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Abstract Removal of a selectable marker gene from ge-
netically modified (GM) crops alleviates the risk of its
release into the environment and hastens the public ac-
ceptance of GM crops. Here we report the production of
marker-free transgenic rice by using a chemically regu-
lated, Cre/loxP-mediated site-specific DNA recombination
in a single transformation. Among 86 independent trans-
genic lines, ten were found to be marker-free in the T,
generation and an additional 17 lines segregated marker-
free transgenic plants in the T; generation. Molecular and
genetic analyses indicated that the DNA recombination
and excision in transgenic rice were precise and the
marker-free recombinant T-DNA was stable and heritable.

Keywords Marker-free transformation - Rice - Cre/loxP -
DNA recombination

Introduction

Selectable marker genes are required to ensure the se-
lection of transgenic plants during plant transformation.
However, once transformation is accomplished, the
presence of a marker gene in transgenic plants becomes
undesirable, particularly as most of the selectable marker
genes currently used confer resistance to antibiotics or
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herbicides. This raises several concerns regarding the
field release of genetically modified (GM) crops. The
presence of selectable antibiotic-resistant genes in the GM
crops may lead to the horizontal transfer of these genes
into pathogenic soil and gastrointestinal bacteria. Sec-
ondly, the genes conferring herbicide resistance can be
transferred to closely related weed species through cross-
pollination. In addition, new selectable markers are
needed each time to pyramid the same crop variety with
different desirable traits. This is, however, a limiting
factor due to the scarce number of selectable marker
genes that are suitable for each crop species. Therefore,
the removal of selectable marker genes will not only lead
to the elimination of potential environmental and health-
related risks as well as technical barriers, but also increase
the consumer acceptance of GM crops and their products.

Several strategies have been employed to remove se-
lectable markers from transgenic plants (Ebinuma et al.
2001). These include the use of transposon-mediated re-
positioning of the gene of interest or the selectable marker
gene (Goldsbrough et al. 1993; Cotsaftis et al. 2002), co-
transformation and segregation of marker genes (McK-
night et al. 1987; Komari et al. 1996; Daley et al. 1998),
intrachromosomal homologous recombination between
two homologous sequences (Zubko et al. 2000), and
several site-specific DNA excision systems, including
Cre/loxP from bacteriophage P1 (Dale and Ow 1991;
Gleave et al. 1999; Hoa et al. 2002), Flp/frt from Sac-
charomyces cerevisiae (Lyznik et al. 1993; Lloyd and
Davis 1994), R/RS from Zygosaccharomyces rouxii
(Sugita et al. 2000; Endo et al. 2002) and Gin/gix from
bacteriophage Mu (Maeser and Kahmann 1991).

In the Cre/loxP-mediated site-specific DNA excision
system, Cre recombinase specifically recognizes and
performs precise recombination and DNA excision be-
tween two directly repeated asymmetric 34-bp loxP rec-
ognition sites flanking the selectable marker gene (Dale
and Ow 1991). Two main approaches have been used for
introducing the Cre gene into transgenic plants. In one
approach, Cre recombinase can be constitutively ex-
pressed from a transgenic locus that is introduced into the



transgenic plants carrying the selectable marker gene by a
further round of transformation or by out-crossing that
enables the loss of the Cre gene in subsequent generations
(Dale and Ow 1991; Gleave et al. 1999; Hoa et al. 2002).
This approach, however, is laborious, expensive and time
consuming. To overcome these shortcomings, an alter-
native approach was developed recently by including the
Cre gene on the same DNA segment as the selectable
marker gene flanked by two loxP sites (Zuo et al. 2001;
Hoff et al. 2001). The expression of the Cre gene is ac-
tivated or induced by a chemical inducer (Zuo et al. 2001)
or heat shock (Hoff et al. 2001) only after the selectable
marker gene is no longer required. The induced Cre re-
combinase ‘“auto-excises” the DNA segment between the
two loxP sites comprising the Cre gene itself and the
selectable marker gene.

Rice (Oryza sativa) is one of the most important food
crops in the world. It is therefore highly desirable to
generate marker-free transgenic plants to hasten the
public acceptance of GM rice as well as to protect the
environment. Here, we report the successful excision of a
selectable marker gene in transgenic rice plants using a
chemically regulated, Cre/loxP-mediated DNA excision
system (Zuo et al. 2001) and the conventional Agrobac-
terium-mediated transformation.

