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Abstract Transgenic locus composition and T-DNA
linkage configuration were assessed in a population of
rice plants transformed using the dual-binary vector
system pGreen (T-DNA containing the bar and gus-
genes)/pSoup (T-DNA containing the aphlV and gfp
genes). Transgene structure, expression and inheritance
were analysed in 62 independently transformed plant lines
and in around 4,000 progeny plants. The plant lines
exhibited a wide variety of transgenic locus number and
composition. The most frequent form of integration was
where both T-DNAs integrated at the same locus (56% of
loci). When single-type T-DNA integration occurred (44%
of loci), pGreen T-DNA was preferentially integrated. In
around half of the plant lines (52%), the T-DNAs
integrated at two independent loci or more. In these
plants, both mixed and single-type T-DNA integration
often occurred concurrently at different loci during the
transformation process. Non-intact T-DNAs were present
in 70-78% of the plant lines causing 14-21% of the loci to
contain only the mid to right border part of a T-DNA. In
53-66% of the loci, T-DNA integrated with vector
backbone sequences. Comparison of transgene presence
and expression in progeny plants showed that segregation
of the transgene phenotype was not a reliable indicator of
either transgene inheritance or T-DNA linkage, as only
60-80% of the transgenic loci were detected by the
expression study. Co-expression (28% of lines) and
backbone transfer (53-66% of loci) were generally a
greater limitation to the production of marker-free T,
plants expressing the gene of interest than co-transforma-
tion (71% of lines) and unlinked integration (44% of loci).
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Introduction

Transgenic technologies play a key role in plant molecular
genetic studies and crop improvement strategies, poten-
tially offering world-wide benefits. However, important
limitations still lie in the uncontrolled factors affecting the
integration and behaviour of transgenes. Strategies to
control transgene integration (Paszkowski et al. 1988;
Albert et al. 1995; Terada et al. 2002) and to limit
unwanted or multiple integrated DNA sequences (Hanson
et al. 1999; Srivastava et al. 1999; Lu et al. 2001; Cotsaftis
et al. 2002) are central to the development of advanced
plant transformation technologies. Among these, the
production of marker-free transgenic plants is particularly
important. Selectable marker genes required for the
transformation process are generally unwanted, especially
in sequential transformation experiments or in transgenic
crops.

To date, several approaches have been developed to
remove or eliminate selectable marker genes from trans-
genic plants (for reviews see Yoder and Goldsbrough
1994; Ebinuma et al. 2001; Hare and Chua 2002): (1) co-
integration of the gene of interest and the selectable
marker gene at unlinked loci (De Framond et al. 1986), (2)
excision of the selectable marker gene by site-specific
recombination (Dale and Ow 1990), (3) transposon-
mediated repositioning of the gene of interest (Gold-
sbourgh et al. 1993), and (d) excision of the selectable
marker gene by homologous recombination (Zubko et al.
2000). Strategy (1) was the first to be implemented in
plants (de Framond et al. 1986) and has been used in a
wide range of species (Mc Knight et al. 1987; De Neve et
al. 1997) including crops (De Block and Debrouwer 1991;
Komari et al. 1996; Xing et al. 2000). It generally relies on
Agrobacterium tumefaciens-mediated co-transformation of
different transgenes carried by different T-DNAs. The
different T-DNAs can either been present in one vector/
one strain (Komari et al. 1996; Xing et al. 2000), two
vectors/one strain (De Framond et al. 1986; Daley et al.
1998) or two vectors/two strains (McKnight et al. 1987;
De Block and Debrouwer 1991; De Neve et al. 1997). This
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multiple T-DNA approach differs from the other three in
that unlinked integration of the different transgenes is
achieved directly during the plant cell transformation
process and does not require further transgenic locus
alteration. The simplicity of this system is a great
advantage but it also bears some limitations. The
characteristics of the original integration sites may include
unwanted DNA sequences (T-DNA and vector sequences
including borders) or rearrangements (plant genomic
DNA, repeats or truncated T-DNA) which are retained
(Cotsaftis et al. 2002). The efficiency of this strategy also
relies on the understanding of the mechanisms underlying
T-DNA integration and T-DNA linkage in plants.
Although the integration of T-DNAs in all possible
configurations has been well documented (Jorgensen et
al. 1987; Koncz et al. 1994; De Neve et al. 1997), to date
there is only partial information available on transgenic
locus composition and T-DNA linkage configuration in
populations of transformed plants. Most previous studies
on T-DNA linkage, with few exceptions (Bhattacharyya et
al. 1994; Cluster et al. 1996; Lu et al. 2001; Matthew et al.
2001), were based on the molecular analysis of primary
transformants (Southern blot analysis of T, plants)
combined with the segregation analysis of the transgene
phenotype. Previously, we showed that such an approach
is prone to underestimate transgenic locus number and
therefore to present a distorted view of T-DNA linkage
groups in plants (Vain et al. 2003). Recently, it has been
shown that 30-60% of the plants transformed with
different T-DNAs can contain several types of T-DNA
inserts (Lu et al. 2001; Miller et al. 2002) with some
inserts containing either linked or unlinked T-DNAs or a
mixture of both. The further development of the multiple
T-DNA strategy relies, therefore, on a better understanding
of locus constitution and T-DNA linkage in populations of
transgenic plants.

