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ABSTRACT. Plant transformation typically involves antibiotic or herbicide resistance genes as selection
markers to identify the transformed plants. However, there have been public concerns over the safety of the
marker genes that remain in transgenic plants. It is therefore desirable to remove marker genes prior to the
release of transgenic plants. In this study, we used the co-transformation strategy to develop a binary vector
with bi-selectable markers, pGA2TNH. Such strategy enables the generation of marker-free transgenic plants
and increases utilization of additional plant species, especially crops with natural resistance or tolerance to
kanamycin. One plasmid carrying two separated T-DNAs was adopted in order to construct multiple selectable
markers in one of the T-DNAs. Markers used were the /spt gene for hygromycin resistance and the nprIl gene
for kanamycin resistance. pGANP-CP1/pBin19 and pGA2T-CP1 were constructed to evaluate and compare
their efficacy in generating marker-free transgenic plants. The former consisted of two individual plasmids
carrying separate T-DNA of the target and marker genes, while the latter contained a single plasmid carrying
two T-DNAs for the target and marker genes. In pPGA2TNH system, the co-transformation frequency of the R,
transgenic Nicotiana benthamiana plants with both selection markers and target gene was 50%, which was as
efficient as the other two systems. As expected, segregation of the two T-DNAs was observed in progeny. In
one marker gene copy of transgenic plants, the elimination of marker gene was found at a ratio of 17.5% in
pGA2TNH system, and 18.6% and 24.1% in pGA2T-CP and pGANP-CP1/pBinl9, respectively. This demon-
strated that the binary vectors we constructed were efficient and feasible in eliminating marker genes. It also
provides a practical and simple tool for generating marker-free transgenic crops, which will have a significant
impact on their acceptance by the public.
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INTRODUCTION and Veluthambi, 2002).

o . To date, several methods: co-transformation, site-spe-

Selectable marker genes are indispensable for the iden- cific recombination (i.e., Cre/loxP, FLP/FRT and R/RS)
tification of transform.ed cells among a large number of un- transposon-based expelling systems (i.e., Ac transposon)
transformed ones during the plant transformation process. and antibiotic or herbicide gene replacement (metabolic
Antibiotic and herbicide resistance genes are the most chemical or enzyme), have been developed to remove
efficient and widely-used selectable markers (Miki and  ¢o1octaple marker genes (for reviews see Yoder and Golds-
McHugh, 2004). Although selectable marker genes play brough, 1994; Ebinuma et al., 2001; Hare and Chua, 2002;

no role in genetically modified plants after transformation, Puchta, 2003; Darbani et al., 2007). Among these, co-
their presence has caused increasing concerns, especially ’ ) ; ’

around the issues of environmental safety and public
health (Goldstein et al., 2005). Thus, there is an imperious
need to eliminate selectable marker genes, especially those
with antibiotic and herbicide resistance, for environmental
and public safety. Moreover, limited suitable marker genes
are available for recalcitrant plants, while removal of
marker genes could allow the successive transformations
to continue recycling the same selectable marker (Jacob

transformation seems the simplest approach, since devel-
opment or application of additional selectable markers or
DNA excision systems is not required (Daley et al., 1998).

Co-transformation regularly relies on Agrobacterium-
mediated transformation. This involves the introduction
of two separate T-DNAs into the same plant cell, one of
which carries the selection marker and the other carrying
the gene of interest. If these two different T-DNAs are
integrated into unlinked loci, the marker-free transgenic
plants are segregated at the progeny level (Ebinuma et al.,
*Corresponding author: E-mail: fjjan@nchu.edu.tw; Fax: 2001). In principle, co-transformation consists of three
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selectable marker are inserted. They can be inserted in (1)
two T-DNAs within the same binary vector (two-T-DNA/
one-plasmid) (Depicker et al., 1985; Komari et al., 1996;
Xing et al., 2000; Lu et al., 2001; Matthews et al., 2001;
Miller et al., 2002; Xue et al., 2003; Zhou et al., 2003;
Breitler et al., 2004; Chen et al., 2005), (2) two binary vec-
tors within the same Agrobacterium strain (two-plasmid/
one-strain) (de Framond et al., 1986; Daley et al., 1998;
Jacob and Veluthambi, 2002; Permingeat et al., 2003;
Higgins et al., 2006) or (3) two binary vectors with two
different Agrobacterium strains (two-plasmid/two-strain)
(Depicker et al., 1985; McKnight et al., 1987; De Block et
al., 1991; Komari et al., 1996; De Neve et al., 1997).

