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Summary. Transgenic tobacco plants were produced by in-
oculation of leaf disks with Agrobacterium tumefaciens har-
boring a disarmed binary vector containing soybean leghe-
moglobin Lbc3 and glycinin G2 genes. Physical and genetic
characterization of these plants indicated that one to six
copies of DNA from the vector were transferred and main-
tained in the plant genome. Approximately 30% of the cop-
ies transferred were found to be incomplete or rearranged
and in some cases joined as inverted repeats. The trans-
ferred DNA was found at multiple genetic loci in five of
the six cases examined. In one plant, kanamycin-resistance
traits were at four independent chromosomal positions, al-
though two were genetically linked at about 3 centimor-
gans. Thus, Agrobacterium-mediated DNA transfer to
plants has some characteristics in common with “natural”
systems in animals, such as retroviral or P-element derived
systems, some characteristics in common with “artificial”
systems, such as microinjection, electroporation, or calcium
phosphate coprecipitation techniques, and some novel char-
acteristics.

Key words: Agrobacterium tumefaciens — Binary vector —
Nicotiana tabacum — Kanamycin-resistance traits — Genetic
loci

Introduction

Agrobacterium tumefaciens transfers DNA, the T-DNA,
from the Ti plasmid to plant cells (as reviewed in Nester
et al. 1984; Gheysen et al. 1985). Expression of the genes
encoded by the T-DNA results in increased levels of hor-
mones in the plant, causing the formation of a neoplasm
called crown gall. Imperfect 25 bp direct repeat sequences
flank the T-DNA in the Ti plasmid (Simpson et al. 1982;
Yadav et al. 1982). The termini sequences are required for
the transfer and probably direct the transfer process. How-
ever, some copies of T-DNA found in tumors are aberrant
in that they contain fragments with less than the complete
T-DNA (summarized in Simpson et al. 1986), and T-DNA

sequences are sometimes rearranged (Zambryski et al. 1980;

Simpson et al. 1982).

To date, detailed physical and genetic characterization
of the T-DNA in plant cells has been hampered by three
characteristics of the system. The presence of two different
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T-DNAs on many of the Ti plasmids, and the large sizes
of the T-DNAs have complicated the detailed physical char-
acterization of the transferred DNA (Nester et al. 1984).
Also, the altered hormone balance interferes with plant re-
generation (Yang and Simpson 1981), a step required for
genetic analysis. Furthermore, generalizations about the
structure of the transferred DNA are difficult because of
differences in the experimental approach such as Agrobac-
terium strain, the member of the Ti plasmid family, the
plant host and the tissue inoculated. Finally, there are two
different approaches for using the Ti plasmid as a vector,
the co-integration approach where an intermediate vector
co-integrates into the intact Ti plasmid and the binary ap-
proach where the T-DNA is on a separate replicon from
the remainder of the Ti plasmid.

Using Agrobacteria containing a disarmed, binary vec-
tor with a small T-DNA, we have transformed tobacco
explants. The vector (Simpson et al. 1986) was derived from
the Ti plasmid through the replacement of the hormone-
synthetic genes with an antibiotic-resistance marker. The
transgenic tobacco plants were characterized physically and
genetically. In many cases, multiple independent DNA in-
sertions have taken place giving rise to as many as four
independent genetic loci in the resulting plants.

Materials and methods

Plasmid constructions. The plasmid pKLBG?2 is a derivative
of the binary vector pARCS (Simpson et al. 1986) and con-
tains, in addition to a chimeric drug resistance marker (Nos/
Npt) for plants, two soybean genes. One gene encodes the
leghemoglobin Lbc3 (Brisson et al. 1982), a nodule specific
protein involved in nitrogen fixation and the other gene
encodes the glycinin G2, a seed storage protein (Fischer
and Goldberg 1982). The plasmid pKLBG2 was con-
structed as illustrated in Fig. 1. The plasmid pLb11-3.7 was
a gift from Dr. D.P. Verma and the phage ADA28-4 a
gift from Drs. R.L. Fischer and R.B. Goldberg. The E.
coli strain K514 (1400) was a gift from Dr. M. Zabeau,
EMBL, Heidelberg, Germany. The vector was transferred
from E. coli to A. tumefaciens LBA 4404 (Hoekema et al.
1983) by conjugation, in the presence of E. coli strain HB-
101 containing the plasmid pRK2013 (Ditta et al. 1980)
to mobilize the vector.