In cereals, the development of marker-free transgenic
plants has been hampered because efficient Agrobacteri-
um-based transformation technologies have only recently
been developed (Hiei et al. 1994). The multiple T-DNA
approach was also the first to be implemented in cereals
(Komari et al. 1996) and is now used to produce marker-
free transgenic rice (Komari et al. 1996; Lu et al. 2001),
barley (Matthew et al. 2001) and maize (Miller et al. 2002)
plants. Rice plants containing only a rice ragged stunt
virus resistance transgene have been produced using the
one vector/one strain version of this strategy (Lu et al.
2001). The multiple T-DNA approach is likely to be one of
the preferred type of “clean-gene” technology to produce
transgenic cereal crops free of selectable marker genes in
the near future.

In this study, we have characterised the integration
profiles of different T-DNAs in populations of transgenic
rice plants. We used the dual-binary vector system pGreen/
pSoup (Hellens et al. 2000) to carry the two different T-
DNAs in a single Agrobacterium strain (two vectors/one
strain approach). pGreen is a small (3 kb) Ti binary vector
able to replicate in Escherichia coli but unable to replicate
in Agrobacterium without the presence of another binary

plasmid, pSoup, in the same strain. pSoup provides
replication functions in trans for pGreen (Hellens et al.
2000). Information on the pGreen/pSoup system can be
found on the internet site (http://www.pgreen.ac.uk). In the
past, the pGreen/pSoup system has mostly been used for
the transformation of dicotyledonous (Hellens et al. 2000)
or monocotyledonous species (Vain et al. 2003) using a
single T-DNA present in either the pGreen or pSoup
vector. In this study, we have transformed rice with both
pGreen and pSoup vectors each containing a different T-
DNA. Co-transformation and co-expression were quanti-
fied during single or dual T-DNA selection. Transgenic
locus composition and T-DNA linkage configuration were
determined by assessing the presence and expression of
the four transgenes in large populations of Typlants and
their progeny. The contribution of the pGreen/pSoup dual-
binary vector system to the understanding of T-DNA
integration and to the development of “clean-gene”
technology (Mc Cormac et al. 1999) in rice is discussed.

Materials and methods
PGreen/pSoup-based vectors

The binary vectors and Agrobacterium strain used for rice
transformation are shown in Fig. 1. pRT18 (pGreen-based)
contained the gus gene (plus intron) and the bar gene both
driven by the maize 5’ ubiquitin region and the nopaline
synthase terminator (Vain et al. 2003). pRT47 (pSoup-
based) contained the aphllV gene (plus intron in 5" UTR)
and the gfp genes both driven by the CaMV35S promoter
and the nopaline synthase or a soybean polyA terminator
(Vain et al. 2003). Neither pRT18 nor pRT47 are super
binary vectors (Hiei et al. 1994) as no additional virulence
genes are present in the vector backbone.

Plasmids were transformed into E. coli strain DH5«x
using the PEG-transformation technique and into Agro-

Strain #25: pRT18 + pRT47 into AGL1
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Fig. 1 pGreen/pSoup-based vectors used for rice transformation.
Gene abbreviations are detailed in the experimental procedures.
Strain No. 25 contains pRT18 and pRT47 binary vectors. The T-
DNA of pRT18 (pGreen-based) contains the bar and gus genes. The
T-DNA of pRT47 (pSoup-based) contains the aphlV and gfp genes.
Probes for backbone sequences (npt/ and BBsoup7) approximately
1 kb from the LB of each T-DNA are represented. In Agrobacterium
tumefaciens pSoup-based vectors provide replication in trans for
pGreen-based vectors (Hellens et al. 2000)



bacterium strain AGL1 using a freeze-thaw technique. As
detailed in Fig. 1, strain no. 25 contains pRT18 (pGreen-
based) and pRT47 (pSoup-based).

Rice transformation procedures

Embryogenic calli derived from mature seeds of rice
(Oryza sativa L.) variety Nipponbare were used for
transformation as previously described (Vain et al.
2003). Briefly, the embryos were aseptically removed
from sterilised seeds and plated onto NBm medium for
3 weeks in the dark at 25°C. Loose embryogenic
translucent globules (U), around 1 mm in size, were
separated by rolling the callus grown from the original
embryo onto the gelling agent. Globules were cultured for
an additional 10 days on fresh NBm medium (~100
globules per plate) to produce embryogenic nodular units
(ENUs; Bec et al. 1998), used as targets for transforma-
tion. Culture plates containing ENUs were flooded with
bacterial suspension at an OD=1 (600 nm) for 5 min.
ENUs were blotted and co-cultivated on NBm medium
supplemented by 200 uM acetosyringone for 2 days. After
co-culture, ENUs were put onto selection medium (NBm
medium containing 5 mg/l phosphinotrycin (PPT) and/or
50 mg/l hygromycin for 2 weeks, then subcultured for an
additional 3 weeks. Timentin (150 mg/l) was added to all
selection media and L-glutamine was removed from
culture media with PPT. Plants were regenerated by
successive transfer onto pre-regeneration (PRm), regener-
ation (RNm) and germination selection media (Vain et al.
2003). Only one plant was regenerated from each original
ENU (explant) to guarantee that each plant represented an
independent transformation event. Transformed plants
were transferred to a controlled environment room for
growth to maturity. All transgenic plants produced were
analysed to ensure the study of series of random,
independent transformation events, with the widest spec-
trum of expression for the non-selected gus and gfp genes.
Transgenic plants were cultured, sampled and analysed
using a standard operating procedure (SOP, James et al.
2004).