Materials and methods
Plasmid construction

To construct a plasmid with a chemically regulated Cre/loxP sys-
tem suitable for rice transformation, the G10-90 promoter in pX7-
GFP (Guo et al. 2003) was replaced with a maize ubiquitin pro-
moter from pSSZ32 (Kolesnik et al. 2004). To achieve this, pX7-
GFP was digested with Pmel and Mlul, which delete a 371-bp small
Pmel-Mlul fragment including 236 bp of the G10-90 promoter, the
first loxP element and 79 bp of the XVE gene. The loxP element
and the 79 bp of the XVE gene were then recovered in the inter-
mediate construct pH-GFP by ligating the large Pmel-Mlul frag-
ment of pX7-GFP with a Pmel and Mlul digested PCR fragment
amplified from pX7-GFP with primers Pmel-F and MIul-R (Ta-
ble 1). The PstI fragment (1992 bp) of the maize ubiquitin promoter
from pSSZ32 (Kolesnik et al. 2004) was cloned into a pBluescript
IT KS vector [Stratagene (http://www.stratagene.com/homepage/)],
released with EcoRV and Smal digestion, and then inserted into
pH-GFP at the Pmel site. The right orientation of the insertion of
the maize ubiquitin promoter in pH-GFP was confirmed by DNA
sequencing and the final construct was designated as pUH-GFP2
(Fig. 1). pUH-GFP2 was introduced into Agrobacterium tumefa-
ciens AGLI for rice transformation (Sambrook et al. 1989).

Rice transformation and induction by S-estradiol

Transformation of the Japonica rice cultivar Taipei 309 with A.
tumefaciens AGL1(pUH-GFP2) was carried out following the
procedures as described in the previous study (Yin and Wang
2000). Briefly, the co-cultivated rice calli were cultured on a se-
lective medium (NBy medium+250 mg/l cefotaxime+50 mg/l hy-
gromycin+2 mg/l 2,4-D) at 26°C in the dark for 5-6 weeks. Hy-
gromycin-resistant calli were sub-cultured on an inductive medium
(NB( medium+2 mg/l 2,4-D) containing 10 uM of S-estradiol for 2
weeks. The induced calli were then transferred to pre-regeneration
medium (NBy medium+1 mg/l 6-BA+2 mg/l NAA+5 mg/l ABA)
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Table 1 Primers used in this study and their nucleotide sequences

Primer Nucleotide sequence (5'-3")

Pmel-F AGCTTTGTTTAAACTAACTTCGTATAGCAT-
ACATTATA

MIul-R CGACGCGTCGGCGGCATACCTGTCTGG

P1 GGTTGGGCGGTCGTTCATTCGTTC

P2 CTCGTCAATTCCAAGGGCATCGGT

P3 CTGGACACAGTGCCCGTGTCGGA

P4 GGGTAAGGGAGAAGAACTTTTCACT

hpt-F* AAAAAGCCTGAACTCACCGCGACGT

hpt-R* TACTTCTACACAGCCATCGGTCCA

gfp-F ATGGGTAAGGGAGAAGAACTTTTCAC

ofp-R® TTGTATAGTTCATCCATGCCATG

Ubi-F° TGACCCGGTCGTGCCCCTCTCT

Ubi-R¢ CCGCCCAACCACACCACATCATCA

? Forward and reverse primers used to amplify /Apt probe from
UH-GFP2

Forward and reverse primers used to amplify gfp probe from
pUH-GFP2
© Forward and reverse primers used to amplify maize ubiquitin
promoter probe from pUH-GFP2
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Fig. 1 A schematic diagram of the T-DNA region of the vector
pUH-GFP2 and Cre/loxP-mediated DNA recombination event (see
Zuo et al. 2001 for details). Arrows inside squares indicate the
direction of transcription. The cleavage sites for restriction en-
zymes EcoRV and Xhol are indicated. Region flanked by the two
loxP sites in the upper diagram is an loxP fragment. pUbi Maize
ubiquitin promoter, XVE chimeric transactivator containing the
regulator domain of an estrogen receptor (Zuo et al 2000), hpt
hygromycin phosphotransferase gene, cre-int bacteriophage P1 Cre
recombinase gene with an intron, gfp green fluorescent protein
gene, loxP specific recognition sites of Cre, OLexA-46 eight copies
of LexA DNA binding site fused to the —46 CaMV 35 S minipro-
moter, P/—P4 primers used for PCR analysis

and were allowed to grow for 3 more weeks. Later, white compact
embryogenic calli were transferred to regeneration medium (NB,
medium+2 mg/l 6-BA+1 mg/l NAA+1 mg/l KT+1 mg/l IAA) and
regenerated at 26°C with a 14-h light (2,000 1x) and a 10-h dark
period. Regenerated plantlets were subsequently transplanted to the
soil in pots and grown in a greenhouse.

