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Abstract 1 

 2 

In both applied and basic research, Agrobacterium-mediated transformation is commonly 3 

used to introduce genes into plants.  We investigated the effect of three Agrobacterium 4 

tumefaciens strains and five T-DNA origins of replication on transformation frequency, 5 

transgene copy number, and the frequency of integration of non-T-DNA portions of the T-6 

DNA-containing vector (“backbone”) into the genome of Arabidopsis thaliana and Zea mays.  7 

Launching T-DNA from the picA locus of the Agrobacterium chromosome increases the 8 

frequency of single transgene integration events and almost eliminates the presence of vector 9 

backbone sequences in transgenic plants.  Along with novel Agrobacterium strains we have 10 

developed, our findings are useful for improving the quality of T-DNA integration events.   11 

 12 

Since the generation of transgenic plants ~25 years ago, Agrobacterium tumefaciens 13 

has been widely used for introducing genes into plants for purposes of basic research as well 14 

as for generation of commercially used transgenic crops.  For plant transformation, the gene 15 

of interest is placed between the left and right border repeats of Agrobacterium T-(transferred) 16 

DNA1.  The T-DNA region harbouring the transgene is stably integrated into the plant 17 

genome by using an appropriate plant transformation protocol.  T-DNA originates from the 18 

Agrobacterium Ti-(tumor inducing) plasmid.  Because Ti-plasmids are large and difficult to 19 

manipulate, smaller T-DNA binary vectors are currently predominately used for generation of 20 

transgenic plants2,3.  21 

Although Agrobacterium has been used for plant transformation for more than two 22 

decades, problems using this bacterium remain.  Agrobacterium-mediated transformation 23 

generally results in lower transgene copy numbers than do other transformation methods such 24 

as particle bombardment or polyethylene glycol-mediated transformation4,5.  However, 25 

transformation frequently results in unwanted high copy number T-DNA integration 26 

events5,6,7.  Multiple integration events, often coupled with inverted repeat T-DNA 27 

integration patterns, may affect the stability of transgene expression by silencing 28 

mechanisms8.  An additional problem with Agrobacterium-mediated transformation is the 29 

propensity for DNA sequences outside the T-DNA region to integrate into the plant 30 

genome5,9,10.  Integration of such vector backbone sequences can occur with high frequency.  31 

For example, Kononov et al.9 detected backbone sequences in 75 % of tested transgenic 32 



 3 

tobacco plants, and very often the entire vector backbone is introduced into the plant 1 

genome11.  T-DNA vector backbones usually harbour bacterial antibiotic resistance genes that 2 

can create governmental regulatory concerns.   3 

Here we show that launching T-DNA from the A. tumefaciens chromosome reduces 4 

integrated transgene copy number and almost eliminates the presence of T-DNA backbone 5 

sequences.  We describe several plasmids and bacterial strains to facilitate use of this 6 

methodology.   7 

8 
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Results 1 

 2 

A. tumefaciens strains and T-DNA constructions 3 

Our investigation utilized various combinations of the commonly used A. tumefaciens 4 

strains EHA101, GV3101, and LBA4404 with five different T-DNA binary systems.  These 5 

Agrobacterium strains are non-oncogenic (“disarmed”) and have been used for transformation 6 

of a large variety of plants.  EHA10112 harbours a derivative of the agropine/L,L-7 

succinamopine-type Ti-plasmid pTiBo542, GV310113 a derivative of the nopaline-type Ti-8 

plasmid pTiC58, and LBA440414 a derivative of the octopine-type Ti-plasmid pTiAch5.  The 9 

tested T-DNA vectors contain an identical T-DNA region plus an aadA gene for bacterial 10 

selection for spectinomycin resistance.  However, they contain different origins of replication 11 

(ori): the pVS ori, the pSa ori, the RK2 ori, and the pRiA4b ori.  We furthermore analyzed the 12 

effect of launching T-DNA from the Agrobacterium C58 chromosome at the picA locus in 13 

strains EHA101 and GV3101.  Disruption of this locus does not affect transformation15 and 14 

we have generated vectors specifically designed to integrate genes into this locus16.   15 

We analyzed 14 different A. tumefaciens strain by replication origin combinations.  16 