Analysis of GUS and GFP activity

Fluorometric analysis for (3-glucuronidase activity was
carried out on leaf tissue from rice plants at the five-leaf
stage, following the protocol of Jefferson (1987) and SOPs
(James et al. 2004). Fluorescence was measured using a
Titertek Fluoroskan II after 0, 30 and 60 min incubation.
Each assay was performed in triplicate. Protein content
was determined using a Bio-Rad protein assay kit. Data
were expressed as pmol of 4-methylumbelliferone (MU)
min~' mg~" of extracted protein. The background activity
(33+4 pmol MU min ' mg 'protein) was subtracted from
all fluorometric GUS measurements as previously de-
scribed (Vain et al. 2002).
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Visual detection of GFP fluorescence was performed
using a MZ6 Leica dissecting microscope with a fluores-
cent module (Leica no. 10 446093) and appropriate
wavelength filters (425/60 nm excitation filter, 470 nm
dichromatic beam splitter and a G6457 emission barrier
filter) over a high voltage mercury lamp.

Detection of transgenic plants by the polymerase chain
reaction

DNA was isolated and polymerase chain reaction (PCR)
reactions were carried out as previously described (Vain et
al. 2002). Five primers sets were used on the DNA
samples: (1) one to amplify the 1,200 bp single copy rice
RFLP probe C213 (forward: 5'-AAAGGACCGGAAT-
GACCACAA-3"; reverse: 5'-GAATGAACCACGCC-
CAAGAGT-3') in order to ensure that each DNA sample
was suitable for PCR amplification, (2) another to amplify
a 421 bp fragment of the bar gene (forward: 5'-
GGTCTGCACCATCGTCAACC-3"; reverse: 5'-
GTCATGCCAGTTCCCGTGCT-3'), (3) another to ampli-
fy a 1,013 bp UBIL: gus fragment (forward: 5'-
GGGCGGTCGTTCATTC-3"; reverse: 5'-
TTCGGCGTGGTGTAGAGC-3'), (4) another to amplify
a 727 bp fragment of the aphlV gene (forward: 5'-
ACTCACCGCGACGTCTGTCG-3; reverse: 5'-
GCGCGTCTGCTGCTCCATA-3") and (5) another to
amplify a 527 bp fragment of the gfp gene (forward: 5'-
GGAGAGGGTGAAGGTGATGCAA-3"; reverse: 5'-
GGGCAGATTGTGTGGACAGGTA-3").

Southern analysis

Genomic DNA extraction and Southern analyses were
performed on primary transformed rice plants (T,) as
previously described (Vain et al. 2003). Membranes were
hybridised with the following probes: 549 bp of the bar
gene, 701 bp of the gus gene, 981 bp of the aphlV gene,
737 bp of the gfp gene, 421 bp of the pGreen backbone
(888 bp from the left border) or 464 bp of the pSoup
backbone (1,216 bp from the left border). The filters were
analysed by using a Typhoon 8600 phospho-imager and
the Typhoon Scanner Control version 1.0/ImageQuant
version 5.1 software (Molecular Dynamics).

Dot blot analysis

The Qiagen DNeasy 96 high-throughput DNA isolation kit
was used for genomic DNA extraction from rice plants.
The dot blotting procedure was performed using 190 ul of
the extracted DNA (approximately 1 pg) and the BIORAD
Bio-Dot Microfiltration apparatus following the manufac-
turer’s protocols and recommendations. Membranes were
hybridised sequentially with probes for the bar, gus, aphlV
and gfp genes, for the pGreen and pSoup backbones (as
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described above) and for the R2272 rice RFLP genomic
probe.

Transgene inheritance and segregation of transgene
phenotypes

T; seeds were obtained by self-pollination of primary
transformed rice (Ty) plants. Segregation analyses were
conducted by germinating seeds on MSR6 medium (Vain
et al. 2002) without selection. Transgene expression in the
T; embryos or seedlings was assessed qualitatively by
histochemical GUS staining (Jefferson et al. 1987), or by
observation of GFP fluorescence in at least 64 random T,
seedlings from each independently transformed T, plant.
All Ty plant progeny not expressing either the gus or gfp
transgenes were analysed by PCR or dot blot for the
presence of the bar, gus, aphlV and gfp genes. When PCR
or dot blot reactions were negative for the transgene, an
additional PCR analysis was conducted for the presence of
the C213 or R2272 RFLP rice probes to confirm that the
DNA extraction was suitable for PCR amplification or dot
blot analysis.

Statistical analyses

Statistical analyses, following the requirements of each
test, were performed using Minitab 13.1 or Genstat 5
software. Data sets were compared using ANOVA or the
paired z-test. Observed segre%ation ratios were compared
to Mendelian models using x* analysis.

Results and discussion

Production of a population of transgenic rice plants
using single or dual T-DNA selection

Rice plants were transformed using the Agrobacterium
strain no. 25 containing the pGreen-based pRT18 vector
(T-DNA containing the harand gus genes) and the pSoup-
based pRT47 vector (T-DNA containing the aphlV and
gfpgenes) (Fig. 1). Three selection regimes were applied

during the transformation process with strain no. 25: (1)
dual selection of pGreen and pSoup T-DNAs using
phosphinothricin (PPT) and hygromycin, (2) selection of
pSoup T-DNA only, using hygromycin alone, (3¢) selec-
tion of pGreen T-DNA only, using PPT alone. The dual T-
DNA selection regime was used to produce a large and
random population of plants co-transformed and co-
expressing all the transgenes present in the pGreen and
the pSoup T-DNAs. This strategy was designed to by-pass
the limitations of post-transformation screening for co-
transformed and co-expressing lines in experiments
designed to produce marker-free transgenic plants. Later
on, the single T-DNA selection regimes were used to
directly mimic experiments designed to produce marker-
free transgenic plants. More than 400 independently
transformed transgenic rice plant lines were produced
(Table 1). Transgene copy numbers and the presence of
backbone sequences were determined in 62 random T,
plants, each representing an independently transformed
plant line (50 lines with dual T-DNA selection, nine lines
with pSoup T-DNA selection only, three lines with pGreen
T-DNA selection only). Transgenic locus composition and
T-DNA linkage configuration were determined in these 62
lines by assessing the presence and expression of the four
transgenes in around 4,000 T; progeny plants. In fine T
and T, molecular and expression data were combined to
provide an accurate picture of transgene structure and
behaviour in populations of plant lines.