Different approaches for the elimination of selectable
marker genes have been developed over the last several
years, but most of them have been patented. Since the co-
transformation system is the simplest strategy and can be
applied to a wide range of plant species, we have focused
on using it to establish an efficient marker-free transforma-
tion system. Meanwhile, there are crops such as orchids
that are naturally resistant or tolerant to kanamycin and
require more than 500 mg/l kanamycin for selection (Chia
et al., 1994). Kanamycin is also considered ineffective for
several legumes and gramineae (Ziemienowicz, 2001).
This characteristic limits the use of the marker-free system
to those carrying the npfll gene as the selection marker.
In this study, we adopted a one plasmid with two T-DNAs
system to develop a marker-free binary vector carrying
multiple selectable markers in one T-DNA and enabled
the binary vector to alleviate the limitation of the usage
of nptll. Co-transformation of Nicotiana benthamiana us-
ing single A. tumefaciens strain was adapted to allow the
use of a selection marker during plant regeneration fol-
lowed by recovery of progeny carrying the desired gene
but not the marker gene. Our results indicated that the
system developed in this study can be useful in generating
marker-free transgenic plants for commercial applications,
especially those plants having natural resistance or toler-
ance to kanamycin.

MATERIALS AND METHODS

Vector construction

The pGA482G carrying pRK2 replication origin and
the gentamycin resistance gene for bacterial selectable
marker (Jan, 1998) was digested using BamHI/HindIII
and a 2 kb fragment, including the plant selection marker
gene nptll, was excised from the T-DNA region of the vec-
tor. The digested vector was then ligated with annealed
polylinker, which was prepared by annealing two comple-
mentary oligonucleotide primers FJJ 2003-3/FJJ 2003-4
(Table 1). The resulting plasmid, with pRK2 replication
origin and the gentamycin resistance gene for bacterial
selectable marker, was designated as pGANP (Figure 1A).
The expression cassette containing the Tomato leaves curl
virus (ToLCV) partial coat protein (CP1) gene under the
Cauliflower Mosaic Virus (CaMV) 35S promoter was
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digested using Kpnl/HindIll and inserted into the binary
vector, pPGANP. The plasmid carrying the CP1 gene as the
target gene and without the selectable marker was named
pGANP-CP1 (Figure 1C).

The vector with two T-DNAs was designed as follows:
the marker-free binary vector pGANP (Figure 1A) was
modified to contain two separate T-DNAs, one containing
a selection marker (nptll) and the other carrying the CP1
gene. The other set of right and left borders was prepared
as follows: the multiple cloning sites in pBinl9 (Frisch
et al., 1995) were removed by digesting with EcoRl/Hin-
dIII and the nick was ligated with an annealed polylinker,
which was prepared by annealing two complementary
oligonucleotide primers FJJ2004-70/FJJ2004-71 (Table 1).
The inter-medium vector was designated as pBin20. The
T-DNA region containing nptIl from pBin20 was ampli-
fied by polymerase chain reaction (PCR) (with LA-Tag
polymerase, TaKaRa) with primers FJ1J2004-76/FJJ12004-
77 (Table 1). The amplified 3.4 kb fragment was digested
with Apal/EcoNI and ligated with pGANP, digested with
the same enzymes. The vector harboring two separate T-
DNAs and carrying the gentamycin resistance gene for
bacterial selectable marker was designated as pGA2T (Fig-
ure 1B). The expression cassette containing CP1 gene un-
der the CaMV 35S promoter was inserted into the pGA2T
by Kpnl/HindIll sites. The plasmid carrying two T-DNAs,
one for the CP1 gene as target gene and the other for nprIl
as selectable marker, was named pGA2T-CP1 (Figure 1D).