The T-DNA region, derived from the binary vector pTF101.117, harbours a bar gene as a 17 

plant selectable marker under the control of a CaMV double 35S promoter (Fig. 1).  Utilizing 18 

identical T-DNA regions with the same plant selectable marker and the identical non-T-DNA 19 

sequence proximal to the T-DNA left border in all constructions enabled us directly to 20 

compare results obtained for transformation frequencies, integrated transgene copy numbers, 21 

and backbone integration for all strain by construct combinations.  22 

 23 

Effect of binary vector replication origin on binary vector copy number in 24 

Agrobacterium 25 

 We determined the copy number in A. tumefaciens of the four binary vectors used in 26 

our study. We placed a bar gene into the EHA105 chromosome and separately introduced 27 

each of the four T-DNA binary vectors into this strain.  The resulting strains were incubated 28 

with or without acetosyringone to induce vir gene expression, and total bacterial DNA was 29 

extracted and subjected to DNA blot analysis using the bar gene as a probe.  T-DNA binary 30 

vector copy numbers were determined by comparison of the signal intensity of the 31 

chromosomal band (one per cell) to the T-DNA binary vector band.  Figure S1 shows that 32 
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plasmids containing the pSa origin are maintained at ~4 copies per cell.  The copy numbers of 1 

plasmids containing the RK2 and pVS origins are 7-10 per cell, and plasmids containing the 2 

pRi origin replicate to 15-20 copies per cell.  No significant differences were seen when the 3 

strains were incubated under inducing or non-inducing conditions.   4 

 5 

Effect of A. tumefaciens strain and T-DNA ori on transformation frequency 6 

We determined the effect of 14 Agrobacterium strain-by-construct combinations on 7 

transformation frequency of Arabidopsis thaliana and Zea mays.  Arabidopsis was 8 

transformed using a floral dip protocol18.  At least five transformation experiments were 9 

conducted for each vector-by-strain combination, and transformation frequencies were 10 

determined by analyzing 1500-4500 seeds per experiment (Fig. 2A).  Transformation 11 

frequency was highly dependent upon the A. tumefaciens strain utilized.  GV3101 resulted in 12 

the highest transformation frequencies (0.97-2.11%), whereas EHA101 and LBA4404 13 

effected medium (0.09-0.58%) and low (0.01-0.12%) transformation frequencies, 14 

respectively.  T-DNA replication origin had little effect on transformation frequency with one 15 

exception:  Launching T-DNA from the Agrobacterium chromosome of EHA101 or GV3101 16 

resulted in transformation frequencies lower than those of the other four T-DNA binary 17 

systems of the respective strain.  Because the picA sequence of the Ach5 chromosome of 18 

LBA4404 does not share sufficient homology with the picA sequence of the C58-derived 19 

recombination vector we used16, we were unable to integrate the T-DNA region into the picA 20 

locus of LBA4404.   21 

Using an embryo inoculation protocol19, we conducted five independent maize 22 

transformation experiments from which relative transformation frequencies for each of 12 23 

strain-by-replication origin combinations (except chromosomal) were established (Fig. 2B).  24 

Four experiments were conducted to establish relative transformation frequencies for the two 25 

chromosomal replication origin combinations (in EHA101 and GV3101, Fig. 2B).  As with 26 

Arabidopsis, launching T-DNA from the chromosomes of EHA101 and GV3101 resulted in 27 

low transformation frequencies (0.9%), whereas transformation frequencies were considerably 28 

higher (5-15%) when T-DNA was placed on a plasmid binary vector.   29 

 30 

Launching T-DNA from the Agrobacterium chromosome results in a high percentage of 31 

plants containing a single integrated T-DNA copy 32 



 6 

We investigated the number of copies of integrated T-DNA in transgenic events by 1 

DNA dot blot hybridization.  T1 generation (heterozygous for T-DNA) Arabidopsis leaf 2 

samples were analysed using a bar gene-specific fragment (Fig. 1).  Fig 3A shows, strikingly, 3 

that launching T-DNA from the Agrobacterium picA chromosomal locus resulted in 77-78% 4 

of the events containing a single transgene copy.  The percentage of single transgene copy 5 

events resulting from use of “conventional” T-DNA binary vectors was much lower.  6 

Correspondingly, the average transgene copy number for events generated using 7 

“conventional” T-DNA binary vectors was higher (3.3-4.9 copies/genome) than was the 8 

integrated transgene copy number of events generated using strains with T-DNA launched 9 

from the bacterial chromosome (1.3-1.6 copies/genome; Supplemental Table 1).   10 

Maize T-DNA copy number determinations were made using heterozygous T0 11 

generation plants (one plant per event).  Because the bar gene resulted in background 12 

hybridization signals in maize (H. Oltmanns, unpublished), we used the CaMV double 35S 13 

promoter fragment as the probe (Fig. 1).  Fig. 3B shows that for events generated using 14 