Dual T-DNA selection: transgene structure and
expression in Ty rice plants

Dual selection of pGreen and pSoup T-DNAs was
undertaken using PPT (selecting for the bar gene in
pRT18) and hygromycin (selecting for the aphlV gene in
pRT47). As expected, after dual selection, 100% of the
plant lines (208/208) were co-transformed for both T-
DNAs (dot blot/PCR data not shown). Around 70% of the
lines (146/208) co-expressed all four transgenes. The
remaining lines were either not expressing gfp (24%), or
gus (4%) or both unselected genes (2%). Fifty independent
lines, co-transformed and co-expressing all transgenes
present in the pGreen T-DNA (bar and gus) and the pSoup

Table 1 Summary of results of
transformation experiments

Selection regime

using different T-DNA selection

regimes pGreen-based T-DNA selected

pSoup-based T-DNA selected

No. of independent plant lines produced

No. of co-tranformed plant lines

No. of plant lines co-expressing the transgenes

No. of plant linef studied in T,
Unlinked lines
Unlinked loci

“G-S locus” (linked pGreen and pSoup T-DNAs)

“G locus” (pGreen T-DNA alone)
“S locus” (pSoup T-DNA alone)

pRTI18 pRTI18 -
- pRT47 pRT47
10 208 185

80% (8/10)  100% (208/208) 71% (131/185)
88% (7/8)  70% (146/208)  24% (32/131)
3 50 9

100% (3/3)  48% (24/50) 44 % (4/9)
63% (5/8)  44% (43/98) 33% (7/21)
38% (3/8)  56% (55/98) 67% (14/21)
50% (4/8)  31% (30/98) 14% (3/21)
12% (1/8)  13% (13/98) 19% (4/21)




T-DNA (aphlV and gfp), were randomly chosen. Trans-
gene copy number and the presence of vector backbone
was determined in these 50 lines by Southern blot
hybridisation using a restriction enzyme that cuts in the
middle of each T-DNA (Scal for pRT18, Apal for pRT47,
Fig. 1) and using probes for either the right inner T-DNA
border (gus in pRT18, gfp in pRT47) or the left inner T-
DNA border (bar in pRT18, aphlV in pRT47) or backbone
sequences (npt/ in pRT18 and BBsoup7 in pRT47).
Transgene copy number was estimated from the number of
integrated fragments (i.e., the number of bands in the
hybridisation pattern, Fig. 2). When band intensity was
taken into account, in addition to band number, this did not
significantly change copy number determination
(ANOVA, n=600, P=0.79).

The distribution profile of the copy number for each of
the four transgenes was similar to those reported
previously when pRT18 and pRT47 were used individu-
ally (not in combination) to transform rice (Vain et al.
2003). The four transgenes integrated at different frequen-

Fig. 2 Southern blot analysis of Membrane A

15 T rice plants independently 1 23 456 7 891011
transformed with Agrobactrium
strain no. 25 (pRT18+pRT47 in
AGL1). Membrane A (left col-
umn): Plant genomic DNA was
digested using restriction en-
zyme Scal (cutting in the middle
of pRT18 T-DNA, see Fig. 1)
and was probed with sequences
from either the gus gene (right
border) or the bar gene (left
border) or the pGreen backbone.
Membrane B (right column):
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cies into the plant genome. On average, transgenic rice
plant lines contained 3.9 copies of gus, 2.7 copies of bar,
1.3 copies of aphlV and 2.5 copies of gfp genes. The
gusgene integrated significantly more frequently than the
gfp and bar genes; themselves integrating more often than
the aphlV gene (ANOVA, n=200, P=0.001). Selectable
marker genes bar and aphlV (present at the left inner
border of the pRT18 and pRT47 T-DNAs, respectively)
were significantly less present in the rice genome than the
corresponding non-selected reporter genes gus and gfp
(present at the right inner border of the pRT18 and pRT47
T-DNAs, respectively) (ANOVA,n=200, P<0.001). De-
pending upon the transgene studied, 30% (bar gene), 10%
(gus gene), 28% (gfp gene) or 72% (aphlV gene) of the
independently transformed plant lines contained a single
transgene copy. As previously reported (Bhattacharyya et
al. 1994; Ishida et al. 1996; Dong et al. 2001; Sallaud et al.
2003; Vain et al. 2003), the number of copies of transgenes
originally present in the same T-DNA were often different
in individually transformed plant lines (paired #-test,
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P<0.05, copy number gus versus bar and copy number
aphlV versus gfp). Around 78% (39/50) of the lines
contained different copy numbers for gus and bar genes
(both present in pRT18 T-DNA) and 70% (35/50) of the
lines contained different copy numbers for aphlV and gfp
genes (both present in pRT47 T-DNA). These disparities
could result from rearranged or truncated T-DNAs
(Jorgensen et al. 1987; De Neve et al. 1997; Sallaud et
al. 2003). Deletion or inverted repeat at the left T-DNA
border could be responsible for the deficit of left-border
selectable marker genes observed in this study. In the past
T-DNA have been reported to be linked in all possible
configurations (Jorgensen et al. 1987; Koncz et al. 1994)
with a preference for at least one right border involved in
the linkage (De Neve et al. 1997). Frequent T-DNA
alteration can potentially generate a wide range of
transgenic loci in the plant genome. Some loci could
contain as little as only part of a given T-DNA, while other
loci could contain one or more intact or rearranged copies
of the T-DNAs. In the subset of 24 lines where all
transgenes were integrated at a unique locus in the genome
(as detailed in the next section), several copies of the same
transgene were generally present. The plants contained on
average 3.7 copies of the gus, 2.3 copies of the bar, 1.3
copies of the aphlV and 2.2 copies of the gfp genes. This
profile of copy number distribution was nearly identical to
that observed in 26 multilocus lines (containing on
average 3.8 copies of the gus, 2.7 copies of the bar, 1.3
copies of the aphlV and 2.8 copies of the gfp genes ;
ANOVA, n=200, P=0.249). This suggests that multilocus
lines should contain, on average, less transgene copies per
individual locus. The lower ratio of genes per locus
observed in the multilocus lines could be due, in part, to
the presence of loci containing only one type of T-DNA or
only T-DNA fragment(s). Overall, all these data suggest a
high level of heterogeneity between loci, even when
present in a single plant genome.