The binary vector of bi-selectable markers for gen-
erating marker-free transgenic plants was derived from
pGA2T and was constructed as follows: an intact expres-
sion cassette of hygromycin resistance (hpf) gene driven
by CaMV 35S promoter was amplified from pCAM-
BIA1302 (Hajdukiewicz et al., 1994) using primers
FJJ2006-29/FJJ2006-30 with Ascl site at 5’ end, and Spel
site at 3" end (Table 1). The intact cassettes were digested
with the respective enzymes and inserted into the pGA2T
digested by the same restriction enzymes. The resulting
plasmid harbored two selectable markers including /spt and
kanamycin resistance (npfll) in one of the two T-DNAs
and was designated as pGA2TNH (Figure 2A).

The pGA2TNH and pGA2T-CPlwere separately in-
troduced into A. tumefaciens LBA4404 (Hoekema et al.,
1983) by electroporation (BIO-RAD, Inc.). The two plas-
mids in the single-strain co-transformation system were
also established by electroporation and introduced into 4.
tumefaciens LBA4404 (Hoekema et al., 1983) of two type
plasmid DNAs, i.e., pBinl9 (Frisch et al., 1995) contain-
ing the pRK2 replication origin and nptll as selectable
marker gene along with pGANP-CP1 carrying the pRK2
replication origin and target gene (CP1). The desired bac-
terial colonies for each vector system were selected on
the medium containing 50 mg/l gentamycin and 50 mg/I
streptomycin. The constructs were confirmed by PCR us-
ing specific primer pairs for the nptll gene (FJJ 2002-14/
FJJ 2002-15) and the Apt gene (FJJ 2007-11/FJJ 2007-12)
(Table 1).
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Table 1. Sequences of the primers used in this paper.

Primer number Primer sequence Size
Specific primers for 35S terminator and 35S promoter, respectively
FJJ 97-16 5-AGAGATAGATTTGTAGAGA-3'
FJJ 99-12 5"-ATATGGATATCTCCACTGACGTAAGGGATG-3'
Specific primers for nptll gene 1.1 kb
FJJ 2002-14 5'-CCCCTCGGTATCCAATTAGAG-3’
FJJ 2002-15 5-CGGGGGGTGGGCGAAGAACTCCAG-3’
Specific primers for ToOLCV partial CP1 gene 460 bp
FJJ 2004-1 5-CAGATTCTTCGACCTCACATCCCCAACCAG-3’
FJJ 2004-2 5-CACGTTCTCGGCAACCCATTCTACAAGTTC-3'
Specific primers for Hpt gene 900 bp
FJJ2007-11 5-CAGCGTCTCCGACCTGATGCAG-3'
FJJ2007-12 5-GTACTTCTACACAGCCATCGGT-3'
Specific primers for T-DNA (for target gene) of pGA2TNH 200 bp
FJJ99-8 5-AAGCTGTGACCGTCTCC-3'
FJJ2005-218 5-TCTGCAATGGCAATTACCT-3'
Oligonucletide primers
FJJ 2003-3 5-GATCCCTCGAGCTTAAGTGTACAA-3'
FJJ 2003-4 5-AGCTTTGTACACTTAAGCTCGAGG-3'
FJJ2004-70 5'-AATTACTAGTATTTAAATGGCGCGCC-3'
FJJ2004-71 5-AGCTGGCGCGCCATTTAAATACTAGT-3'
Primers for T-DNA region from pBin19 3.4 kb
FJJ2004-76 5'-TATAGGGCCCTGCCGCCTTACAACGGCTCT-3'
FJJ2004-77 5-TTAATACCTCGCAGAGGAATCTTGCTCGTCTCGCT-3'
Primers for expression cassette containing Hpt gene from CAMBIA1302 2.1kb

FJJ2006-29
FJJ2006-30

5'-ATGGCGCGCCTAATTCGGGGGATC-3'
5'-GGACTAGTATGGTGGAGCACGA-3'

The restriction enzyme sequences used are underlined.

Tobacco transformation

Transformation of N. benthamiana was carried out
using the leaf disk method (Horsch et al., 1985). The ex-
plants were screened on the medium containing 500 mg/
1 carbenicillin and 300 mg/l kanamycin or 50 mg/l hygro-
mycin. Regenerated shoots were rooted and transferred to
soil for further analysis.