Transformation of tobacco. Leaf explants from Nicotiana
tabacum c.v. xanthi plants, grown in vitro, were inoculated
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with Agrobacterium essentially as described (Horsch et al.
1985). Leaves were cut into small pieces (5-8 mm) and
dipped in a culture of Agrobacterium grown overnight at
30° C in minimal A medium (Miller 1972) containing 5 mg/1
of tetracycline. After 5 min of incubation, the leaf explants
were blotted dry and incubated on nurse plates containing
MS medium (Murashige and Skoog 1962) plus 1 mg/l ben-
zyl amino purine and 0.1 mg/l indoleacetic acid. After
2-3 days, the leaf explants were transferred to plates con-
taining the same medium, but without feeder cells or filter
paper and containing cefotaxime (300 mg/l) and kanamycin
(300 mg/1). After 2-4 weeks, shoots that developed were ex-
cised from calli and transferred to a root-inducing medium,
TMS5, (Shahin et al. 1985) containing cefotaxime (300 mg/1)
and kanamycin (50 mg/l). Transformation of rooted plant-
lets was confirmed by assaying them for neomycin phos-
photransferase IT activity (Reiss et al. 1984) encoded by
the Nos/Npt gene on the vector. The plantlets were finally
transferred to soil.

Analysis of the progeny for resistance to kanamycin. Flowers
of the regenerated plants were selfed or crossed with wild
type tobacco. All flowers were bagged. Seeds were plated
on LS medium (Linsmaier and Skoog 1965) containing
400 mg/l of kanamycin sulfate and incubated in unsealed
dishes enclosed in transparent plastic boxes under continu-
ous light at 25° C. Two weeks later kanamycin resistant
seedlings were dark green and most of them had developed
primary leaves, whereas the sensitive seedlings were white
and never developed primary leaves.
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Fig. 1. Construction of the vector pKLBG2.
The 3.7 kb insert of soybean DNA including
the Lbc3 gene (black bar) from plasmid
pLb11-3.7 (Brisson and Verma 1982) was
digested with HindIII and ligated to pARCS
linearized with HindIII, creating pKLB1. A
9 kb Xhol/Sall fragment from phage
ADA28-4 (Fischer and Goldberg 1982),
carrying the G2 gene (hatched) was
subloned in pUCI12 (Sall site), creating
pUG21. This plasmid was introduced into a
E. coli strain K514[1400], which
constitutively expresses the EcoRI
H methylase. The DNA isolated from this
strain was cut with Ps¢I, the ends were filled
in, EcoRI linkers were added, and it was cut
with EcoRI, Xbal and Sstl; the four
products are shown. This mixture was
ligated to pKLB1 linearized with EcoRI -
Xbal to create pKLBG2. The flags stand for
the termini sequences of the T-DNA
borders. E= EcoR1, H= HindlIl, P= Psil,
S=Sall, Ss=Sstl, X= Xbal, Xh= Xhol, *=
‘methylated restriction site

DNA analysis. About 10 ug of plant DNA (Saghai-Maroof
et al. 1984) was digested for 4-6 h in 300 ul of the appro-
priate restriction buffer using 75-100 units of each of the
restriction enzymes. Before electrophoresis the mixture was
extracted with phenol:chloroform (1:1) and the DNA was
precipitated with ethanol. Gels were prepared for Southern
transfer (Southern 1975) and hybridization essentially as
described (Thomashow et al. 1980). Probes were nick trans-
lation products of either pNEO105, a derivative of pBR322
containing the chimeric Nos/Npt gene (Simpson et al. 1936),
or a 2.0kb EcoRI fragment, gel purified from pUG21
(Fig. 1), which is homologous to the 3’-end of the G2 gene
(see Fig. 3B).