Detection of GFP fluorescence

A fluorescent microscope (Leica MZ12 stereomicroscope with
fluorescent module for GFP-plus using blue filters) was used to
detect GFP fluorescence in induced calli and regenerated shoots.
The selfed seeds (T;) were surface-sterilized, germinated on half-
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Fig. 2a—e p-estradiol-induced GFP fluorescence in pUH-GFP2-
transformed calli, shoot and T; plants of Taipei 309. a pUH-GFP2
transgenic calli subcultured on NB medium without f-estradiol. b
pUH-GFP2-transformed calli subcultured on inductive medium

strength MS medium (Murashige and Skoog 1962) for 3 days in
darkness and 2 days under light, and scored for GFP fluorescence
using the fluorescent microscope.

Molecular techniques

The PCR primers used for screening DNA excision in transgenic
plants are listed in Table 1 and their respective positions are shown
in Fig. 1. The reaction mixture (20 ul) for PCR consisted of 10 ng
of rice genomic DNA, 0.2 mM each of dNTPs, 0.2 uM of each
primer, 2 ul of 10x PCR buffer and 0.5 unit of Taq polymerase from
QIAGEN Taq PCR Core kit (QIAGEN, Germany). Thermal cy-
cling was done at 94°C for 4 min followed by 35 cycles at 94°C for
45 s, 55°C for 45 s, and 72°C for 1 min. After the final cycle, the
reaction mixture was maintained at 72°C for 5 min before com-
pletion. Reactions were performed using a PTC-100 programmable
thermal controller (MJ Research., Mass.).

Southern analysis was carried out according to standard pro-
cedures (Sambrook et al. 1989). Approximately 2-5 ug of rice
genomic DNA was digested using restriction enzymes EcoRV or
Xhol, which have only one or two digestion sites within the T-DNA
region of pUH-GFP2, respectively (Fig. 1). The digested DNA
fragments were separated in a 0.8% agarose gel by electrophoresis
and transferred onto a Hybond-N+ nylon membrane (Amersham
Pharmacia, N.J.) by alkaline transfer. Hybridization was then per-
formed sequentially with the same blot using probes to detect the
hpt or gfp genes, or the maize ubiquitin promoter. The probes were
amplified from pUH-GFP2 using primers as shown in Table 1.
Labelling of the probes was done using Rediprime labelling kit
from Amersham Pharmacia.

DNA fragments comprising the recombined loxP sites in
marker-free transgenic plants were amplified using primers P1 and
P4. The PCR products were sequenced using an ABI PRISM 377
DNA sequencer (Perkin-Elmer, Mass.). The DNA sequence was
analysed using Sequencher 4.1 software (Gene Codes, Mich.).

Results

Production of transgenic rice
and induction of DNA recombination

In the chemical-inducible Cre/loxP DNA recombination
system, removal of the hygromycin-selectable marker

with 10 uM p-estradiol for 14 days. ¢ GFP fluorescent shoot re-
generated from S-estradiol-induced transgenic calli. d Germinating
seed of wild-type Taipei 309. e T, individual with GFP fluores-
cence segregated from transgenic line 40

pUH-GFP2 27 2 3
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Fig. 3 PCR analysis of genomic DNA prepared from non-recom-
binant Ty plant 27 (lanes 5-7), recombinant T plants 2 (lanes 8-
10) and 3 (lanes 11-13). Control experiments using pUH-GFP2 as a
template are shown as lanes 1-3. Primer pairs used for each PCR
reaction are indicated on the top of each lane. The expected PCR
products from different combinations of primer pairs are indicated
on the right. No amplification was observed with the genomic DNA
of wild-type Taipei 309 using any of the three primer pairs (P1/P2,
P3/P4 or P1/P4) (result not shown). M DNA molecular marker of
1- kb ladders from Stratagene (USA)

gene, XVE as well as the cre-int cassettes (loxP fragment)
flanked by two loxP sites was monitored by detecting
GFP fluorescence in the transgenic calli or plants. Hy-
gromycin-resistant transgenic calli of Taipei 309 that had
been transformed with pUH-GFP2, were used for induc-
tion of loxP-fragment excision and GFP fluorescence.
Initially the GFP fluorescence was very weak and ap-
peared only as small spots in some portions of the calli.
As time progressed, some of the induced calli appeared to
have strong GFP fluorescence (Fig. 2b) as compared to no
fluorescence observed from the untreated control
(Fig. 2a). An initial induction test showed that the in-
duction of GFP fluorescence by S-estradiol increased with
greater concentrations of S-estradiol from 1 to 10 uM, and
was saturated at 10 uM after 2 weeks of induction. We
also found that there was no increase in GFP fluorescence