Polymerase chain reaction (PCR)

Genomic DNA was isolated from wild-type and trans-
genic plants as described by Fulton et al. (1995) with some
modification (Jan et al., 2000). One pul (0.5-1.0 pg) of the
isolated DNA was used in PCR amplification. The PCR
mixture contained 200 ng of downstream and upstream

primers, 1X Tag DNA polymerase reaction buffer (50
mM KCI, 10 mM Tris-HCI, pH 9.0, 0.1% Triton X-100
and 1.75 mM MgCl,), 2.5 U Tag DNA polymerase and
2.5 mM dNTP. The reaction was performed with an initial
cycle at 93°C for 5 min; followed by 34 cycles at 93°C for
1 min, 55°C for 1 min, 72°C for 2 min and a final cycle at
72°C for 5 min (Jan, 1998). Details of the primers and the
sizes of PCR amplified products are given in Table 1. The
PCR products were monitored by electrophoresis on 0.8%
agarose gel.

Southern blot analysis

Genomic DNA was isolated as previously described.
Fifteen ng genomic DNA were digested with either EcoRI
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or Spel, separated by electrophoresis on 1% agarose gel
in 1X TAE buffer, and transferred to a nylon membrane
(Gene Screen Plus membrane, NEN life science). Blots
were hybridized with **P-dATP- (Pharmacia, Feinberg
and Vogelstein, 1983) labeled probes prepared from selec-
tion marker gene and T-DNA fragments or the CP1 gene
amplified by PCR from the plasmids. The membrane was
autoradiographed by exposure to Kodak X-ray film for the
appropriate length of time at -80°C.

Progeny segregation analysis

Seeds from R, self-pollinated co-transformed plants
were surface-sterilized in 50% Clorox containing 0.1%
Tween-20 and stirred with a Vortex Mixer (Model G560)
for 10 min, followed by triple rinsing with sterile distilled
water. The surface-sterilized seeds were germinated on the
antibiotic-free MS medium [1 liter contained 4.4 g MS salt
(Duchefa Biochemie, the Netherlands), 3% sucrose and
0.8% agar]. The R, seedlings were cultured on antibiotic-
free MS medium for |1 week, and then transferred to green-
house. Genomic DNA was isolated and used for PCR

(A)pGANP
izgiases

2 plasmids system
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amplification with specific primers of T-DNA fragment for
target gene and nprll to detect the marker-free transgenic
plants (Table 1).

RESULTS

Construction of co-transformation vectors

To develop the marker-free co-transformation system
with bi-selectable marker genes, two intermediary vec-
tors, pGANP (Figure 1A) and pGA2T (Figure 1B), were
constructed. The pGANP consisted of multiple cloning
sites for the gene of interest in the T-DNA region. Another
T-DNA region containing nptll as selectable marker modi-
fied from pBinl9 was inserted into pGANP to obtain a
second recombinant binary vector with multiple T-DNAs
named pGA2T (Figure 1B). The pGA2TNH (Figure 2A)
was derived from pGA2T by insertion of an intact expres-
sion cassette of hygromycin resistance (Apf) gene from
pCAMBIA1302, situated upstream the npfIl gene to lead
one of the T-DNA region harboring two selectable marker
genes.

(B)pGAZT F5883533

One plasmid with 2T-DNAs

{C)pGANP-CP1
Gene of interest pGANP-CP1
BB = P CP1 T | L8
Hinalll P Kpl
m Probe (460 bp) +
pBin19
Fil NPTI | LB
Probe (1.1 kb) =2 5 kb ;EEH
35
(D) pGAZT-CP1
Gene of interest pGAZT-CP1
178k T ; 50 by
hE NPT ——l LB { T 'CP1 P | Fe
Ecoll ™~ Prege (114) 11 Probe (460 Eg) ol
— *25kb

Figure 1. Constructions of marker-free binary vectors. (A) Circular map of pGANP and pBin19 for 2 plasmids system; (B) Circular
map of pGA2T, harboring two separated T-DNAs. Partial CP gene of ToOLCV was inserted into pPGANP and pGA2T as the target gene
and the resulting plasmids were named pGANP-CP1 (C) and pGA2T-CP1 (D), respectively. The schematic representation of T-DNA
regions in the major vectors used for two plasmids system (C) and one plasmid with 2 T-DNAs system (D). Green line of circular map
indicate T-DNA region; Gen": gentamycin-resistance gene; the arrows indicate the right border junction fragments, CP1 and nptII se-
quence regions were used as probes for Southern blotting. CP1, partial TOLCV coat protein gene; nptll, kanamycin resistance gene;