Genetic linkage of Nos/Npt genes in plant XSO-11. Our
model (Fig. 4B) for the location in plant XSO-11 of the
four copies of the Nos/Npt gene (labeled A, B, C and D)
was based on experiments described in the Results. Copies
B and C, which did confer kanamycin resistance, are on
opposite members of a pair of homologous chromosomes
but genetically close to one another. We assumed that un-
linked copies A and D also conferred kanamycin resistance.
Since [the frequency of kanamycin sensitive progeny in an
outcross (6/1397)] equals [the product of finding neither
A nor D (0.25)] times [the frequency of recombination be-
tween B and C] times [the probability of producing neither
B nor C rather than both (0.5)], we estimate that the linkage
between B and C is about 3 recombination units
[(6/1397) x (4) x (2)]. This frequency would be reduced if
the A or D loci did not confer kanamycin resistance.
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Results

Transformation of tobacco

The plasmid pKLBG?2 was constructed (Fig. 1) by inserting
the Lbe3 leghemoglobin and G2 glycinin genes into the
binary vector pARCS (Simpson et al. 1986), a vector that
lacks the Ti plasmid tumor inducing genes. In addition,
pKLBG?2 contains the selectable marker Nos/Npt which
confers kanamycin-resistance on transformed plant cells
through the production of the enzyme neomycinphospho-
transferase II (NPT) and the termini sequences (flags in
Fig. 1) required for the transfer of T-DNA to the plant
genome. We transferred the plasmid to the A. tumefaciens
strain LBA4404. This strain is disarmed in that it harbors
a Ti plasmid which lacks the T-DNA region entirely but
does contain the Vir genes required for the transfer of DNA
from the bacterium to the plant cell (Hoekema et al. 1983).
The resulting strain, LBA4404/pKLBG?2, was used to inoc-
ulate segments of tobacco leaf. Of the 196 shoots that devel-
oped on kanamycin-containing medium, 78 subsequently
rooted on a medium that also contained kanamycin. Each
of the twenty independent plants selected for further study
appeared normal and contained NPT enzyme activity (data
not shown).

Molecular analysis of regenerated plants

The presence of certain T-DNA structures in the plant ge-
nome produces predictable restriction patterns from South-
ern blot hybridization. The presence of fully intact T-DNA
sequences is indicated primarily by the detection of internal
restriction fragments, of the same size and hybridization
properties in the plant DNA as in the bacterial plasmid.
The rest of the restriction fragments are border fragments,
where T-DNA is joined to plant DNA or another copy
of T-DNA. Our estimates of copy number are based on
the numbers of border fragments. Incomplete or rearranged
copies of T-DNA are indicated by the presence of border
fragments of less than the minimum expected size or by
the presence of fragments which do not correspond to any
known internal fragment. When multiple T-DNA sequences
are present, there is a possibility of having two or more
T-DNA sequences integrated together as direct or inverted
repeats. Each would yield predictable restriction patterns.
The number of locations where T-DNA copies integrated
into the plant genome was assumed to be the same as the
copy number determined by Southern blot analysis unless
there was evidence for the presence of T-DNA repeats.

Genomic DNA isolated from 9 kanamycin resistant
plants was digested with the restriction enzyme BamHI,
Bglll, EcoRl, or HindIIl. The restriction fragments were
fractioned by gel electrophoresis, transferred to nitrocellu-
lose filters and subsequently hybridized to radiolabelled
probes. Results for three representative plants are shown
in Fig. 2, in which pNEO105 was used as a probe specific
to the chimeric Nos/Npt gene, and in Fig. 3 where the probe
used was a fragment specific to the 3"-end of the G2 gene.
In other experiments (not shown), we used probes specific
for the 5-end of the G2 gene, the entire leghemoglobin
gene, or the regions around the left and right termini se-
quences.

