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Abstract To excise a selectable marker gene from
transgenic plants, a new binary expression vector based
on the ‘genetically modified (GM)-gene-deletor’ sys-
tem was constructed. In this vector, the gene coding for
FLP site-specific recombinase under the control of a
heat shock-inducible promoter HSP18.2 from Arabid-
opsis thaliana and isopentenyltransferase gene (ipf), as
a selectable marker gene under the control of the
cauliflower mosaic virus 35S (CaMV 35S) promoter,
were flanked by two loxP/FRT fusion sequences as
recombination sites in direct orientation. Histochemical
staining for GUS activity showed that, upon induction
by heat shock, all exogenous DNA, including the
selectable marker gene ipt, f-glucuronidase (gusA) gene
and the FLP recombinase gene, between two loxP/FRT
sites was eliminated efficiently from primary trans-
genic tobacco plants. Molecular analysis further
confirmed that excision of the marker gene (ipf) was
heritable and stable. Our approach provides a reliable
strategy for auto-excising a selectable marker gene
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from calli, shoots or other tissues of transgenic plants
after transformation and producing marker-free trans-
genic plants.
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Introduction

In plant transformation systems, selectable marker
genes, which confer resistance to selective chemical
agents such as antibiotics or herbicides, are often
required to select transformants from non-transformed
plant cells and tissues during the process of production
of transgenic plants (Yoder and Goldsbrough 1994).
However, most transformed cells do not regenerate
easily because these selective agents are not only toxic
to non-transformed cells but also to transformed cells.
An alternative is provided by so-called positive
selection systems such as the f-glucuronidase (gusA)
gene from Escherichia coli (Joersbo and Okkels 1996),
the xylose isomerase gene from Thermoanaerobacte-
rium thermosulfurogenes (Haldrup et al. 1998) and
oncogenes from Agrobacterium tumefaciens or
A. rhizogenes (Christy et al. 1997).

The isopentenyltransferase gene (ipf) from A. tum-
efaciens is effective as a positive selectable marker
gene for plant transformation (Smigocki and Owens
1988; Ebinuma et al. 1997; Sugita et al. 1999, 2001).
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One major drawback using it as a selectable marker is
that transgenic plants exhibit an extreme shooty
phenotype (ESP) due to continuous expression of the
marker gene (Ebinuma et al. 1997; Sugita et al. 1999,
2001). To date, several approaches, such as cotransfor-
mation, transposition and site-specific recombination
(Goldsbrough et al. 1993; Komari et al. 1996; Ebinuma
et al. 1997; Sugita et al. 1999, 2001; Hohn et al.
2001; Hare and Chua 2002; Srivastava and Ow 2004),
have been successfully explored to excise selectable
marker genes from transgenic plants. However,
excision efficiencies of these systems are generally
low in higher plants (Russell et al. 1992; Lyznik
et al. 1996; Luo et al. 2000; Hare and Chua 2002;
Ow 2002). More recently, a novel technology,
GM-gene-deletor, based on Cre/loxP and FLP/FRT
site-specific recombination systems derived from
bacteriophage P1 and yeast was developed for
addressing this pitfall (Luo et al. 2007). Using this
system, all functional foreign genes were automati-
cally eliminated with a high efficiency from pollen
and seeds of transgenic tobacco.

In the present paper, we describe an auto-excision
strategy based on the GM-gene-deletor system for
removal of selectable marker genes from transgenic
plants. Utilizing this system, all extraneous DNA
flanked by two loxP/FRT sites in direct orientation
was eliminated efficiently from transgenic tobacco
plants after the heat shock treatment, when the
FLP gene was expressed under the control of a heat-
shock promoter Hspl8.2 from Arabidopsis thaliana
(Takahashi and Komeda 1989).