LB, left border; RB, right border; P, 35S promoter; T, 35S terminator.
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PGAZTHNH Map
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Figure 2. Bi-selectable marker-genes system. (A) The map of 2 T-DNAs with bi-selectable marker vector, pPGA2TNH. The unique re-
striction enzyme sites were indicated on the map. (B) PCR analysis of the integration of T-DNA (for target gene) and selectable marker
genes (Hpt and nprll). H: non-transformed plant; P: plasmid of pGA2TNH used as positive control; Actin: actin gene used as internal
control. The agro-infected explants were screened on the medium containing kanamycin (300 mg/l) to obtain regenerated shoots.
Propagated shoots of transgenic R, lines were screened on the medium containing kanamycin (300 mg/1) first for 3 weeks (C). The top
shoots were then cut from the propagated lines and transferred to the medium containing hygromycin (50 mg/l) for another 3 weeks
(D). (E) Transgenic plants growing on rooting medium. The photographs were taken 15 days after the plantlets were placed onto the
medium. f, r: transgenic lines, f-14-2 and r-3-2; N: nprIl transgenic plants (transformed with pGA482G).

The co-transformation efficiency of pGA2TNH was
compared with two other vector systems within one
Agrobacterium strain. Two plasmids carrying two differ-
ent T-DNAs named pGANP-CP1 (Figure 1C) and one
plasmid carrying two T-DNAs named pGA2T-CP1 (Figure
1D) were constructed by insertion of the target gene into
PGANP and pGA2T, respectively. The pGANP-CP1 and
pBin19, which contained a kanamycin resistance gene
(nptl]) as selectable marker, were introduced into the A.
tumefaciens strain and the resulting clone was used to
investigate the efficiency of the 2 plasmids/one strain
system (Figure 1A). The multiple T-DNAs binary vector
pGA2T-CP1 (Figure 1D) was used to analyze the delivery
of two T-DNAs from one vector system in plant cells.

Frequency of co-transformation and molecular
analysis of R, plants

The co-transformation efficiency of pGA2TNH was
analyzed by N. benthamiana plant transformation. The
transformed explants were initially screened on selec-
tion medium containing kanamycin. Each transgenic R,
shoot was propagated as 3-6 plantlets and maintained

on selection medium containing kanamycin. To evalu-
ate the feasibility of both marker genes on pGA2TNH,
some propagated R, lines were screened on the medium
containing kanamycin. Initially, this was done for 3 weeks
(Figure 2C), the top shoots were then cut from the propa-
gated lines and transferred to the medium containing
hygromycin (Figure 2D) for another 3 weeks. Some other
propagated R, lines were initially screened on the medium
containing hygromycin. After three weeks, the top shoots
were cut and transferred to the medium containing kana-
mycin for an additional 3 weeks. Twelve lines revealed
resistance to both kanamycin and hygromycin (Table 2).
The integration of the genes of interest and the selection
markers (npfll and Apt) was studied by PCR to determine
the co-transformation frequency. Six out of twelve (50.0%)
R, plants transformed with pGA2TNH contained both
selectable markers and genes of interest (Table 2, Figure
2B). The other two systems, pGANP-CP1/pBin19 and
the pGA2T-CP1, were analyzed by N. benthamiana plant
transformation. The regenerated R, plants were screened
on selection medium containing kanamycin and used to
study the integration of the CP1 gene and npfIl by PCR
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to determine the co-transformation frequency. Ten out of
twenty-three (43.5%) R, plants from pGANP-CP1/pBin19
and nine out of eighteen (50%) R, plants from pGA2T-
CP1 contained both selectable markers and genes of inter-
est (Table 2).