The structure of the transferred DNA in plant XSO-3
was relatively simple (lanes 2 of Figs. 2A and 3A). In each
of the three restriction digests (BamHI, HindIII or EcoRI),
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Fig. 2A, B. Analysis of the structure of the T-DNA in 3 indepen-
dent transformants with the pNEO105 probe. A Southern blot
analysis of DNA isolated from tobacco plants. Total DNA from
an untransformed control plant (lanes 1) or transformants XSO-3
(lanes 2), XSO-5 (lanes 3) and XSO-11 (lanes 4) digested with
BamH]I, HindIII or EcoRlI, electrophoresed and blotted onto nitro-
cellulose. The probe was pNEO105, which is homologous to the
Nos/Npt gene (see Fig. 2B). B The top line shows a schematic
representation of the T-DNA of the plasmid pKLBG?2 integrated
in the plant genome. The symbols used are the same as in Fig. 1
with the addition of BamHI (B). The size of the expected internal
BamHI fragment and the minimum expected sizes for the border
fragments with each enzyme are shown below

only two bands hybridized when either pNEO105 or the
3’-end of the G2 gene was used as the probe. The bands
represent border fragments with the exception of the 4.0 kb
BamHI internal fragment (Fig. 2) and the 2.0 kb EcoRI
internal fragment (Fig. 3). The results of an EcoR1 digest
indicated the presence of an incomplete copy. First, the
lower band revealed by the pNEO105 probe (Fig.2A,
lane 2) was shorter than the minimum expected size (7.6 kb,
Fig. 2 B) for a complete T-DNA copy. Second, when probed
with part of the G2 gene (Fig. 3A), a 4.0 kb band was
visible in addition to the single expected internal fragment
product of 2.0 kb, indicating that the 4.0 kb fragment lacks
one of the EcoRI sites. We conclude that XSO-3 contained
2 copies, one of which incomplete.

The situation was more complex in plant XSO-3, in
which there was evidence for multiple copies. With the
pNEO105 probe, a BamHI digest (Fig. 2A and B) showed
at least five hybridizing bands in addition to the expected
internal fragment of 4.0 kb. This internal fragment hybrid-
ized more strongly than the others, confirming the presence
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of multiple inserts. The HindIII digest (Fig. 2A) showed
six hybridizing fragments, while the EcoRI digest (Fig. 2A)
showed only four. The fragments, which hybridize to the
right border probe, are all larger than the minimum ex-
pected size (Fig. 2B). Thus, we estimated that this plant
contained at least six copies of the T-DNA sequences which
were integrated at different locations in the plant genome,
each with an intact right T-DNA border. The hybridization
data obtained with the G2 probe supported this model for
the inserts in XSO-5. For example, the EcoRI digest
(Fig. 3A) indicated that the six copies of the G2 gene were
intact. No band, other than the expected internal 2.0 kb
fragment homologous to the probe, was visible, and the
hybridization signal was four to six times more intense than
a one-copy signal. In either a BamHI digest (Fig. 3A) or
a HindIII digest (Fig. 3A), only 5 bands hybridized to the
probe, but in each digest one of these bands was of double
intensity. Plant XSO-5 apparently contained an inverted
repeat of the T-DNA joined at the left border since the
band of double intensity at about 5.5 kb in the BamHI
digest and the one at about 7.3 kb in the HindIII digest
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Fig. 3A—C. Analysis of the structure of the
T-DNA in 3 independent transformants
with the G2-specific probe. A Southern blot
analysis of DNA isolated from tobacco
plants. Total DNA prepared from an
untransformed control plant (lanes 1), or
transformants XSO-3 (lanes 2), XSO-5
(lanes 3) and XSO-11 (lanes 4) digested with
BamHI, Hindlll or EcoRI, clectrophoresed
and blotted onto nitrocellulose. The probe
was a 2.0 kb EcoRI fragment homologous
to the 3"-end of the G2 gene (see Fig. 3B).
B The top line shows a schematic
representation of the T-DNA from the
plasmid pKLBG?2 integrated in the plant
genome. The symbols used are the same as
in Fig. 1. The size of the expected internal
H EcoRI fragment and the minimum expected
sizes for the border fragments are shown
below. C Schematic representation of an
inverted repeat joined by left borders. The
size of the expected junction fragments are
shown below

(Fig. 3A, lane 3) were of the sizes (Fig. 3C) predicted for
such an event. Thus, we estimated that XSO-5 contained
six intact copies, two of which were joined to form an in-
verted repeat.