Materials and methods
Vector construction

Molecular manipulation methods, such as plasmid
DNA isolation, restriction enzyme analysis, ligation of
DNA fragments and transformation of Escherichia
coli, were performed as described by Sambrook et al.
(2001). The pLF_HSP-FLP-ipt vector was constructed
as follows. A HindIlII fragment containing the chimeric
35S-ipt-nos gene was excised from pBluescript II KS
(Y. Li, unpublished work), then blunt-ended and
ligated into the Smal site of the vector pLF (Luo et al.
2007), which carried the 35S-GUS:NPTII-nos fusion
gene (Fabijanski et al. 2001) flanked by two loxP/FRT
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sites in direct orientation, to generate pLF_ipz. Subse-
quently the Hspl8.2-FLP-nos fusion gene was
digested with Kpnl plus Sall from pBluescript II KS
(Luo et al. 2005), inserted into the same restriction
sites of the pLF_ipt vector, and produced the vector
pLF_HSP-FLP-ipt (Fig. 1b).

The plasmid obtained above was introduced into
A. tumefaciens 1.BA4404 using a freeze-thaw
method (Hofgen and Willmtzer 1988). As controls,
the binary vectors pBI121 (Clontech) and pBIG (Luo
et al. 2006) carrying a chimeric ipt gene driven by the
CaMYV 35S promoter but without the GM-gene-deletor
system were also introduced into A. tumefaciens
(Fig. 1a). Transformants were selected on YEB (Verv-
liet et al. 1975) solid medium supplemented with
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Fig. 1 Schematic representation of T-DNAs used for plant
transformation. (a) The T-DNA region of vector pBIG
containing the isopentenyl transferase gene (ipf) under the
control of the CaMV 35S promoter. (b) The T-DNA region of
vector pLF_HSP-FLP-ipt. The FLP gene and the GUS-NPTII
fusion gene are driven by the heat shock promoter HSP18.2
and the CaMV 35S promoter, respectively. (¢) The expected T-
DNA fragment following excision of the GM-gene-deletor
system. RB, right border; LB, left border; Pnos, promoter of
nopaline synthase gene; 35S, CaMV 35S promoter; HSP,
promoter of heat shock gene HSP18.2; nos, polyadenylation
sequence of nopaline synthase gene; GUS, glucronidase gene;
ipt, isopentenyl transferase gene; NPTII, neomycin phospho-
transferase gene; FLP, recombinase gene of yeast site-specific
recombination FLP/FRT system; LF, loxP and FRT fusion
recognition sites. Restriction sites are indicated for: E, EcoRI;
H, HindIll; K, Kpnl; N, Nhel; X, Xhol; S, Sall. Small arrows
represent PCR primers to amplify the ipt, GUS, and post-
excision fragments
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50 mg kanamycin/l plus 100 mg rifampicin/l, and
further confirmed by restriction enzyme analysis.

Plant transformation

Nicotiana tabacum cv. Xanthi was grown in a green-
house under an 18 h light/6 h dark photoperiod at
25°C. Agrobacterium tumefaciens-mediated transfor-
mation of N. tabacum was performed according to Li
et al. (1992) with the following changes: the infected
leaf discs were transferred to hormone- and kanamy-
cin-free MS medium with 150 mg rifampicin/l to
eliminate Agrobacterium after co-cultivation for
3 days. The explants were cultivated at 25°C in a
16:8 h (light:dark) photoperiod and transplanted to
fresh MS medium every 2 weeks. Adventitious shoots
regenerated from infected leaf discs were excised and
transferred to fresh kanamycin- and hormone-free MS
medium supplemented with 150 mg rifampicin/l, and
finally cultured at 25°C under 3,000 lux.

Heat-shock treatment

Regenerated shoots with ipr-shooty phenotype were
cultured on solid hormone-free MS medium containing
150 mg rifampicin/l approximately 2 months after
infection with the construct pLF_HSP-FLP-ipt. The
Hsp18.2 heat shock promoter was used to control
expression of the FLP gene in the heat induction
experiments. As described by Liu et al. (2005), heat
induction experiments were performed with two con-
secutive heat treatments such that plants were incubated
at 37°C for 8 h, allowed to recover for 48 h at 25°C, and
then incubated at 37°C for 16 h. These plants were
analyzed 7 days after the second treatment.