Table 2 PCR screening for DNA recombination in transgenic Ty
plants using primer pairs P1/P2, P3/P4, and P1/P4 (see Fig. 1)

Categories  Primer pairs Ty plants
P1/P2 P3/P4 P1/P4

Taipei 309 — - -

A - - + 10

B + + + 35

C + - + 3

D - + + 13

E + + - 13

F - + - 6

G + - - 6

Ty plants in total 86

even after a prolonged induction period by adding -es-
tradiol into the pre-regeneration and regeneration media.
A total of 86 transgenic T, plants were generated from
the induction experiments. Visible GFP fluorescence was
observed in 46 of the 86 transgenic T, plants at the shoot
stage during regeneration (Fig. 2c). However, visible GFP
fluorescence was not detected in the remaining 40 T,
plants even though they were regenerated from the f-
estradiol-induced calli that showed GFP fluorescence.
Most of the T, plants showed a normal morphological
phenotype as compared to wild type Taipei 309.

PCR screening for loxP fragment excision in Ty plants

As the excision of the loxP fragment helps in juxtaposing
the maize ubiquitin promoter and the downstream gfp
gene, we carried out PCR analysis with primer pairs P1/
P2, P3/P4 and P1/P4 to detect the recombination events in
the 86 T plants. Partial PCR results in Fig. 3 showed that
successful recombination between the two loxP sites
yielded amplification of 468-bp P1-P4 fragments (Fig. 3;
lanes 10 and 13), whereas presence of the loxP fragments
in non-recombinant T-DNA led to amplification of 968-
bp P1-P2 fragments (Fig. 3; lanes 2 and 5) and 689-bp
P3-P4 fragments (Fig. 3; lanes 3 and 6). Based on the
results of the PCR analysis, the 86 T, plants could be
assigned to one of the seven distinct categories (Table 2).
Category A has ten T, plants that showed amplification of
only P1-P4 fragments. All these ten T, plants also
showed GFP fluorescence at the shoot stage and therefore
they were putatively marker-free. Category B has 35 T,
plants that showed amplification of P1-P2, P3-P4 and
P1-P4 fragments and 22 of the 35 T, plants were ob-
served to have GFP fluorescence at the shoot stage. These
plants might contain more than one transgenic locus and
at least one locus would have undergone successful ex-
cision of the loxP fragment. Categories C and D include
three and 13 T, plants, respectively, that showed ampli-
fication of P1-P4, and either P1-P2 or P3-P4 fragments.
Moreover, two of the three T, plants in category C and 12
of the 13 T, plants in category D showed GFP fluores-
cence at the shoot stage. These GFP fluorescent T, plants
in categories C and D might have more than one trans-
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Fig. 4a—d Southern blot analysis of the putative marker-free trans-
genic Ty plants. Genomic DNAs from the ten putative marker-free
transgenic Ty plants (1, 2, 3, 4, 14, 31, 44, 50, 83, 85) were digested
with EcoRV, subjected to Southern blotting and probed sequentially
with Apt (a), gfp (b) and maize ubiquitin promoter (c¢). Genomic
DNA from the eight putative marker-free transgenic T, plants (1, 2,
14, 31, 44, 50, 83, 85) was also digested with Xhol and subjected to
Southern blot analysis with a probe for the maize ubiquitin promoter
(d). Wild-type Taipei 309 (TP309) and non-recombinant T, plant 27
were used as controls. Results of the PCR analysis with genomic
DNA of each plant using primer pairs P1/P2, P3/P4 or P1/P4, and the
GFP fluorescence of each plant are listed under ¢. M DNA molecular
marker of 1 DNA digested by Hindlll, hpt hygromycin phospho-
transferase gene, gfp green fluorescent protein gene, — negative PCR
amplification, + positive PCR amplification, N negative GFP fluo-
rescence, P positive GFP fluorescence
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Table 3 Transgenic lines shown to be marker-free in the T, gen-
eration or segregating marker-free T, progeny. Copy number of the
transgenes, recombinant and non-recombinant T-DNAs were de-

termined with T plants, and confirmed with T, plants by Southern
analysis using probes as described in Materials and methods. NA
No available seeds or plants

Transgenic PCR patterns Copy number GFP fluorescence Transgenic loci
lines of Ty plants® in the T, plants in the T plants in the T, plants
hpt gfp +° - Marker-free® Total