As previously reported (Vain et al. 2003), backbone
transfer was frequent in plant lines transformed with either
pGreen-based, pRT18 (35/50 lines=70%) or with pSoup-
based, pRT47 (40/50 lines=80%) vectors. In 8% (4/50) of
the transgenic plant lines, no backbone sequences from
either pRT18 or pRT47 were detected. Further transgene
inheritance studies allowed the precise determination of
transgenic locus number and composition.

Dual T-DNA selection: transgene inheritance and
segregation of transgene phenotype

The presence and expression of transgenes were assessed
in around 64 T; plants for each of the 50 co-transformed
and co-expressing lines studied. A total of 3,109 T,plants
were scored for the expression of the non-selected gus (in
pRT18) and gfp (in pRT47) genes (i.e., more than 6,200
phenotyping analyses). T, plants not expressing the
transgenes were genotyped by dot blot or PCR analysis
for the presence of the bar, gus, aphlV and gfp genes as
well as for the genomic rice probe C213 (i.e., more than

3,340 genotyping analyses). Dot blot analysis for the four
transgenes allowed clear identification of which T-DNA
was present in each Ty plant (Fig. 3). In fine each T plant
was scored as containing, or not, pRT18 T-DNA or pRT47
T-DNA, as well as expressing, or not, the unselected
transgenes present in these T-DNAs. The set of 64 T,
plants scored for each independent line allowed the
calculation of an observed ratio for T-DNA inheritance
and for the segregation of transgene expression.
Transgene inheritance was studied using the genotyping
data of the 3,109 T, plants. The observed ratios for each
line were compared statistically to those of 30 theoretical
models representing all possible linkage configurations of
pRT18 (pGreen-based) and pRT47 (pSoup-based) T-
DNAs in up to four Mendelian loci. In the theoretical
models, a locus containing at least one copy of pRT18 T-
DNA and no pRT47 T-DNA was named a “G locus”, a
locus containing at least one copy pRT47 T-DNA and no
pRT18 T-DNA was named a “S locus” and a locus
containing at least one copy of both pRT18 and pRT47 T-
DNAs was named a “G-S locus”. For each independent
line, a three step analysis was undertaken to compare the
observed ratios to the ratios from the 30 theoretical models
(1) elimination of models predicting the absence of a given
type of progeny when some where observed among the T,
plants (2) ranking all possible models according to their
probability (using x? analysis). In total, more than 6,000
individual tests were conducted to identify all probable
models for each of the 50 independently transformed plant
lines. The final step of the analysis (3) was to compare
each probable model to the T, molecular data (i.e., bar,
gus, aphlV and gfp gene copy numbers) and to the number
of active loci determined by the segregation of transgene
phenotype (as detailed in next section). For 54% of the

Fig. 3 Dot blot analysis of T,
rice plants produced by self
pollination of a T, plant trans-
formed with Agrobactrium
strain no. 25 harbouring pRT18
(containing the bar and gus
genes) and pRT47 (containing
the aphlV and gfp genes) in
AGL1. The membrane was
probed with the R2272 rice
genomic RFLP probe, then
probes for the bar, gus, aphlV’
and gfp genes. The dot in right
bottom corner contains wild-
type rice DNA. The rectangles
indicates T, plants containing
pRT18 and not pRT47 T-DNAs,
Oval indicates T; plants con-
taining pRT47 and not pRT18 T-
DNAs

Probe RFLP R2272

Aewany
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lines (27/50) only one model was possible and fitted all
other data. For 22% of the lines (11/50) the most probable
model (generally with half the x* value of the next
probable model) fitted all other data and was used. For the
remaining 24% (12/50) the most probable model did not
fit all other data, therefore one of the alternative probable
models, with the best fit to transgene copy and active locus
numbers for all four transgenes was used (Fig. 4). Only 14
of the 30 theoretical models corresponded to the 50
transformation events obtained in this part of the study. It
is likely that additional transformation events would have
fitted other models (see in last section of manuscript where
T-DNA integration corresponded to other theoretical
models: M10, M12 and M16). This suggests that many
(if not all) T-DNA linkage configurations can be obtained
during the transformation process.