Transformant XSO-11 is an illustration of a plant with
multiple imperfect transfers. When DNA from this plant
was probed with pNEO105 (Fig. 2 A, lanes 4), at least four
copies could be detected, as indicated by a HindIII digest
(Fig. 2A, lane 4). However, when the 3’-end of the G2 gene
was used as a probe (Fig. 3A, lanes 4), only one band hy-
bridized in each of the three digests, demonstrating that
at least three copies were incomplete, since only the fourth
one had sequence homology with this probe. Moreover,
the hybridization data from the EcoRI digest (Fig. 3A) in-
dicated that even the fourth copy was imperfect, since the
expected internal fragment of 2.0 kb (Fig. 3A and B) was
replaced by a fragment of about 10.0 kb. Thus, we con-
cluded that plant XSO-11 contained four incomplete or
rearranged copies.

Table 1 summarizes the structure of the transferred
DNA found in plants XSO-3, XSO-5 and XSO-11 plus
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Table 1. Structure of transferred DNA in 9 independent transfor-
mants

Copy Aberrant Inverted Location® Loci®

number® copies®  repeats?
XS0-2 2 1 - 2 nd
XSO-3 2 1 - 2 1
XS0-4 2 1 - 2 2
X80-5 6 0 L 5 2
XS0-6 1 0 - 1 nd
XS0-7 1 0 - 1 nd
XS0-9 4 0 R 3 2
XSO-10 2 0 - 2 2
XSO-11 4 4 4 4¢

R inverted repeats (right to right); L inverted repeats (left to left);
nd not determined

* Based on Southern blot analysis (see text)
® Based on genetic analysis (Table 2)
¢ Based on DNA analysis of progeny (see text)

Table 2. Inheritance of kanamycin resistance in progeny of 5 inde-
pendent transformants

Seed source % Number Sug- Chi Num-
ger- of seedlings gested square ber
mina- ———  ratio of
tion resis-  sensi- loci

tant tive

XSO-3 xself 93 427 155 34 083ns 17

XSO-3xwt 95 254 242 1:1 029ns 1°®

XSO-4 xself 94 332 14 15:1  287ns 2°

XSO-5xself nd 569 37 151 0.02ns 2°

wt x XSO-5 95 373 114 3:1  0.66ns 2°

XSO-9xwt 97 187 64 3:1 0.03ns 2°

XS0-10 x self nd 335 16 15:1 1.7tns 2°

XS0-11 x self 100 757 0 ? - 4¢
XSO-11xwt 97 629 3 ? - 4°
wtx XSO-11 97 762 3 ? - 4¢

wt wild type parent, Nicotiana tabacum cv. xanthi. nd not deter-
mined; ns values not significantly different from expected ratio
at 95% confidence

® Values for 2 loci are significantly different from expected ratio
at 95% confidence

 Values for either 1 locus or 3 loci are significantly different from
expected ratio at 95% confidence

¢ Based on DNA analysis of progeny (see text)

six other independent transgenic plants. One other feature,
direct repeats, was not observed but has been reported by
others (Lemmers et al. 1980; Zambryski et al. 1980).

Genetic analysis of transformants

To investigate the inheritance of the kanamycin resistance
trait, six independent transformed plants were selfed, or
backcrossed to the parent cultivar, and the number of seed-
lings resistant to kanamycin was determined (Table 2). In
only one case, plant XSO-3, was the ratio of resistant to
sensitive seedlings approximately 3:1 from a self and 1:1
from a backcross, the results expected if resistance were
encoded by a single nuclear gene. Self pollinations of all
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Fig. 4 A, B. Segregation of 4 loci in the F1 progeny of transformant
XS0-11. A Southern blot analysis of the F1 progeny of transfor-
mant XSO-11 using the pNEO105 probe homologous to the Nos/
Npt gene. Total DNA was prepared from an untransformed control
plant (wildtype), transformant XSO-11 and 15 seedlings (germi-
nated in the absence of kanamycin) representing the F1 progeny
of XSO-11 crossed with wildtype (lanes 1-15). B Model for loca-
tion of the 4 kanamycin-resistant loci in XSO-11. Each vertical
line represents one of a pair of homologous chromosomes; only
3 of the 24 pairs of tobacco are shown. Note that the length of
the lines serves only to distinguish the pairs and not to indicate
chromosomal lengths

the other plants yielded a resistant to sensitive ratio of
greater than 3:1, indicating that the transferred DNAs were
inserted and functioning at multiple, unlinked genetic loci.