“conventional” T-DNA binary vectors, the percentage of events carrying a single transgene 15 

copy ranged from 16-48%.  Average T-DNA copy numbers resulting from the use of binary 16 

vectors ranged from 2.1-4.2 copies per cell (Supplemental Table 1).  As with Arabidopsis, use 17 

of Agrobacterium strains containing chromosomal integration of T-DNA resulted in a higher 18 

percentage (58-64%) of single transgene copy number events; the average T-DNA copy 19 

number in these transgenic events was 1.7 copies per cell (Supplemental Table 1).   20 

Although antibiotics were used to eradicate Agrobacterium after infection, bacterial 21 

cells might still contaminate selected transgenic Arabidopsis and maize plants.  To eliminate 22 

the possibility of contaminating Agrobacterium DNA falsely increasing the apparent T-DNA 23 

copy number, we hybridized several membranes with the Agrobacterium chromosomal picA 24 

gene.  We did not detect a hybridization signal using this probe (data not shown).   25 

 26 

Launching T-DNA from the Agrobacterium chromosome mitigates integration of T-DNA 27 

backbone sequences in transgenic plants 28 

Integration of T-DNA backbone sequences into the genome of transgenic plants can 29 

present regulatory problems, especially when bacterial antibiotic resistance genes are 30 

transferred.  We investigated whether the Agrobacterium strain or T-DNA replication origin 31 

affects the frequency of backbone integration events.  We used the spectinomycin resistance 32 

(aadA) gene immediately outside the T-DNA left border (Fig. 1) as a hybridization probe to 33 

detect backbone sequences within the genome of transgenic plants.   34 



 7 

Figures 4A and 4B show the percentage of transgenic plants with backbone integration 1 

events for the 14 strain-by-origin combinations in Arabidopsis and maize, respectively.  For 2 

Arabidopsis, one plant from 14 EHA101 events (7%) and 12 GV3101 events (8%), 3 

respectively, contained backbone sequences when they were generated by Agrobacterium 4 

strains in which the T-DNA was launched from the chromosome.  For maize, no plants from 5 

13 EHA101 events (0%) and one plant from 40 GV3101 events (3%), respectively, contained 6 

the vector backbone.  On the other hand, the use of “conventional” T-DNA binary vectors 7 

resulted in a relatively high percentage of plants containing backbone sequences (47-67% for 8 

Arabidopsis; 19-55% for maize).   9 

 10 

Vectors and A. tumefaciens strains to facilitate integration of T-DNA into the 11 

Agrobacterium chromosome 12 

We generated two systems to facilitate integration of T-DNA into the Agrobacterium 13 

chromosome (Fig. 5).  We first introduced a T-DNA region into the picA locus of the C58 14 

chromosome.  This T-DNA contains a CaMV 35S-bar gene as a plant selection marker, and a 15 

small region of pBluescript to provide homology for recombination with a variety of 16 

pBluescript-derived plasmids, such as the pSAT series of expression vectors20.  Because 17 

plasmids harbouring the ColE1 ori cannot replicate in A. tumefaciens, ampicillin/carbenicillin-18 

resistant bacteria can only be selected when the introduced plasmid co-integrates into the 19 

homologous T-DNA region (Fig. 5A).  This bacterial strain contains an aadA gene directly 20 

outside the T-DNA left border to detect transfer of non-T-DNA sequences.  In addition, the 21 

strain can be eliminated from co-cultivation reactions by using �-lactam antibiotics containing 22 

clavulanate, such as Timentin (L.-Y. Lee, unpublished).   23 

  Although the strain described in Fig. 5A is easy to use, it has the potential regulatory 24 

disadvantage of introducing a �-lactamase antibiotic resistance gene into the plant when T-25 

DNA integrates.  To eliminate such potential regulatory problems for plants destined for field 26 

release, we generated a second system to launch T-DNA from the Agrobacterium 27 

chromosome.  A region homologous to the Agrobacterium pgl/picA locus was cloned into a 28 

plasmid containing a T-DNA.  Gene expression cassettes from, e.g., pSAT vectors can be 29 

cloned into the rare-cutting multiple cloning site of this vector, and the entire vector can be 30 

introduced into A. tumefaciens.  Spectinomycin resistance conferred by this plasmid results 31 

from homologous recombination with the picA/pgl region of the A. tumefaciens C58 32 

chromosome (Fig. 5B).  Thus, integration of T-DNA into the A. tumefaciens chromosome 33 

occurs without introduction of an antibiotic resistance gene into T-DNA.  34 
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Discussion 1 