Marker-free lines obtained in the T, generation

1 A 0 2 NA NA 2 4

2 A 0 1 59 (59) 22 1 1

3 A 0 2 99 (99) 41 1 2

4 A 0 1 NA NA 1 1
14 A 0 2 39 (39) 13 2 2
31 A 0 1 99 26 1 1
44 A 0 1 23 (23) 8 1 1
50 A 0 1 8 (8) 8 1 1
83 A 0 1 2(2) 4 1 3
85 A 0 2 57 (57) 3 2 3
Transgenic lines segregating marker-free plants in the T; generation
11 B 2 5 45 (1) 6 2 5
15 B 1 2 39 (1/4) 10 1 2
20 D 1 2 24 (9) 10 1 2
34 B 1 2 93 9 1 2
35 D 1 3 26 (4) 11 2 3
38 D 2 6 23 (5) 11 6 8
39 D 1 5 16 (6) 1 5 6
40 B 2 3 6 (1) 3 1 3
52 B 7? 6? 7(1) 3 1 7?
53 C 1 4 26 (2) 7 3 5
62 D 1 2 12 (2) 3 1 2
66 D 2 5 11 (2) 1 3? 5
76 D 2 3 503) 0 2 4
80 B 1 3 25 (5) 4 3 4
82 B 1 1 3(D) 1 1 2
91 B 1 2 1(1) 2 1 2
93 C 2 2 16 (6) 0 2 4

 Categories in Table 2 showing the patterns of the PCR products in the T, generation using genomic DNA as template and primer pairs

P1/P2, P3/P4, and P1/P4

Numbers in parentheses indicate the number of marker-free T, plants obtained
¢ Loci with truncated T-DNAs containing either the gfp gene or the maize ubiquitin promoter are not included

One marker-free plant was identified from four T; plants analysed

genic locus and successful recombination could have
occurred in at least one of the transgenic loci, while T-
DNAs in additional loci may be truncated. Hence, it can
be said that Cre/loxP-mediated DNA excision had oc-
curred in 61 (or 69.3%; categories A, B, C and D) of the
86 transgenic lines, even though incomplete excision of
the loxP fragments might occur in 51 lines (categories B,
C and D). In addition, there were 25 T, plants that showed
amplification of either P1-P2 or P3—P4, or both fragments
(categories E, F and G in Table 2). These plants might
contain either intact or truncated T-DNA that has not
undergone DNA recombination.

Identification of marker-free individuals
in the Ty generation

The ten putative marker-free T, plants in category A were
then subjected to Southern analysis for the excision of the
loxP fragment. As expected, no hybridization band for the
hpt gene was detected in these plants, indicating that the

hpt genes had been removed together with the excised
loxP fragments (Fig. 4a). Since there is only one EcoRV
site in the loxP fragment as well as in the T-DNA region
of pUH-GFP2, complete excision of the loxP fragment
will remove the EcoRV sites from the T-DNA (Fig. 1).
Therefore, probes for the gfp gene or the maize ubiquitin
promoter will hybridize to the same fragment in a
Southern blot filter with EcoRV digestion. Indeed, Ty
plants 1, 2, 14, 31, 44, 50, 83 and 85 showed similar
hybridization patterns with the probes for the gfp gene
and the maize ubiquitin promoter (Fig. 4b, c). T, plant 3
had two bands for the gfp gene but only one band for the
maize ubiquitin promoter (Fig. 4b, c; lane 6). This extra
gfp band might result from a truncated T-DNA that
contained the gfp gene only. T, plant 4 had one gfp band
but showed no signal for the maize ubiquitin promoter
(Fig. 4b, c; lane 7). This plant, however, should have a
minimal length of the maize ubiquitin promoter upstream
of the gfp gene as we could obtain P1-P4 fragment in a
PCR analysis (data not shown). To further confirm the
recombination events, we also detected the presence of a
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T+ progeny from transgenic line 44
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Fig. 5a, b Co-segregation of marker-free recombinant T-DNA in
transgenic Ty plant 44 [44(T,)] with GFP fluorescence and the
amplification of PCR product with P1/P4 primer pair in the T,
generation (only the results of 28 T; individuals from a single
Southern blot filter are shown). Genomic DNAs from Taipei 309,
44(Ty) and its 28 T, progeny were digested with EcoRV, subjected