Southern blot analysis was carried out to investigate
the integration pattern of marker and target genes in the
R, transgenic plants to predict their genotype segregation
frequency. The copy numbers of target genes in transgenic
plants were estimated based on the number of either the
Spel or EcoRI digested fragments that hybridized with the
probes encoding the sequence of selection marker genes
and the sequence of T-DNA (or CP1 gene), respectively. In
PGA2TNH systems, the border fragments hybridized with
the sequence of T-DNA and selection marker genes expect
to be longer than 3.5 kb and 4 kb, respectively (Figure
3A). The sizes of hybridization bands from all analysis
lines were as predicted except line f-15-8 with a hybrid-
ization band about 3 kb, which may have been due to the
incomplete integration of the T-DNA region (Figure 3A,
top). In the pPGANP-CP1/pBin19 and the pGA2T-CP1 sys-
tems, the fragments at the borders that were hybridized to
the CP1 gene and to nptll, respectively, were longer than
2.5 kb (Figure 1). Additionally, the R, transgenic plants
showed either single or multiple copy signals for both se-
lection marker genes and for the sequence of T-DNA (or
CP1 gene), which indicated their presence (Figure 3B).

Segregation of marker-free transgenic plants

The transgenic plants carrying the gene of interest and
selection marker genes were maintained in the greenhouse
for self-pollination and seeds were collected to screen the
marker-free transgenic plants at the progeny level. Seeds
were surface-sterilized and germinated on MS medium. If
the two co-transformed T-DNAs were integrated into un-
linked loci, selectable marker and target genes would seg-
regate at the progeny level. The expected four genotypes
of progeny were: nptll (+)/target (+), npdl (+)/target (-),
nptll (-)/target (+), and nptll (-)/target (-).

In the bi-selectable markers system, three selected
pGA2TNH-transformed R, lines, f-14-2, f-15-5 and r-2-6,
were examined by PCR for segregation of marker-free
transgenic plants (Table 3). Among these three R, lines,
lines f-14-2 and f-15-5 exhibited all four classes of R,
plants expected for the unlinked integration of two sepa-

Table 2. Frequencies of co-transformation in R, lines.
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rate T-DNAs. Of the 45 R, plants of line f-14-2, 12 plants
tested positive for the gene of interest but lacked the selec-
tion marker gene, showing a marker gene elimination fre-
quency of 26.7%. The marker gene elimination frequency
of line f-15-5 was 17.5% (Table 3). Southern blot analysis

( A) Bi-selection mllt:ln system

> \‘?‘:‘b” W A

Selectable marker

3kb=

(B) 2 TDNAs/one plasmid system 2 plasmidsione strain system
pEAZT-CH pGANP-CP1/pBin19

2-7 244 11 66 21569 21 64 44 52 45 H

d Target gene

. ﬂ Selectable marker

. |
L= |

Figure 3. Southern blot analysis of the R, transgenic plants. (A)
15 pg genomic DNAs of pGA2TNH lines were analyzed. Total
DNA digested with EcoRI and probed with the sequence of T-
DNA for target gene (top), while total DNA digested with Spel
was probed with selection marker gene (bottom). Lane H: non-
transformed plant. (B) In pGA2T-CP1, 15 pg genomic DNA of
lines 2-7, 2-4, 1-1, 6-6, and 2-15 were digested with HindlIl and
probed with CP1 coding sequence, while total DNA digested
with Spel was probed with nptll coding sequence. In pGANP-
CP1/pBin19, total DNA (15 pg) of lines 2-1, 6-4, 4-4, 5-2, and
4-5 were digested with HindIIl and the sequence of CP1 (up)
and nptll gene (down) were used as probes. Fragments hybrid-
ized with the CP1 and nprIl were expected to be longer than 2.5
kb as shown (Figure 1C, D). Lane H: non-transformed plant.

Number of R, (Kan") lines
Constructs transformed Total Co-transformed R, lines Co-transformation frequency
(Kan®-+target gene) (%)
pGA2TNH 12* 6" 50.0
2T-DNA (PGA2T-CP1) 23 10 43.5
2-plasmid (pGANP-CP1/pBin19) 18 9 50.0

“Number of R, lines containing Hygromycin resistant (Hpt") gene and Kanamycin resistant (Kan®) gene.
°Co-transformed R, lines containing of Hpt® gene, Kan® gene and the other T-DNA for gene of interest.
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Table 3. Segregation of selectable marker and interested gene in R, progeny.