We studied the effect of three commonly used A. tumefaciens strains and five T-DNA 2 

replication origins on transformation frequency and the “quality” of T-DNA integration 3 

events in Arabidopsis and maize.  Launching T-DNA from the Agrobacterium chromosome 4 

results in fewer integrated transgene copies and almost eliminates the presence of T-DNA 5 

binary backbone sequences in recovered transgenic events.  However, these two advantageous 6 

aspects of plant transformation are accompanied by decreased transformation frequency.  In 7 

Arabidopsis, this decrease is slight (2- to 4-fold) but it can be greater (approximately 10-fold) 8 

in maize.  Whether scientists are willing to compensate decreased transformation frequency 9 

with a higher “quality” transformation event will depend upon the ease, time, and cost in 10 

generation of multiple transgenic events for different plant species.   11 

Stable and predictable transgene expression is a major objective for both basic and 12 

applied research.  Multiple integrated T-DNA copies, especially when combined with 13 

complex T-DNA integration patterns, can trigger transgene silencing7,8,21.  The routine 14 

generation of single-copy transgenic events is therefore a major goal for agricultural 15 

biotechnology.  Launching T-DNA from the Agrobacterium chromosome may provide one 16 

approach for achieving this goal.   17 

Several studies have analyzed T-DNA locus and/or copy numbers in transgenic 18 

Arabidopsis.  Feldmann22 concluded that the average number of independently segregating, 19 

active transgene loci in his initial library of T-DNA tagged plants is 1.4.  This value is similar 20 

to that of other T-DNA tagged collections in Arabidopsis23,24 and rice25,26.  However, the 21 

number of active loci in these plants is generally less than the number of integrated T-DNA 22 

molecules.  T-DNA insertions frequently occur as partial or complete multimers in direct or 23 

inverted repeat orientation7,22.  Bechtold et al.27 showed that 70% of tested Arabidopsis 24 

transformants generated by a vacuum infiltration protocol carried direct or indirect tandem 25 

repeat copies of T-DNA.  In this study the average T-DNA copy number in Arabidopsis 26 

ranged from 1.0-4.9, and in maize from 1.3-3.9 per diploid genome (Fig. 1, supplemental 27 

data).  Our results agree with those of Galbiati et al.28 who investigated 38,000 transgenic 28 

Arabidopsis plants generated by a floral dip method.  Interestingly, transformation using A. 29 

tumefaciens LBA4404 resulted in an average transgene copy number lower than that resulting 30 

from transformation using the other tested strains.  Grevelding et al.29 investigated whether 31 

the transformation method affected transgene copy number in Arabidopsis.  Most transgenic 32 
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plants produced by a leaf-disc inoculation method contained multiple T-DNA insertions, 1 

whereas root transformation resulted mostly in single T-DNA insertions.  Therefore, the 2 

Agrobacterium strain, transformation method, and plant target tissue may influence the 3 

number of integrated T-DNA molecules.   4 

Although T-DNA integration into the plant genome was experimentally shown almost 5 

30 years ago, little is known about how many T-DNA strands are produced in Agrobacterium 6 

and transferred to the plant cell.  It is likely that considerably more T-strands are transferred 7 

than are integrated30,31.  T-DNA copy number of the chromosomal integration construction in 8 

the bacterial cell is ‘1’ (except during replication before cell partition).  Low integrated 9 

transgene copy numbers in plants may result from a limited number of T-strands transferred to 10 

the plant cell.  We might therefore have expected to see a correlation between bacterial and 11 

plant T-DNA copy number using the different T-DNA replication origins because they 12 

replicate to different extents in the bacteria.  However, we did not find such a correlation.   13 

Integration of binary vector backbone sequences in transgenic plants is a common 14 

phenomenon9.10,11.  Launching T-DNA from the Agrobacterium chromosome almost 15 

eliminates the presence of integrated T-DNA backbone sequences.  In contrast, 47-67% of the 16 

Arabidopsis plants generated by Agrobacterium strains harbouring a T-DNA binary vector 17 

contained integrated vector backbone sequences.  Although elimination of these sequences 18 

from transgenic plants is a major goal for agricultural biotechnology, only one previous report 19 

described a methodology to effect this result.  By incorporating a lethal barnase gene into the 20 

non-T-DNA region of the binary vector, Hanson et al.32 reduced the number of plants 21 

harbouring backbone sequences.  However, up to 18% of the transgenic plants still carried 22 

backbone sequences.   23 

Transfer of binary vector backbone sequences can occur when the T-DNA left border 24 

repeat is not recognized by the VirD2 endonuclease during processing of the T-DNA strand.  25 

It can also occur as a result of VirD2 linkage to the 5’ end of the vector DNA directly outside 26 

the T-DNA left border, followed by transfer of the backbone in a manner analogous to that of 27 