1.4-kb recombined Xhol fragment (Fig. 1) in those puta-
tive marker-free plants. Southern blot analysis with the
maize ubiquitin promoter probe showed that the 1.4-kb
fragment was present in Ty plants 1, 2, 14, 31, 44, 50, 83,
85 but not in T, plant 27 that contained two copies of non-
recombinant T-DNA (Fig. 4d; T, plants 3 and 4 were not
shown due to insufficient DNA). Since there is a Xhol site
in the middle of the pUbi probe (Fig. 1), two hybridized
bands with at least one of 1.4 kb were detected for every
copy of the maize ubiquitin promoter in the recombinant
T-DNA when digested with Xhol. Southern analysis also
showed that T, plants 1, 83 and 85 contained an addi-
tional one to two copies of truncated T-DNA comprising
the maize ubiquitin promoter only (Fig. 4d; lanes 4, 10
and 11)

Genetic and molecular analyses with T progeny from
the eight marker-free transgenic lines, which were
marker-free in the T, generation (T, plants 2, 3, 14, 31,
44, 50, 83, 85), show that the marker-free recombinant T-
DNA in these lines was heritable (Table 3). T, plants 2,
31, 44 and 50 contained only one marker-free transgenic
locus and the GFP fluorescence in the T, progeny of the
four lines was always co-segregated with the marker-free
recombinant T-DNA. Figure 5 showed the co-segregation
of GFP fluorescence, marker-free recombinant T-DNA
and the amplification of PCR product with P1/P4 primer
pair in the T progeny of transgenic line 44. T, plant 14
had two copies of the marker-free recombinant T-DNA
and Southern analysis showed that the GFP fluorescent T,
plants from this line inherited either one or two copies of
the marker-free recombinant T-DNA (data not shown). As
mentioned above, T, plants 3, 83 and 85 contained both
marker-free recombinant T-DNA and truncated T-DNA
comprising the gfp gene or the maize ubiquitin promoter

O~ 0NOTWNOM~ODO — OO WO~ o
TN O~RODN T e T T NN

Probe

hpt

gfp

P1/P2
P3/P4
Pi/P4

GFP

to Southern blotting and probed sequentially with Apt (a) and gfp
(b) genes. Results of the PCR analysis with genomic DNA of each
plant using primer pairs P1/P2, P3/P4 or P1/P4, and the GFP flu-
orescence of each plant are listed under b. For abbreviations, see
Fig. 4

only. However, in the T, generation, the GFP fluores-
cence was only co-segregated with the marker-free re-
combinant T-DNA (data not shown).

Segregation of marker-free progeny
in the T generation

The 51 Ty plants in categories B, C and D in Table 2 were
also subjected to Southern analysis. The transgenic lines
from these 51 T, plants showed the amplification of P1-
P4 fragments in addition to P1-P2 and/or P3-P4 frag-
ments. Some of the 51 lines had the potential to segregate
marker-free transgenic plants with functional recombinant
T-DNA in the subsequent generations, as at least 36 lines
showed visible GFP fluorescence at the shoot stage during
regeneration in the T, generation. To confirm this as-
sumption, we screened T, plants of the 51 lines for GFP
fluorescence at the seed germination stage. The 36 lines
that showed visible GFP fluorescence in the T generation
segregated GFP fluorescent T; progeny. The remaining
15 lines did not show visible GFP fluorescence in either
the Ty or T; generation for unknown reasons. The T; GFP
fluorescent plants were further subjected to Southern
analysis with probes for the gfp or hpt genes, or the maize
ubiquitin promoter to screen for any marker-free trans-
genic plants. Marker-free transgenic plants were identi-
fied from the T, progeny of 17 lines (Table 3). Figure 6
shows two examples of Southern blot hybridization with
marker-free transgenic T; plants segregated from those
lines. In one example, T plant 40 had two copies of the
hpt gene (Fig. 6a; lane 4), three copies of the gfp gene
(Fig. 6b; lane 4) and one copy of the maize ubiquitin
promoter (Fig. 6¢; lane 4). In the T generation, six plants
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Fig. 6a—d Southern blot analysis of the transgenic lines segregating
marker-free transgenic plants in the T; generation. Genomic DNAs
from two transgenic T plants (40 and 53) and their T, progeny (40-
4, 53-11 and 53-13) were digested with EcoRV, subjected to
Southern blotting and probed sequentially with the same blot using

from line 40 showed visible GFP fluorescence (Table 3)
and one of them, T, plant 40-4, was confirmed to be
marker-free in Southern analysis (Fig. 6a—d; lane 5). In
another example, Ty plant 53 had one copy of the Apt gene
(Fig. 6a; lane 6), four copies of the gfp gene (Fig. 6b; lane
6) and five copies of the maize ubiquitin promoter
(Fig. 6c; lane 6). In the T, generation, 26 of the 33 T,
plants from line 53 showed GFP fluorescence (Table 3)
and two of them were marker-free. T; plant 53-11 con-
tained one copy of marker-free recombinant T-DNA
while T, plant 53-13 had two copies of marker-free re-
combinant T-DNA and one copy of truncated T-DNA that
hybridized to the maize ubiquitin promoter probe only
(Fig. 6; lanes 7, 8). In addition, the 1.4-kb recombined
Xhol fragment was also detected in these marker-free T,
plants as well as in their corresponding T, parents
(Fig. 64d).