Seedling populations from self-pollinations of plants
XS0-4 and XSO-10, respectively, segregated in a 24:1 and
a 21:1 ratio of kanamycin-resistant to kanamycin sensitive
seedlings. Since this is not significantly different from the
15:1 ratio expected for two unlinked loci (Table 2), these
results agree with the DNA analysis which had shown two
T-DNA copies at different locations (Table 1).

In contrast, the number of locations of T-DNA was
greater than the number of kanamycin resistance loci in
plants XSO-3, XSO-5, and XSO-9. In plant XSO-3, the
kanamycin resistance trait segregated in the progeny from
a self in a 3:1 ratio, the expected ratio for a single locus,
even though the DNA analysis had showed two copies of
the T-DNA. In plant XSO-5, the kanamycin trait segre-
gated in a 15:1 ratio in the progeny from a self and in
a 3:1 ratio in a reciprocal backcross to wildtype. These
are ratios to be expected for independent segregation and
assortment of two dominant unlinked genes. However,
DNA analysis had showed that XSO-5 contained six copies
of T-DNA. Similarly, plant XSO-9 contained four copies



of T-DNA in three locations yet transmitted the kanamycin
resistance trait in a ratio expected for only two loci.

Transformant XSO-11 contained four T-DNA copies.
All of the 757 seedlings from self-pollinations that were
screened for kanamycin resistance were resistant, suggesting
the segregation of at least four independent genes. However,
of the 1397 seedlings from reciprocal backcrosses, only six
were sensitive to kanamycin. This result is significantly dif-
ferent from the expected value of 92 sensitive seedlings if
four independent genes were involved. One explanation is
that there are actually more than 4 copies; 7 to 9 copies
at separate loci should produce the observed result. The
alternative is that there is a copy on each member of a
pair of homologous chromosomes and that the copies are
close together genetically. To distinguish between these al-
ternatives, we analyzed the structure of the DNA in progeny
of a backcross. Figure 4 shows the result of Southern blot
analysis using pNEO105, a probe specific for the gene en-
coding kanamycin resistance. The parent plant XSO-11 re-
sulted in four bands labeled A, B, C, D while the progeny
(lanes 1-15) resulted in only two or three of the bands in
various combinations. Thus, the four bands represent four
loci that are segregating in the progeny. Bands B and C
appear to be linked by repulsion, that is, B or C but not
both were found in each progeny. This would happen if
the T-DNAs corresponding to these loci were located in
linked or allelic positions on homologous chromosomes.
If they were located on homologous chromosomes but in
non-allelic positions, some of the progeny would be sensi-
tive to kanamycin because of recombination between B and
C. The presence of 6 sensitive seedlings among 1400 out-
cross seedlings (Table 2) must be the result of such recombi-
nation. If we assume that both the A and D copies confer
kanamycin resistance then we can estimate the recombina-
tion frequency between B and C from this figure to be
about 3 recombination units, as described in Materials and
methods.

Discussion

The results of the physical analysis of the structure of T-
DNA transferred to tobacco from Agrobacterium tumefa-
ciens strain LBA4404 containing the vector pKLBG2 are
summarized in Table 1. The number of copies of the T-
DNA sequence integrated in the plant genome varied from
one to six. Seven of these copies were incomplete or rear-
ranged out of an aggregate number of 24 in the nine plants
examined. Two transformants (XSO-5 and XSO-9) con-
tained two T-DNA copies joined as inverted repeats, struc-
tures seen previously in tumor cell lines (Simpson et al.
1982; Kwok et al. 1985). Seven of the nine plants contained
T-DNA copies in more than one location.