T-DNA transfer9,11,33.  If the T-DNA strand were derived from a binary plasmid and during 28 

T-DNA processing the left border repeat is skipped, T-DNA processing will either end at a 29 

sequence in the backbone that resembles a T-DNA border or, due to the circular nature of 30 

binary vectors, when the right border repeat is reached.  However, if T-DNA is integrated into 31 

the bacterial chromosome, read-through at the T-DNA left border repeat could result in very 32 

long T-DNAs, theoretically as long as the Agrobacterium chromosome itself if no adequate 33 
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termination site were present.  Although transfer of long T-DNA molecules is possible34,35, it 1 

is less frequent than transfer of small T-DNAs.  The observation that large T-DNAs only 2 

integrate into the plant genome very rarely offers a possible explanation for why 3 

chromosomal integration of T-DNA results in transgenic plants lacking backbone sequences.  4 

If the T-DNA left border were skipped during T-DNA strand processing (or if DNA transfer 5 

initiates from sequences directly to the left of the left T-DNA border), the resulting T-DNA 6 

would be too long for efficient transfer to the plant or integration into the plant genome.  7 

Although there might be concern that sequences from the bacterial chromosome next to the T-8 

DNA right border could be integrated into the plant genome, probing of the DNA membranes 9 

with an Agrobacterium picA fragment, located immediately to the right of the right T-DNA 10 

border, failed to detect its presence (data not shown).   11 

It is tempting to speculate whether integration of vector backbone sequences into 12 

plants is a consequence of simplifying Agrobacterium-mediated plant transformation by using 13 

small T-DNA binary vectors.  Transfer of non-T-DNA portions of a large Ti-plasmid to plants 14 

is possible but rare:  On average only one out of 80 transgenic tobacco calli contained a nptII 15 

gene positioned outside the T-DNA left border36.  In contrast, Kononov et al.9 detected vector 16 

“backbone” sequences in ~75% of transgenic tobacco plants generated using an 17 

Agrobacterium strain carrying a small T-DNA binary vector.  These results suggest that 18 

backbone integration occurs more frequently when a small T-DNA binary vector is used.  19 

Although T-DNA binary vectors are ubiquitously used because of their ease of handling, we 20 

present here two vector systems to simplify launching T-DNA from the Agrobacterium 21 

chromosome.   22 

23 
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Methods 1 

 2 

Agrobacterium tumefaciens growth conditions 3 

Agrobacterium tumefaciens strains were grown on solidified or liquid AB sucrose or yeast 4 

extract peptone medium37 supplemented with appropriate antibiotics (rifampicin, 10 μg/ml; 5 

spectinomycin, 100 μg/ml; kanamycin, 25 μg/ml; gentamicin, 25 μg/ml).   6 

 7 

T-DNA constructions 8 

The T-DNA region and the bacterial aadA (spectinomycin resistance) gene (Fig.1) used in all 9 

T-DNA binary constructions derives from pTF101.117.  pTF101.1 contains a pVS1 origin of 10 

replication.  To generate the various binary vectors, we replaced the pVS1 replication origin 11 

(ori) with those from other plasmids.  For introducing the RK2 ori, we removed the pVS1 12 

origin from pTF101.1 using ScaI and NotI and replaced it with a NotI/NruI fragment from 13 

pBIN1938, generating pTF::Bin19.  For introducing the pSa ori, we removed the pVS1 ori 14 

from pTF101.1 using ScaI and NsiI and replaced it with a PstI/SacII fragment from pUCD239.  15 

All overhanging ends were made blunt using T4 DNA polymerase (New England Biolabs, 16 

Ipswich, MA, USA) to enable ligation.  The resulting plasmid was designated pTF::UCD2.  17 

The pRiA4b origin isolated from A. rhizogenes A440 and cloned as a BamHI-HindIII fragment 18 

into pBluescriptII KS+, generating pBluescript::Ri.  To confirm that the cloned pRi replication 19 

origin effects replication in Agrobacterium, pBluescript::Ri was transformed into A. 20 

tumefaciens by electroporation and plasmid DNA was isolated from carbenicillin-resistant 21 

colonies.  pBluescript::pRi was digested with ClaI and the overhanging ends were made blunt 22 

using T4 DNA polymerase.  The product was subsequently digested with NotI and cloned into 23 

pTF101.1 prior digested with ScaI and NotI to remove the pVS1 replication origin.  The 24 