DNA sequencing of the junction region
at the recombined /oxP site

The PCR products of P1/P4 fragments amplified from
marker-free transgenic plants (Ty or T;) were sequenced
and the partial sequence data is presented in Fig. 7. DNA
sequence analysis clearly showed that the maize ubiquitin
promoters were intact at the recombined regions and were
contiguous with the loxP sites, followed by the gfp coding
sequence. This was strictly in accordance with the theo-
retical recombination between the two loxP sites, leading
to the removal of XVE, hpt and the cre-int cassette from
T-DNA upon activation of XVE by B-estradiol.

Discussion

Using B-estradiol-regulated, Cre/loxP-mediated site-spe-
cific DNA recombination, we have successfully removed
the loxP fragments from the T-DNA in the transgenic
cells and obtained marker-free transgenic plants in a
single-step transformation. Among the 86 transgenic T,
plants, at least one copy of functional marker-free re-
combinant T-DNA should be present in the 46 plants as
the visible GFP fluorescence was detected in the T, and/
or Ty generation. Furthermore, eight fertile T plants were
found to be marker-free and an additional 17 plants seg-
regated marker-free progeny in the T; generation. In total,
29.1% of the transgenic T, plants were marker-free or
could segregate marker-free transgenic progeny. Our
frequency of obtaining marker-free transgenic plants is

hpt (a), gfp (b) and maize ubiquitin promoter (c¢). The same set of
DNA samples was also digested with Xhol and subjected to
Southern blot analysis with a probe for the maize ubiquitin pro-
moter (d). Genomic DNA from wild-type Taipei 309 and non-
recombinant T, plant 27 was used as a control. Results of the PCR
analysis with genomic DNA of each plant using primer pairs P1/P2,
P3/P4 or P1/P4, and the GFP fluorescence of each plant are listed
under d. For abbreviations, see Figs. 1 and 4
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pUH-GFP2 RB---pUbi---ttcgataaacctaATAACTTCGTATAGCATACATTATACGAAGTTATgaa---XVE---hpt---cre-int---
---atcATAACTTCGTATAGCATACATTATACGAAGTTATagatcttcgacctcgageggggtaccATG---1B

1 ---ttcgataaacctaATAACTTCGTATAGCATACATTATACGAAGTTATagatcttcgacctcgagecggggtaccATG--—

2 --—-ttcgataaacctaATAACTTCGTATAGCATACATTATACGAAGTTATagatcttcgacctcgagecggggtaccATG-—-

3 ---ttcgataaacctaATAACTTCGTATAGCATACATTATACGAAGTTATagatcttcgacctcgagecggggtaccATG--—

4 ---ttcgataaacctaATAACTTCGTATAGCATACATTATACGAAGTTATagatcttcgacctcgagecggggtaccATG-——

31 ---ttcgataaacctaATAACTTCGTATAGCATACATTATACGAAGTTATagatcttcgacctcgagecggggtaccATG---
44 --—ttcgataaacctaATAACTTCGTATAGCATACATTATACGAAGTTATagatcttcgacctcgagecggggtaccATG-—-
50 --—-ttcgataaacctaATAACTTCGTATAGCATACATTATACGAAGTTATagatcttcgacctcgagecggggtaccATG-—-
20-1 ---ttcgataaacctaATAACTTCGTATAGCATACATTATACGAAGTTATagatcttcgacctcgagecggggtaccATG-——
40-4 ---ttcgataaacctaATAACTTCGTATAGCATACATTATACGAAGTTATagatcttcgacctcgagecggggtaccATG---

Fig. 7 Nucleotide sequence analysis of the junction regions at the
recombined loxP sites in the marker-free transgenic plants. Se-
quences of the junction regions at the recombined loxP sites are
shown below the two loxP sites of pUH-GFP2. Nucleotide se-

comparable to that of a previous study (Hoa et al. 2002),
in which the recombination frequency for selectable
marker excision ranged from 26.0% (TyxTg) to 58.3%
(T>xT5). In contrast to their study, the method used in our
laboratory saves time and labour because it does not re-
quire two separate transformations followed by hybrid-
ization of the two categories of transgenic lines. Another
highlight of this approach is that the expression of Cre
recombinase in plant cells is tightly regulated by the XVE
system and fS-estradiol (Zuo et al. 2001). This reduces the
risk of genome rearrangements at cryptic-target sites in
either nuclear or organelle genomes due to the constitu-
tive expression of Cre recombinase, which has been
correlated with phenotypic aberrations in plants (Haj-
dukiewicz 2001; Coppoolse et al. 2003).