The results of the genetic analysis of these plants con-
firmed that DNA transfer to multiple locations in the plant
genome was common. Five of the six plants analyzed for
the inheritance of the the kanamycin-resistance trait con-
tained T-DNA at more than one genetic locus (Table 2).
In two cases, XSO-4 and XSO-10 the number of loci, deter-
mined genetically, equaled the number of genomic loca-
tions, determined physically. In three other cases, XSO-3,
XSO-5, and XS0O-9, the number of functional loci was less
than the number of genomic locations. In these latter plants,
some copies of the Nos/Npt gene encoding kanamycin-resis-
tance may be phenotypically silent due to mutation, meth-
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ylation, or chromosomal position (Jaenisch et al. 1981;
Jahner et al. 1982). Alternatively, all the Nos/Npt genes may
be functional, but segregate as a single locus because of
linkage on the same chromosome. In addition to the genetic
analysis of the parent plant XSO-11, physical analyses of
the progeny were necessary to establish that XSO-11 con-
tained T-DNA at four genetic loci, two of which are on
opposite members of a pair of homologous chromosomes
but genetically close to one another.

The resulting structures of DNA transferred to plant
genomes using the Agrobacterium system resemble the
products of other “natural” transfer systems in some re-
spects and the products of “artificial” transfer systems in
others. As is true for natural retroviral and P-element me-
diated gene transfer to animal cells (Jaenisch et al. 1981;
Rubin and Spradling 1982), Agrobacterium can transfer a
single well-defined piece of DNA. Other times, Agrobacter-
ium can transfer multiple copies in tandem array, or incom-
plete copies as do artificial systems for gene transfer in
animals (Perucho et al. 1980; Scangos and Ruddle 1981).
However, in addition to direct repeats, Agrobacterium me-
diated transfer can result in inverted repeats of the trans-
ferred DNA.

The integration of foreign DNA at multiple loci in a
single transgenic organism is not common with either of
the other systems. In experiments using direct DNA trans-
formation or Agrobacterium tumefaciens to transfer DNA
to tobacco, a single genetic locus has been found in 18/20
cases (Otten et al. 1981; Memelink et al. 1983; Wostemeyer
et al. 1984; Paszkowski et al. 1984; De Block et al. 1984;
Horsch et al. 1984, 1985; Sengupta-Gopalan et al. 1985;
Hain et al. 1985; Potrykus et al. 1985; Deshayes et al. 1985;
Peerbolte et al. 1985; de Framond et al. 1986; Czako and
Marton 1986). The explanation for the occurrence of multi-
ple loci cannot therefore be found in differences of experi-
mental organism. The transformation protocol that we used
was derived from one that had given rise to several plants
with T-DNA at only a single locus, so this is an unlikely
cause of a difference. We are currently testing the hypothe-
sis that the copy number of the binary vector plasmid (four
to seven based on the parent plasmid RK?2) is an important
difference from the single copy found in co-integration vec-
tors. In support of this hypothesis, we note that of the
transgenic plants which were derived from Agrobacterium
transformation, the only one shown to contain more than
one locus was the only one involving a binary vector (de
Framond et al. 1986). In any case, the ability of Agrobac-
teria to transfer DNA to multiple locations in a plant ge-
nome emphasizes the higher efficiency of this natural system
relative to the other systems, natural or artificial.

The presence of multiple loci of foreign DNA in a plant
after one round of Agrobacterium transformation opens
new approaches for experiments with transgenic plants. For
example, a high number of loci per transgenic plant facili-
tates the use of the T-DNA as an insertion mutagen for
gene isolation (Bingham etal. 1981) in dicotyledonous
plants, much as the controlling element Activator has been
used in a monocotyledonous plant (Fedoroff et al. 1984).
Further, since more than one Agrobacterium can frequently
transfer DNA to a single plant cell (Depicker et al. 1985;
McKnight, Lillis, and Simpson, unpublished), it should be
possible to isolate plants containing a selected T-DNA and
an unselected T-DNA at different loci and then to identify
progeny with only the unselected DNA. Thus, any undesir-
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able effects of the selectable marker genes on a crop plant
under field conditions could be eliminated. Further, the
same selectable marker could be used repeatedly as desir-
able traits are added sequentially. The ability to transfer
large numbers of DNAs from different vectors to the same
plant cell could also facilitate gene isolation through geno-
mic library transfer and complementation of function in
plants. Segregation of the different inserts would greatly
simplify the isolation of the responsible library member.
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