resulting plasmid was designated pTF::Ri.   25 

The four T-DNA vectors pTF101.1, pTF::Bin19, pTF::UCD2 and pTF::Ri were 26 

separately transformed into A. tumefaciens EHA10112, GV310113, and LBA440414 by 27 

electroporation.   28 

 29 

Construction of Agrobacterium strains containing T-DNA integrated into the pgl/picA 30 

locus of the C58 chromosome 31 
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A 4.2 kb ScaI-NsiI fragment containing the T-DNA region plus the aadA gene of pTF101.1 1 

was inserted into the blunted SpeI and PstI sites of the integration vector pE1931, generating 2 

pE2759.  pE2759 was separately introduced into A. tumefaciens EHA101 and GV3101, 3 

generating A. tumefaciens At1586 and At1588, respectively.  The eviction plasmid pPH1JI or 4 

pVK102 was introduced into A. tumefaciens At1586 and At1588, respectively, and colonies 5 

were selected on gentamicin and carbenicillin.  Tetracycline-sensitive colonies (which had 6 

lost pE2759) were selected, generating A. tumefaciens At1589 and At1591, respectively, and 7 

recombination of the T-DNA region into the pgl/picA locus of the Agrobacterium 8 

chromosome was confirmed by DNA blot hybridization16.   9 

 10 

Construction of an Agrobacterium strain to facilitate integration of expression cassettes 11 

into the T-DNA region on the C58 chromosome 12 

A 1.549 kbp PvuII-ScaI fragment from pBluescript was cloned into the SmaI site of pTF101.1, 13 

generating pE3265.  A 5.8 kbp ScaI-NsiI fragment from pE3265 containing T-DNA, part of 14 

pBluescript, and the aadA gene was cloned into blunted SpeI and PstI sites of pE1770, 15 

generating pE3349.  pE3349 was introduced into A. tumefaciens EHA105, generating A. 16 

tumefaciens At1687.  E. coli strains containing pVK102 and pRK230, respectively, were used 17 

to conjugate with A. tumefaciens At1687.  The recombinant Agrobacterium strain containing 18 

the T-DNA borders, aadA gene, and a portion of pBluescript sequence was named A. 19 

tumefaciens At1702.    20 

 21 

Construction of an integration binary vector to facilitate launching T-DNA from the A. 22 

tumefaciens C58 chromosome 23 

A blunted EcoRI fragment containing the pgl/picA locus was cloned into the blunted NdeI site 24 

of pE3055.  Removal of the NdeI fragment from pE3055 resulted in the loss of the pVS ori to 25 

create pE3361, a binary vector containing RCS (rare cloning sites), a plant selection marker 26 

(bar gene), a bacterial selection marker (aadA gene), and a ColE1 ori.  This plasmid cannot 27 

replicate in Agrobacterium.   28 

 29 

Determination of binary vector copy number in Agrobacterium 30 

The four T-DNA vectors pTF101.1, pTF::Bin19, pTF::UCD2 and pTF::Ri were separately 31 

transformed into A. tumefaciens EHA101, grown under vir gene inducing or non-inducing 32 

conditions41 and total DNA isolated by phenol:chloroform extraction.  Equal amounts of 33 

DNA were digested with BglII and EcoRI and separated by electrophroesis through 0.9% 34 
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agarose gels.  DNA was transferred to a Hybond N+ nylon membrane (Amersham Pharmacia 1 

Biotech, Piscataway, NJ, USA) and hybridized with a bar gene PCR fragment using 2 

conditions described below.  Hybridization signal intensity was determined by scanning 3 

autoradiograms and using Labworks 4.6 Image Acquisition and Analysis Software (UVP, 4 

Upland, CA). 5 

 6 

Agrobacterium-mediated transformation of Arabidopsis thaliana and Zea mays 7 

Arabidopsis thaliana (ecotype Wassilewskija, Ws-2) was transformed by a floral dip 8 

protocol18.  Phosphinothricin-resistant plants were selected on Gamborg’s B5 medium 9 

(Caisson Laboratories, Rexburg, ID) supplemented with 10 μg/ml phosphinothricin and 100 10 

μg/ml timentin.  Transformation frequencies were calculated as follows: [Number of 11 

phosphinothricin resistant plants/number of seeds tested] x 100.  10 mg of seeds correspond to 12 

~500 seeds.  Maize transformation was as previously described19.  13 

 14 

Genomic DNA extraction and DNA dot blot hybridization 15 

Genomic DNA was extracted from 3-5 leaves of 3-4 week old Arabidopsis thaliana plants or 16 

approximately 100 mg maize leaf tissue according to Murray and Thompson42.  Genomic 17 