The analysis was then conducted using the phenotyping
data of the T, plants. Segregation of transgene expression
using the same 3,109 T, plants showed striking differences
to the transgene inheritance patterns previously based
upon the presence of the transgene in the same progenies.
Such differences were mostly due to T, plants containing
but not expressing some transgenes. Segregation of
transgene expression results matched those of the trans-
gene inheritance study (above) in only 22% of the lines.

Fig. 4 T-DNA linkage config- Selection of pRT18

urations in a population of 50

independent rice plant lines co- Theoritical - Number

reen-based) and pRT47 (pSoup-
T-DNA linkage configuration
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The remaining 78% of the lines were either attributed to
incorrect integration models (34% of the lines) or no
model could fit the observed segregation ratios of
transgene expression (44% of the lines). Around 40% of
the multilocus lines were underestimated for locus number
when using expression (instead of transgene presence) to
conduct inheritance studies. Around 20-40% of the loci
containing pRT18 and pRT47, respectively, were unde-
tected by the expression study in the multilocus lines. This
confirms that segregation of transgene phenotype should
not be used as an indicator of transgene inheritance (Vain
et al. 2002, 2003) and therefore is inadequate for loci
number determination, identification of Tiplants free of
selectable marker genes or for assessing T-DNA linkage.
In the past, and with very few exceptions (Lu et al. 2001;
Matthew et al. 2001), most studies on plant transformation
with different T-DNAs relied mainly on progeny pheno-
typing to characterise T-DNA linkage groups in popula-
tions of transgenic plants. Our study shows that such an
approach is prone to give a distorted view of T-DNA
linkage configuration as it generally underestimates the
number of transgenic loci in T, plants as well as
overestimating T-DNA non-linkage in progenies (due to
T; plants containing but not expressing the transgenes).

T-DNAs
Transformed plant lines:

transformed and co-expressing model of loci Number Percentage

the transgenes (produced using

dual T-DNA selection). Locus M1 1 24 48%

constitution was determined by

assessing transgene presence

and inheritance in 50 T, and M3 2 7 14%

3,109 T, plants. Only 14 of 30

theoretical models, representing M4 2 1 2%

all T-DNA linkage configura-

tions of pRT18 and pRT47 upto M35 2 1 2%

four independent Mendelian

loci, corresponded to the inde- M6 3 - 2 4%

pendent plant lines produced
M7 3 i 1 2%
M8 3 Ce ] 1 2%
M9 3 i | 3 6%
M11 3 el 4 8%
M13 3 Les | 1 2%
M23 + [es] 1 = 2%
wa 4 ] 3 @ =
we o+ [o5] [o5] DEm EEm @
M29 4 [es1 [Cos]1 [es]1 =1 1 2%

G-S Locus containing at least one copy of pRT18 and pRT47 T-DNAs

G Locus containing at least one copy of pRT18 T-DNA (no pRT47 T-DNA)
S Locus containing at least one copy of pRT47 T-DNA (no pRT18 T-DNA)
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Across two generations, the transgene copy number had
no significant effect on the level of transgene silencing of
the unselected reporter gus and gfp genes (percentage of
Tiplants silenced, ANOVA, n=56, P=0.36) or on the
percentage of lines silenced (x*: P>0.05). Interestingly,
multilocus lines were significantly more affected (80% of
the lines) by gene silencing than single locus transgenic
lines (25% of the lines) (x* P<0.05). Non-expressing
progenies from multilocus lines could result either from
gene silencing in T, plants (especially in homozygous
progenies, James et al. 2002) or from the segregation of
some loci already inactive in primary T, plants (due to
non-intact expression units, transcriptional interference
from adjacent endogenous plant promoters and/or tran-
scriptional gene silencing, Bhattacharyya et al. 1994). The
latter hypothesis is supported by the predominant effect of
locus number, rather than copy number, on gene silencing
and by the fact that additional transgene copies are likely
to be inactive (or slightly contributing at best) to transgene
expression level in expressing primary T rice plants (Vain
et al. 2003).

Dual T-DNA selection: locus composition and T-DNA
linkage configuration

Around 48% (24/50) of the lines contained only one locus,
18% (9/50) contained two loci, 24% (12/50) contained
three loci and 10% (5/50) contained four loci (Fig. 5).
Such frequent T-DNA integration at independent loci has
previously been observed in dicotyledonous (Cluster et al.
1996) and monocotyledonous (Vain et al. 2003) species
transformed with a single T-DNA. It could bring
limitations to strategies exploiting insertional T-DNA
mutagenesis in plants. T-DNA linkage configuration in
the population of 50 independent lines was the following:
52% (26/50) of the lines contained only “G-S locus”, 28%
(14/50) contained a mixture of “G-S locus” and “G locus”,
4% (2/50) contained a mixture of “G-S locus” and “S
locus”, 10% (5/50) contained a mixture of “G-S locus”, “G
locus” and “S locus” and 6% (3/50) contained a mixture of
“G locus” and “S locus” (Fig. 4). Around half of the lines
(48%) contained one or more loci harbouring a single-type
T-DNA. Significantly more lines contained the pGreen T-
DNA alone (22/50 lines with “G locus”) than lines with a
pSoup T-DNA alone (10/50 lines with “S locus”, x*:
P<0.05). As independent lines often contained a mixture
of different types of loci, the population of loci was also
studied as a whole. A total of 98 loci were present in the
population of 50 plant lines: 56% (55/98) of the loci were
“G-S”, 31% (30/98) of the loci were “G” and 13% (13/98)
of the loci were “S” (Fig. 5) with an average value of 2
loci per line. There was significantly more “G locus” than
“S locus” (x*: P<0.05). Interestingly, the data analyses by
line or by locus lead to near identical results. These
characteristics bring new insight to the integration of
different T-DNAs in co-transformed and co-expressing
plants. Firstly, they demonstrate that in a population of
plants co-transformed with pGreen and pSoup-based T-