Histochemical staining and fluorometric assay
of GUS activity

Histochemical assays for GUS activity of transgenic
plants were performed as described by Jefferson
(1987) to confirm the presence of transgenes in the
tobacco genome. Leaf segments of transgenic plants
were vacuum-infiltrated for 10 min in 1 mM X-Gluc
in 50 mM sodium phosphate buffer, pH 7.0, 2 mM
DTT and 20% (v/v) methanol, then incubated at 37°C
for 24-28 h. To remove chlorophylls and other

pigments, leaf sections were soaked in 75% (v/v)
ethanol at 65°C for at least 1 h.

Fluorometric assays of GUS activity were used to
measure as described by Jefferson et al. (1987). The
substrate for GUS activity measurements in vitro was
used MUG (4-methylumbelliferyl-f-p-glucuronide).
Plant samples were lyzed in extraction buffer
[50 mM phosphate buffer, pH 7.0, 10 mM EDTA,
0.1% (v/v) Triton X-100, 0.1% (v/v) sodium lauryl
sarcosine, and 10 mM f-mercaptoethanol] by freez-
ing with liquid N, and grinding by mortar and pestle
with silicon. Aliquots of the extracts (100 pl) were
added to 1 ml of assay buffer (extraction buffer
containing 1 mM MUG), pre-warmed and incubated
at 37°C. After 0, 5 and 20 min, 100 pl samples were
removed and placed in 1.9 ml stop-buffer (200 pM
sodium carbonate). Fluorometric measurements of
GUS activity were carried out using a Multi-Detec-
tion Microplate Reader (Bio-TEK Synergy HT).
Total protein content in the extracts was determined
by the Bradford method (1976). Relative GUS
activities were calculated and expressed as picomole
MUG per minute per milligram protein with data
from three technical replicates per sample. Five
independent lines were tested per treatment.

DNA preparation and analysis

Total genomic DNA was isolated from regenerated
plants by CTAB method as previously described
(Doyle and Doyle 1990). The presence of transgene
inserts in the genome of transgenic plants was
determined by PCR. The primers used to amplify
the GUS gene were G1/G2 (5-GTGGAATTGAT
CAGCGTTGG-3' and 5-CCGACAGCAGCAGTTT
CATC-3'). The predicated size of the amplified
GUS segment is 985 bp. Another pair of primers
I1/12 (5-GCGTCTAATTTTCGGTCCAAC-3’ and
5'-CGAATG GTGGGCCTTCAAATC-3') was used
to amplify a 704-bp fragment of the ipr gene. PCR
reactions were performed under standard conditions
with 5 min pre-denaturation at 95°C, and then 1 min
denaturation, 1 min annealing and 1 min extension at
94, 60 and 72°C, respectively, for 35 cycles.
Genomic DNA from transgenic plants after
treatment with heat shock was used to establish the
post-excision signal. Two oligos R and L, 5-GAACG
TGGCGAGAAAGGAAGG-3' and 5'-ACTGACAG
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AAGGGCAACGTTG-3', specific to the T-DNA
sequences outside the pLF_HSP-FLP-ipt sequences
were used as primers for PCR reactions. PCR
reactions were carried out for 40 cycles at 94°C for
1 min, and 60°C for 1 min for and then 72°C for
8 min. DNA fragments were amplified by Ex Taq
polymerase (TaKaRa, Dalian, China). PCR products
for sequencing analysis were separated and purified
on agarose gels and then eluted. DNA sequences
were determined by dye terminator cycle sequencing
using an Applied Biosystem 377 DNA sequencer
(Perkin-Elmer Corp, CA, USA). Sequencing from
both the sense and antisense orientations was per-
formed for confirmation.