DNA was quantified using a Gemini XPS microplate spectrofluorometer (Molecular Devices, 18 

Sunnyvale, CA, USA, excitation: 488 nm emission: 525 nm) using a Quant-iTTM PicoGreen® 19 

dsDNA Assay Kit (Invitrogen Inc.; Carlsbad, CA, USA).   20 

DNA dot blots were prepared as follows:  Arabidopsis (75 ng) or maize (1.5 μg) 21 

genomic DNA samples were denatured by adding NaOH and EDTA to final concentrations  22 

of 0.4 M and 10 mM, respectively, followed by 10 min incubation in boiling water.  A 23 

Hybond N+ nylon membrane (Amersham Pharmacia Biotech, Piscataway, NJ, USA) was pre-24 

wetted with water and placed between the layers of the dot blot apparatus.  Samples were 25 

applied to the wells of the dot blot apparatus, incubated for 30 min, then drawn onto the nylon 26 

membrane using a gentle vacuum.  DNA was cross-linked to the membrane by using a CL-27 

1000 UV crosslinker (UVP, Upland, CA).  The membranes were incubated in 2xSSC for 10 28 

min and dried.   29 

Probes for dot blot hybridizations were generated using random prime Ready-To-Go 30 

DNA Labelling Beads and 32P-dCTP (both Amersham Pharmacia Biosciences).  31 

Unincorporated radioactive nucleotides were removed by Sephadex G-100 gel filtration.  32 

Membranes were pre-hybridized in 7% (w/v) SDS, 0.5 M sodium phosphate (pH 7.2) and 10 33 
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mM EDTA (pH 8.0) at 65°C for two hours.  Hybridization was conducted overnight at 65°C.  1 

After hybridization, membranes were washed 2 times with 2xSSC, 0.1% (w/v) SDS, 10 mM 2 

EDTA (pH 8.0), then 2 times with 1xSSC, 0.1% (w/v) SDS, 10 mM EDTA and finally 2 3 

times with 0.1xSSC, 0.1% (w/v) SDS, 10 mM EDTA at 65°C.  Membranes were exposed at -4 

80°C for autoradiography.  Integrated dot density was determined using Labworks 4.6 Image 5 

Acquisition and Analysis Software (UVP, Upland, CA).  For re-probing, membranes were 6 

stripped using boiling 0.1% (w/v) SDS twice.  Calculations for T-DNA copy number 7 

standards were based on an Arabidopsis thaliana genome size of 125 Mbp43 and a Zea mays 8 

genome size of 2500 Mbp44.  The size of pTF101.1 is 9189 bp17.   9 

DNA dot blot membranes were hybridized sequentially with various probes.  For 10 

determining T-DNA copy numbers of Arabidopsis plants, dot blot membranes were 11 

hybridized with a bar gene PCR fragment (Fig.1).  In order to determine T-DNA copy 12 

numbers of maize plants, membranes were probed with a 759 bp PstI/XhoI fragment from 13 

pTF101.1 harboring the double CaMV 35S promoter (Fig. 1).  To detect vector “backbone” 14 

sequences in both Arabidopsis and maize DNA, a 656 bp PCR fragment derived from the 15 

non-T-DNA region next to the T-DNA left border of pTF101.1 (Fig. 1) was used as a probe.  16 

The fragment was amplified using pTF101.1 as a template and 5’-TCA CCG TAA CCA GC 17 

AAA TCA-3’ and 5’-CTC GGC ACA AAA TCA CCA CT-3’ as primers.  A 3.1 kb EcoR1 18 

fragment containing the pgl/picA locus15 was used as a probe to check for the presence of 19 

contaminating Agrobacterium DNA in plant genomic DNA.  All DNA fragments were gel 20 

purified prior to labelling using a QIAEX II Gel Extraction Kit (QIAGEN, Hilden, Germany).  21 

In order to normalize amounts of DNA in each dot, membranes were hybridized with genomic 22 

Arabidopsis or maize DNA.   23 
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Figure legends 1 

 2 

Figure 1.  Schematic map of the T-DNA and neighbouring regions of the base vector 3 

pTF101.117 used in constructing the various vectors.  Black bars represent fragments used for 4 

DNA blot hybridizations experiments.  LB and RB, T-DNA left and right borders, 5 

respectively; aadA, gene encoding spectinomycin resistance; E, translational leader from 6 

Tobacco Etch Virus; Tvsp, VSP terminator sequence; bar, gene conferring resistance to 7 

Basta�/Bialophos�/phosphinothricin; 2x P35S, CaMV double 35S promoter sequence.   8 