DNAs and co-expressing the transgenes present in these T-
DNAs, nearly half of the lines and loci contain single-type
T-DNA with twice the chance for this single-type of T-
DNA to be pGreen-based than pSoup-based. Secondly,
these results cannot be explained without hypothesising
different behaviours of the two types of T-DNAs. A model
considering a preference ratio of 3 pGreen:2 pSoup T-
DNA s could generate the line and loci profiles observed in
this study. This model could translate to any difference in
delivery/stability/integration between these T-DNAs. The
pGreen and pSoup T-DNAs can integrate linked or
unlinked, in one or more loci, in one or more copies in
the plant genome. This can be modelled by several rounds
of combination between the pGreen and pSoup T-DNAs.
For example, integration at a given locus, of any two T-
DNAs among the three pGreen and two pSoup T-DNAs,
would generate 48% (12/25) “G-S locus”, 36% (9/25) “G
locus” and 16% (4/25) “S locus”. The lines containing a
“G-S locus” could undertake, or not, a second round of
integration, while the lines containing a “G locus” or a “S
locus” would require further integration until the criteria of
co-transformation is met. Integration of additional copies
at the same or at a different locus in these lines (containing
so far only one type of T-DNA) would increase the
occurrence of “G-S” lines and loci while decreasing these
of “G” and “S”, bringing it near the 56% “G-S locus:31%
“G locus™:13% “S locus” observed in this study (Fig. 5).
Simple ligation mechanisms occurring before or during the
T-DNA integration process could provide a rational for
this model. However, we expected the modelling of T-
DNA linkage to be somewhat more complex as the pGreen
and pSoup T-DNAs could also integrate alone or by more
than two copies at a given locus. The preferences
hypothesised in the 3 pGreen:2 pSoup model could
originate from the vectors themselves, from different
transgene content or from T-DNA size in the context of
each vector.

Comparisons of locus and transgene copy numbers
showed that T-DNA alteration leads 14% (pRT18 T-DNA)
to 21% (pRT47 T-DNA) of the loci to contain only part of
the T-DNA (i.e., more locus than copy number for a given
transgene), which generally consisted of the mid to right
border section of the T-DNA containing the reporter gene
(gus gene for pRT18 and gfp gene for pRT47). Compar-
ison of locus and backbone sequence copy number
showed also that 34% (pRT47) and 47% (pRT18) of the
loci did not contain backbone sequences. Southern
analysis of each T; plant for the bar, gus, aphlV and gfp
genes (in addition to assessing transgene presence, or
absence, as in this study) would have allowed the precise
determination of T-DNA copy number and alteration level,
locus by locus. Unfortunately, we were unable to under-
take Southern analysis of the thousands of T; plants that
would be required for such a study.

Overall, large-scale genotyping and phenotyping of
primary transformants and their progeny allowed us to
build a new and accurate picture of transgenic locus
composition and T-DNA linkage configuration in popula-
tions of rice plants transformed with two different T-
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Fig. 5 Number (a) and type (b) of loci in a population of 50
independent rice plant lines co-transformed and co-expressing the
transgenes (produced using dual T-DNA selection). “G-S locus™:
locus containing at least one copy of pRT18 and pRT47 T-DNAs,
“G locus™: locus containing at least one copy of pRT18 T-DNA (no
pRT47 T-DNA), “S locus”: locus containing at least one copy of
pRT47 T-DNA (no pRT18 T-DNA). Based on the locus constitution
of the 50 rice plant lines independently transformed described in
Fig. 4 (50 Ty and 3,109 T, plants studied)

DNAs. Our study showed that plant lines exhibited a wide
variety of transgenic loci, transgene and T-DNA content.
The most frequent form of integration was where both T-
DNAs integrated at the same locus (56% of cases). This
suggests that T-DNA repeats—after single or dual T-DNA
transformation—originate often from either ligation or co-
integration of separate T-DNAs (De Neve et al. 1997).
When single-type T-DNA integration occurred (44% of
loci), pGreen T-DNA was preferentially integrated. In
around half of the plant lines (52%) the T-DNAs integrated
at two independent loci or more. In these cases, mixed and
single-type T-DNA integrations often occurred concur-
rently at different loci during the transformation process
(in 42% of the plant lines). Non-intact T-DNA were
present in 70-78% of the loci leading 14-21% of the loci
to contain only the mid to right border part of a T-DNA.
This situation generally limited straightforward molecular
analysis of primary transformants as bands in hybridisa-
tion patterns could represent both an entire, or only part of
a T-DNA, and could represent different loci in the plant
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genome. In 53-66% of the loci, T-DNA integrated with
vector backbone sequences.

In the context of the production of maker-free trans-
genic plants, the co-transformed and co-expressing plants
studied so far represented only a subset of the population
of transformation events initially produced. It was there-
fore important to study how often such lines would occur
in systems where only single T-DNA selection was used.

