bacterial trans-

[ J ! ]
TGTCGTTTCCCGCCTTCAGTTTAAACTATCAGTGTTTAAATATGGCCGTAAAGA
ACAGCAAAGGGCGGAAGTCAAATTTGATAGTCACAAATTTATACCGGCATTTCT
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+ Fig. 6. Nucleotide sequence of T-DNA junction in cg clone 1. The nucleotide sequence of the
junction of cg clone 1 was determined (32) by the method of Sanger et al. (33) after cloning into
‘the single-strand phage vector M13 (24). The sequence shown is from the 310-bp Hinf I frag-
ment, which encompasses the stippled area in Fig. 5. Brackets indicate repeated sequences.
The sizes of the repeated sequences are: 1, 36 bp; 2, 15 bp; 3, 13 bp; and 4, an inverted repeat of
18 bp. Dots at positions 114, 115, and 164 indicate uncertainties in the sequence. Arrows labeled
B indicate the end of the sequence homologous to Ti plasmid fragment B; that is, the sequence
to the right of the arrows is identical to the sequence of B. The sequence of B was determined
after labeling the appropriate Eco Rl site in a clone of T37 fragment B (34). Below is a schematic
representation of the sequence where the direction of the repeats is indicated; repeats 1, 2, and 3
are all in the same direction and repeat 4 is an inverted sequence which can form a loop struc-
ture. The schematic is drawn for single-stranded DNA and is meant to illustrate the orientation
of the repeated sequences; we do not know whether this structure can form in vivo.
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poson IS2 (/9). The remainder of the
DNA in the interval may also have been
derived from regions A and B or even
from plant DNA.

Discussion

The boundaries of the T-DNA in the
T37 teratoma were cloned in bacterio-
phage A; one clone, cg clone 1, contains
the left and right borders of the T-DNA
linked together, and the other clone, cg
clone 2, contains the right end of the T-
DNA linked to repetitive plant DNA se-
quences. These data suggest that the T-
DNA is organized as tandem repeats
which are inserted into repetitive se-
quences of plant DNA. This model is
supported by additional results obtained
by Southern blotting analysis of the T-
DNA of T37 teratoma (/4); the 12.4-kbp
Eco RI fragment (cg clone 1; see Fig.
2B) and the other internal Eco RI frag-
ments of the T-DNA always give strong-
er hybridization signals than the 8.7-kbp
Eco RI fragment (cg clone 2). The in-
tensity of these bands suggests that there
may be two to five tandem repeats of the
T-DNA in this tumor cell line. It is not
known whether the repetition of the T-
DNA occurred before or after integra-
tion of the T-DNA. It will be interesting
to compare other nopaline Ti plasmid-in-
duced tumor cell lines to determine
whether the T-DNA is always integrated
in a tandem array. The analysis of cg
clone 1 also shows that simple blot hy-
bridization experiments are not suf-
ficient to determine true boundaries of an
integrated DNA molecule. It should be
noted that although there is evidence
that the T-DNA is found in the plant nu-
cleus (20) and the data presented here al-
so show that the T-DNA is linked to
plant sequences, it has not been proved
that the T-DNA is a stable part of a plant
chromosome. Because of the low strin-
gency required to show hybridization of
Acg probe to plant DNA, it might be ar-
gued that formal homology or linkage to
plant DN A has not been proved. How-
ever, the origin of the sequences from
another source would be difficult to ex-
plain. It is possible that the T-DNA was
once integrated but now exists as an
independent replicon which retains a
remnant of plant DNA sequences, or
there may be two states of the T-DNA,
one integrated and the other not. Experi-
ments with undigested tumor DNA have
failed to reveal the presence of single T-
DNA replicons but have not excluded
the possibility of polymeric circular T-
DNA molecules (/4).

The overall length of the T-DNA in in-
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dependently isolated nopaline tumors is
similar to that of the T37 teratoma ana-
lyzed in detail here and spans the region
of the Ti plasmid from Hind III fragment
B to fragment A (I4). By contrast, in tu-
mors induced by octopine Ti plasmids
the T-DNA complement varies in dif-
ferent tumor cell lines (I3, 27). In these
cases the T-DNA always contains a par-
ticular region of the octopine Ti plasmid
on the left side but may contain addition-
al noncontiguous regions of Ti plasmid
DNA on the right side (/3). Thus, nopa-
line Ti plasmid-induced tumors may rep-
resent a simpler and more specific sys-
tem for studying the mechanism of T-
DNA formation.

The results presented here provide di-
rect evidence that a specific piece of the
Ti plasmid, the T region, can be trans-
ferred and integrated into plant cell DNA
during tumor formation. Either the T re-
gion ends recombine before insertion in-
to plant DNA, or the entire T region is
excised and subsequently inserted to
form the T-DNA (see Fig. 1). In either
case, the “‘ends’’ of the T region are in-
volved. It should be possible to under-
stand the nature of the recombination
event by comparing the nucleotide se-
quence of T-DNA junctions in cg clones
1 and 2 to the nucleotide sequence of the
homologous regions of the Ti plasmid.
The data obtained to date on the se-
quence of the junction of cg clone 1 re-
veal several direct and one inverted re-
peat. (It is possible that these structures
are artifacts of cloning in Escherichia
coli, but this seems unlikely.)

These repeated sequences may medi-
ate DN A transfer by a mechanism analo-
gous to that of transposable elements [re-
viewed in (22)]. The T-DNA exhibits one
of the central properties of transposons
by behaving as a discrete unit of DNA
which can integrate into nonhomologous
DNA sequences (22). It remains to be
shown whether the T-DNA can also ex-
cise and mediate the formation of nearby
deletions and inversions, as do trans-
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posable elements. The T-DNA repre-
sents a unique example of a transferable
DNA element since it is able to cross bi-
ological barriers from a prokaryotic to a
eukaryotic cell. This suggests there may
be some mechanisms common to all
DNA transfer. It is also possible that the
T-DNA is involved in site-specific re-
combination with itself or with plant
DNA in a manner analogous to that used
in integration of bacteriophage into bac-
terial chromosomes. It will be interesting
to compare the mechanism of T-DNA in-
tegration into plant DNA with the still to
be determined mechanism for the move-
ment of other genetic elements in plants,
such as those first described in maize by
McClintock 23).
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