In a previous report (Zuo et al. 2001), DNA recom-
bination in Arabidopsis was induced in all the transgenic
plants with high efficiency in the germline cells (29-66%)
of the transformed shoots (T,) or T; seeds. In rice, we
found that DNA recombination was more efficiently in-
duced in the transformed cells (calli) rather than the
germline cells of the transformed shoots (Ty) or T seeds.
We failed to identify marker-free plants in the T, progeny
by germinating transgenic T; seeds that contained non-
recombinant T-DNA on an inductive medium. One of the
reasons could be that the inducer might not have accessed
the germline cells of the T, plants efficiently. In addition,
in our induction experiments we observed that some in-
duced calli were chimeric for GFP fluorescence after 2
weeks or longer induction, which indicated that there was
a considerable number of non-recombinant cells cohered
to the recombinant calli with GFP fluorescence probably
due to the inducer inaccessibility or instability. This might
lead to the regeneration of non-recombinant transgenic
plants as there was no selection pressure in pre-regener-
ation or regeneration medium. In the present study there
were at least 13 non-recombinant transgenic lines (cate-
gory E in Table 2). Further more, due to the absence of
selection pressure during pre-regeneration and regenera-
tion of the induced calli, non-transgenic cells originally
attached to the transgenic cells might also have prolifer-
ated, resulting in the regeneration of non-transgenic es-
capees. Indeed, in this study we found seven non-trans-

quences highlighted in bold small letters in pUH-GFP2 indicate the
sequences that are retained after recombination. The loxP elements
are indicated in bold capital letters. The starting codon of the gfp
gene is presented in italicized capital letters

genic escapees which had no T-DNA insertion (data not
shown). Nevertheless, the non-recombinant transgenic
plants and non-transgenic escapees represented only a
small portion of the total transgenic plants, which could
be further reduced by modifying tissue culture proce-
dures.

There were 19 additional T plants from categories B,
C or D that segregated T, progeny with GFP fluorescence.
But none of the T, progeny were marker-free as Southern
analysis showed that they had multiple transgenic loci and
the recombinant T-DNAs could not be separated from the
non-recombinant T-DNAs in the T, generation. One
reason could be the small population size that was anal-
ysed in the T; family due to the shortage or limited
availability of T; seeds. Another plausible reason was
that, in some transgenic plants, the recombinant and non-
recombinant T-DNAs were genetically linked to each
other, which made it impractical to segregate marker-free
transgenic plants in the subsequent generations. In both
cases, incomplete DNA excision seemed to have occurred
in these transgenic Ty plants with multiple transgenic loci.
Compared to the high efficiency of DNA excision with
multiple transgenic loci in Arabidopsis (Zuo et al. 2001),
there was more incomplete DNA excision with multiple
transgenic loci in the present study. In addition, a trun-
cated T-DNA integration may also affect the efficiency of
DNA recombination. DNA recombination would be im-
possible if the truncated T-DNA contained only one loxP
site. Furthermore, truncated T-DNA with a single loxP
site might cause chromosome rearrangement, such as
translocation or deletion, upon induction for recombina-
tion when they are on different chromosomes in a trans-
genic plant (Qin et al. 1994). In the present study, in
addition to the marker-free recombinant T-DNA, marker-
free Ty transgenic plants 1, 3, 83 and 85 also contained
one to two copies of truncated T-DNA comprising the gfp
gene or the maize ubiquitin promoter only. Multiple
transgenic loci and/or truncated T-DNA integration in rice
seem to be correlated and unavoidable with the Agro-
bacterium-mediated transformation system (Yin and
Wang 2000). Hence, we suggest generating and selecting
marker-free transgenic plants with a single transgenic
locus in the T, generation. For instance, in the present
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study, Ty plants 2, 31, 44 and 50 were marker-free and
contained a single transgenic locus. In addition, trans-
genic plants with a single transgenic locus are also ad-
vantageous in stabilizing transgene expression, since it
has been found that multiple transgenic loci are more
prone to transgene inactivation than single transgenic
locus (Hobbs et al. 1993).
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