Copy number

Number of R, plants

R C
Constructs Line Ro) -
transformed (Ry) nptll/  nptll/  nptll/  nptll/  Expected ratio =~ Marker-free Linked
T N Total target target target target for the four transgenic M/taroct®
+/+ +/- -/+ -/- genotypes plants (%) P &
pGA2TNH* 142 1 1 45 21 7 12 5 9:3:3:1 26.7 In°
f-15-5 1 1 40 19 10 7 4 9:3:3:1 17.5 0
r-2-6 2 2 38 30 7 1 0 225:15:15:1 2.6 1
2T-DNA" 2-4 1 1 43 27 6 8 2 9:3:3:1 18.6 0
(PGA2T-CP 1)
6-6 2 3 47 43 1 3 0 945:63:15:1 6.4 1
1-1 2 2 45 40 1 4 0 225:15:15:1 8.9 0
2-plasmids® o) 2 1 58 43 0 14 1 45:3:15:1 24.1 0
(pGANP-CP
1/pBin19) 6-4 2 2 46 40 2 4 0 225:15:15:1 8.7 0

*The T-DNA region for interested gene and nptIl fragments of R, plants were amplified by PCR.

"The CP1 gene and nptll fragments of R, plants were amplified by PCR.

“The copy number was analysis by Southern blot; T: target gene (CP1); N: nprI1.

YPhenotypic linkage behavior was determined by the smallest chi-square analysis (X?). The critical value for 1 df at a significant lev-
el of 0.05 is 3.841. The chi-square value of more than 3.841 was designated as linked loci. X*= X(Observed-Expected)2/Expected.
‘In: incompletely linked. The event was not accepted as unlinked but still produced recombinant R, phenotype.

of the R, progeny of line f-15-5 confirmed the integration
of the target gene and selection marker of the plant ge-
nome (Figure 4).

In the 2 T-DNAs/one plasmid system, three selected
pGA2T-CP1 transformed R, lines, 2-4, 6-6 and 1-1, were
examined for the segregation of marker-free transgenic
plants. Of these three lines, only lines 2-4 exhibited all
four classes of R, plants expected for the unlinked inte-
gration of two separate T-DNAs (npfll and CP1). Out of
the 43 R, plants analyzed, 8 plants tested positive for the

partial CP1 gene fragment but lacked the nprIl fragment,
showing a marker gene elimination frequency of 18.6%
(Table 3). The two other R, lines, 6-6 and 1-1, showed
only three classes of R, plants [without npfII (-)/target (-)],
indicating a marker-free elimination frequency of 6.4%
and 8.9%, respectively (Table 3).

When two pGANP-CP1/pBinl9 co-transformed R,
lines, 2-1 and 6-4, of the 2 plasmids/one strain system
were used to analyze the segregation frequency, both lines
showed the production of marker-free transgenic progeny.

- + + o+ o+ - + + + - - Target
+ + + -+ 4 - + + - - Selection marker
1 2 3 4 5§ 6 7 8 9 10 11
T-DNA for
Target gene

10 kb—

Selection marker

Figure 4. Southern blot analysis of the progeny of pGA2TNH transgenic line f-15-5. Genomic DNA (15 pg) of R, progeny were di-
gested with EcoRI and probed with the sequence of T-DNA for target gene (top), while total DNA digested with Spel was probed with
selection marker gene (bottom). R, progeny of selection markers (+)/target (+) (lanes 2, 3, 5, 8 and 9), selection markers (+)/target (-)
(lanes 1 and 6), selection markers (-)/target (+) (lanes 4 and 7), selection markers (-)/target (-) (lane 10) and non-transformed control

(lane 11).
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Lines 2-1 and 6-4 produced only three classes of R, plants
and R, plants of line 2-1 lacked the genotype of npfl (+)/
target (-). Of the 58 R, plants, 14 plants exhibited nptll (-)/
target (+), indicating a marker gene elimination frequency
of 24.1% (Table 3). R, plants of line 6-4 lacked the geno-
type of nptll (-)/target (-) and of 46 R, plants, 4 plants ex-
hibited nptl (-)/CP1 (+), giving a marker-free elimination
frequency of 8.7% (Table 3).

DISCUSSION

The current trend to eliminate selectable markers from
transgenic plants is the result of environmental and public
health concerns. Several strategies for greater efficiency
and/or convenience have been successfully implemented.
(Verweire et al., 2007; Charng et al., 2008). Though npfII,
which confers resistance to the antibiotic kanamycin, is
the most widely-used selectable marker, it is ineffective
when used as a selection agent for plants like orchids (Chia
et al., 1994), cereals, several legumes and gramineae (Zi-
emienowicz, 2001). This characteristic limits the use of
the marker-free system for plants carrying the npfIl gene
as the selection marker. In this study, we show how we
developed a new bi-selectable marker binary vector called
pGA2TNH, not only to generate marker-free transgenic
plants but also to alleviate the limitations of npfIl.