Single T-DNA selection: locus constitution and T-
DNA linkage configuration

Single T-DNA selection was undertaken using PPT only
(selecting for the bar gene present on pGreen-based
pRT18) or using hygromycin only (selecting for the aphlV
gene present in pSoup-based pRT47). Only a limited
number of lines were produced by PPT selection, and the
results could not be interpreted statistically. However, a
large-scale experiment was undertaken using pSoup T-
DNA selection alone. Transgene presence and expression
were analysed in T, plants as described in previous
sections. Around 70% (131/185) of the lines were co-
transformed with the pGreen and pSoup T-DNAs but only
24% (32/131) of the co-transformed lines co-expressed all
four transgenes (Table 1). The remaining co-transformed
lines were either non-expressing for gfp (11%), or gus
(35%) or both genes (30%). Overall, around 29% (53/185)
of the lines did not express the gfp gene (present in the
selected pRT47 T-DNA) which is similar to the levels
obtained for the gfp gene during dual T-DNA selection
(54/208=26%). However, 65% (85/131) of the lines did
not express the gus gene, which is significantly higher
than when pRT18 T-DNA was selected for (12/208=6%
during dual selection, x*: P<0.05). Therefore in around
two-thirds of the co-transformed lines, the transgenes
present in the unselected T-DNA were non-expressing.
This could be due to either non-intact expression units,
transcriptional interference from adjacent endogenous
plant promoters or silencing at the transcriptional or
post-transcriptional levels (Bhattacharyya et al. 1994;
Dong et al. 2001) of the transgenes present in the
unselected T-DNA. Comparable levels of co-transforma-
tion (70-90%: Lu et al. 2001; Matthew et al. 2001) and co-
expression (30-50%: De Block and Debrouwer 1991;
Komari et al. 1996; Daley et al. 1998) were previously
observed for transgenes carried by different binary vectors.
This shows that in plants transformed with different T-
DNA:s, co-transformation is less of a limiting factor for the
development of “clean-gene” technology than the con-
straint of co-expression of the non-selected gene(s). In
total, nine lines obtained using pSoup T-DNA selection
only, and three lines obtained using pGreen T-DNA
selection only, co-transformed and co-expressing all
transgenes present in pRT18 and pRT47 T-DNAs, were
randomly chosen. Using the same protocol as before,
transgene molecular and expression analyses of T and T,
plants for each of the 12 lines studied were conducted (i.e.,
727 T, plants studied representing 1,454 and 1,005
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phenotyping and genotyping analyses respectively). The
T-DNA linkage configuration for each line is represented
in Fig. 6. The overall integration profile is comparable to
that obtained when co-transformed and co-expressing lines
were directly obtained by dual selection of both T-DNAs
(Fig. 4). Around 58% (7/12) of the lines contained a “G
locus” or a “S locus” while overall 41% (12/29) of the loci
contained single-type T-DNA(s). Progeny plants (T;)
containing a single type of T-DNA could therefore be
obtained by selecting either for pGreen-based pRT18 T-
DNA or for pSoup-based pRT47 T-DNA. This demon-
strates that the pGreen/pSoup dual binary vector system is
well suited for the production of marker-free transgenic
plants and for the development of efficient “clean-gene”
technology in rice. The overall efficiency for the
production of a transgenic locus containing a single type
of “active” T-DNA is estimated to be around 9% (co-
transformation 139/195=71% X co-expression
39/139=28% x 55/127=43% unlinked loci; Table 1). The
percentage of lines containing at least one “active” single
T-DNA type locus is estimated to be around 10% (co-
transformation 139/195=71% X co-expression
39/139=28% x 31/62=50% unlinked lines; Table 1).
Backbone transfer (in 53%—-66% of the loci for pRT18
and pRT47, respectively) should further reduce these
overall efficiencies to around 5%. It is somewhat difficult

Fig. 6 T-DNA linkage config-
uration in a population of 12

to compare the results obtained in this study with
previously published data as the assessment of “clean-
gene” technology performances is directly linked to the
accurate assessment of transgenic locus number and T-
DNA linkage configurations. In the past, genotyping of
large populations of plants transformed with different T-
DNAs and their progeny have rarely been conducted
(Matthew et al. 2001; Lu et al. 2001). However, unlinked
T-DNA integration in 16% (15/95) to 50% (18/39) of
independently transformed plant lines has been reported in
barley (Matthew et al. 2001) and rice (Lu et al. 2001)
respectively, using the one vector/one strain approach. It is
therefore possible that the two vectors/one strain approach
that we used could limit “clean-gene” efficiency when
compared to the one vector/one strain approach.
Strategies to counter-select backbone transfer would
constitute one of the first optimisation steps of “clean-
gene” technologies based on plant transformation with
multiple T-DNAs. Alternatively, new binary vectors could
be designed. Each binary vector could be regarded as not
one but two “transferable” DNA fragments separated by
borders. One fragment (probably the T-DNA itself) could
harbour only the gene(s) of interest (without any selectable
marker gene) while the backbone could contain both the
plant and the bacterial selectable marker genes as well as
additional genes (vir etc.). The recovery of transgenic
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plants would be assured by co-transformation of the T-
DNA and backbone sequences in a linked or unlinked
fashion. Progeny plants free of selectable marker genes
would be obtained by segregation of loci containing only
the T-DNA. In this situation the dual binary vector system
pGreen/pSoup could become a four component super
binary vector system. Overall, this work provides new
insights into transgenic locus composition and T-DNA
linkage configuration in populations of plants transformed
with different T-DNAs. Further understanding of trans-
gene behaviour in terms of integration, expression and
stability, is central to the future involvement of transfor-
mation technologies for the study of gene function and of
the mechanisms underlying gene expression.
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