 9 

Figure 2. Transformation frequencies of Arabidopsis thaliana (A) and maize (B) with 10 

different Agrobacterium strain-by-origin of replication combinations.  Arabidopsis thaliana 11 

was transformed by a floral dip protocol, and maize by embryo inoculation.  Error bars 12 

represent the standard error among different transformation experiments.  At least four 13 

independent transformation experiments were conducted for both Arabidopsis thaliana and 14 

maize.  The total number of seeds screened (A) or embryos infected (B) to calculate 15 

transformation frequencies is indicated above each error bar.   For maize, 5 independent 16 

experiments were conducted to establish relative transformation frequencies for each of 12 17 

strain-by-replication origin combinations (except chromosomal).  Embryos from each of the 18 

22 ears dissected were shared 12 ways at infection.  Subsequently, transformation frequencies 19 

for the two chromosomal replication origin combinations (in EHA101 and GV3101) were 20 

established by inoculating them beside the pTF101.1 replication origin vector in EHA101 and 21 

GV3101.  In four independent experiments, embryos from 21 dissected ears were shared four 22 

ways at infection.  Throughout the remainder of this study, additional maize transformation 23 

experiments using these 14 strain-by-replication origin combinations were conducted as 24 

needed to recover adequate numbers of transgenic events for molecular analysis. 25 

 26 

Figure 3.  The percentage of events containing a single copy of integrated T-DNA following 27 

transformation by the 14 T-DNA replication origin-by-Agrobacterium strain combinations for 28 

Arabidopsis thaliana (A) and maize (B).  Copy number reconstructions were done by DNA 29 

dot blot experiments using T-DNA specific probes (Fig. 1).  Analysis was performed on 30 

heterozygous T1 generation Arabidopsis thaliana plants and heterozygous regenerated T0 31 

generation maize plants.  Numbers over the bars represent the number of independent events 32 

analyzed.   33 

 34 



 20 

Figure 4.  The percentage of independent events containing vector “backbone” sequences 1 

following transformation by the 14 T-DNA replication origin-by-Agrobacterium strain 2 

combinations for Arabidopsis thaliana (A) and maize (B).  Blots were hybridized with a 3 

“backbone”-specific probe, the aadA gene (Fig. 1).  Numbers over the bars represent the 4 

number of independent events analyzed. 5 

 6 

Figure 5.  Systems for introducing T-DNA harbouring transgene expression cassettes into the 7 

pgl/picA region of the A. tumefaciens chromosome.  (A) T-DNA containing a CaMV 35S 8 

promoter-bar gene plant selection marker and a fragment of pBluescript, and an aadA gene to 9 

the left of the T-DNA left border, has been inserted into the A. tumefaciens C58 chromosome.  10 

When a pUC-derived plasmid containing an expression cassette is introduced into this strain, 11 

carbenicillin-resistant colonies can only be obtained if homologous recombination occurs 12 

resulting in a co-integrate between this plasmid and the pBluescript region of the T-DNA; (B) 13 

In this system, a transgene expression cassette is first cloned into a T-DNA region located on 14 

a plasmid harbouring a ColE1 ori.  The plasmid also contains the pgl/picA region of the A. 15 

tumefaciens C58 chromosome.  When this plasmid is introduced into A. tumefaciens C58-16 

derived strains, carbenicillin-resistant colonies can only be obtained if homolgous 17 

recombination occurs between the pgl/picA regions of the plasmid and the chromosome.  LB, 18 

T-DNA left border; RB, T-DNA right border; ori, origin of replication; ampr, �-lactamase 19 

gene conferring ampicillin/carbenicillin resistance upon the bacterium; aadA, spectinomycin 20 

resistance gene; 2X35S, double CaMV 35S promoter; bar, gene conferring resistance to 21 

Basta�/Bialophos�/phosphinothricin; Pocs, octopine synthase promoter; Tocs, octopine 22 

synthase terminator; RCS, multiple rare cutting sites flanking various pSAT vectors.  Broken 23 

crossed lines indicate homologous recombination events.   24 

 25 

Supplemental Figure 1. T-DNA binary vector copy numbers caused by various replication 26 

origins in A. tumefaciens 27 

A. tumefaciens cells harboring a fragment of the bar gene in the chromosome and a T-DNA 28 

binary vector were grown under vir gene inducing and non-inducing conditions. DNA blot 29 

analysis was done to determine copy numbers of various T-DNA binary vectors. Membranes 30 

were probed with a bar gene fragment. The upper band represents the chromosomal integrated 31 

bar gene fragment (copy number per cell: 1), the lower band the T-DNA binary vector.  32 

 33 

 34 
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