Multiple selection marker genes were inserted into one
of the two T-DNAs in one plasmid and introduced into N.
benthamiana plants. In the first selection, the regenerated
shoots grew well on the kanamycin- and hygromycin-
containing mediums, indicating that both selection marker
genes were functionally expressed (Figure 2C, D). Previ-
ous studies indicated that high transformation frequencies
can be obtained by utilizing a single Agrobacterium strain
to deliver two T-DNAs. Komari et al. (1996) observed that
the co-transformation frequency in a single strain method
was more than 47%, while the frequency was less than
37% when a mixed-strain method was used. Similar re-
sults were obtained by Miller et al. (2002) and Chen et al.
(2005). In this study, the co-transformation frequency us-
ing the bi-selectable marker system (pGA2TNH) was 50%
as compared to 50% using 2 plasmids/one strain (pGANP-
CP1/pBin19) and 43.5% with the traditional 2 T-DNAs/
one plasmid (pGA2T-CP1) system. These results showed
that the co-transformation frequencies were almost the
same among the three systems (Table 2) indicating that
multiple selectable markers in one T-DNA had no impact
on the transformation frequency. This suggests that the
transfer and the interaction of each T-DNA are indepen-
dent events, even when multiple T-DNAs are in the same
plasmid.

A high efficiency of co-transformation and unlinked in-
tegration of T-DNAs are two important parameters for the
elimination of selectable markers in the progeny (Komari
et al., 1996). The copy number of marker gene integra-
tion was only one or two copies in bi-selectable markers
system developed in this study (Figure 3A). However, in
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the other two systems there were often more than two cop-
ies (Figure 3B). Low copies of marker genes increased
the marker-free segregation proportion indicating that the
bi-selectable marker system may be an easier system for
obtaining marker-free transgenic plants. For instance, a
high ratio of marker-free transgenic plant was observed on
transgenic plants carrying one copy of selection marker
genes in this study. While co-transformed transgenic plants
carrying one copy of target gene and marker gene, respec-
tively, and the two genes were integrated into unlinked loci
of plant genome, the expected ratio for the four genotypes
in R, progeny was 9:3:3:1. The ratio of marker-free trans-
genic plants (target gene only) in R, was 3/16 (18.75%)
close to the results observed in pGA2TNH (17.5%) and
pGA2T-CP1 (18.6%) (Table 3). The same, co-transformed
transgenic plants carrying two copy of target gene and one
copy of marker gene, the expected ratio for the four geno-
types in R, progeny was 45:15:3:1. The ratio of marker-
free transgenic plants in R; was 15/64 (23.4%) close to the
results observed in pGANP-CP1/pBinl19 (24.1%) (Table
3). Though few lines showed phenotypic linkage behavior,
they were observed in transgenic lines carrying multiple
copies of trans- and marker genes (Table 3). One special
case occurred on line f-14-2 of pGA2TNH. The event was
not accepted as unlinked but still produced high ratio of
marker-free segregation proportion (Table 3). This may be
due to the recombination of transgene and marker genes
after the integration of the plant genome.

We have succeeded in developing an efficient bi-
selectable marker system capable of generating marker-
free transgenic plants. The binary vector pPGA2TNH can
be used for crop improvement and more conveniently,
for experimental or commercial needs. In practical ap-
plication, binary vector pGA2TNH has the potential to
transform a wide range of plant species, including di- and
monocotyledonous plants, and even flower crops. It also
is less tedious, since genetic manipulation involves only
one plasmid. Moreover, unlike some double T-DNA vec-
tors constructed only by inserting a small “right border
and left border” section into the polylinker of a standard
binary vector (Matthew et al., 2001), the distance between
the 2 T-DNA was more than 2 kb in the pGA2TNH vec-
tor which may reduce the frequency of T-DNA integration
into linked loci. Developing marker-free transgenic plants
not only decreases the risk of harm to the environment and
to the public, but also boosts public acceptance of trans-
genic crops.
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