Results and discussion
Construction of pLF_HSP-FLP-ipt vector

Previous studies have demonstrated that the ipt gene is
efficient as a dominant and visual selectable marker for
Agrobacterium-mediated ~ plant  transformation
because transgenic explants with abnormal shooty
morphology can be generated on a hormone-free
medium (Smigocki and Owens 1988; Ebinuma et al.
1997; Sugitaet al. 1999). To eliminate the marker gene
ipt from transgenic plants after transformation, an
auto-excision vector pLF_HSP-FLP-ipt based on the
GM-gene-deletor system was constructed as shown in
Fig. Ib. Two loxP/FRT hybrid sequences as the
recognition sites flanked all transgenes, including
FLP recombinase gene, GUS:NPTII fusion gene as a
model gene of interest and ipr as a selectable marker.
The heat-shock HSP18.2 promoter, which showed no
detectable expression in Arabidopsis under normal
conditions except for weak expression in secondary
root hairs and could be induced strongly in the
presence of heat stress (Takahashi et al. 1989, 1992),
was fused to FLP recombinase to control removal of ipt
gene. Theoretically, heat shock-induced expression of
FLP gene leads to elimination of all sequences between
two loxP/FRT sites (Fig. 1c). The morphological
changes caused by the presence or absence of ipt
allows visual selection of ipt-shooty or marker-free
plants, respectively. Therefore, it is expected that
excision of ipt gene by the ‘heat shock (HS)-GM-gene-
deletor’ system would be feasible for producing
marker-free transgenic plants.
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Production of marker-free transgenic plants

In a previous study, we demonstrated that the
GM-gene-deletor system, which was controlled by
pollen- and seed-specific gene promoters, could auto-
excise all functional transgenes from transgenic
pollen and seeds with high efficiency (Luo et al.
2007). Here we evaluated the GM-gene-deletor
system controlled by a heat-shock gene promoter
HSP18.2 for removal of a selectable marker gene ipt
in transgenic tobacco plants. Leaf discs of N. tabac-
cum were infected with A. tumefaciens harboring
pBIG and pLF_HSP-FLP-ipt respectively, and culti-
vated on solid hormone-free MS medium. A large
number of adventitious buds were differentiated from
leaf discs approximately 4 weeks after infection
(Fig. 2a). In contrast, no buds were formed on
hormone-free MS medium when the binary vector
pBI121 (Chen et al. 2003), which did not contain ipt
gene, was introduced into leaf discs (data not shown).
These adventitious buds were removed from the leaf
discs and transferred to fresh hormone-free MS
medium. After culture below 25°C for a further
3 weeks, some of these buds developed into putative
transgenic explants which exhibited ips-shooty phe-
notype (Fig. 2b). Similar to a previous report (Sugita
et al. 2001), an equal regeneration frequency of ipz-
shooty explants was obtained when transformed with
the vectors pBIG and pLF-HSP-FLP-ipt, respectively
(Table 1). In the GUS histochemical assay, approx-
imately 60% of the ipt-shooty plants transformed
with these two vectors were GUS-positive (Table 1).
These data suggested that ipr was highly effective as
a selectable marker gene for transformation and
excision of the GM-gene-deletor system was con-
trolled strictly by the HSP18.2 promoter.

To obtain marker-free transgenic plants directly
from adventitious shoots, 20 ipr-shooty explants
regenerated from leaf discs infected with pLF_HSP-
FLP-ipt were selected randomly and transplanted to
fresh hormone-free MS medium. After heat shock
treatment, 12 out of these ipr-shooty explants devel-
oped into phenotypically normal shoots within
1 month of cultivation (Fig. 2c¢). However, no phe-
notypic changes were observed in the ipr-shooty
shoots carrying the vector pBIG, which had the
chimeric 35S-ipt-nos gene but lacked the GM-gene-
deletor system, even in the presence of heat shock
(data not shown). Subsequently, both ips-shooty and
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Fig. 2 Production of transgenic shoots from tobacco leaf discs
after transformation. (a) Regeneration of adventitious buds on
hormone-free MS medium. (b) ipt-shooty, approximately
3 weeks after transplantation of adventitious buds. (¢) Normal
phenotypic shoots (putative marker-free transgenic shoots)
appeared from these ipt-shooty within 1 month of cultivation
after heat shock treatment. (d) ipz-shooty and phenotypically

normal shoots rooted. (e) Comparison of ipt-shooty and
phenotypically normal shoots after an additional 2 weeks of
rooting. (f) Histochemical staining of GUS activity of
transgenic leaves before induction of heat shock. (g) Histo-
chemical staining of GUS activity of transgenic leaves after
induction of heat shock. Scale bars: (a) 0.4 cm, (b) 0.6 cm, (¢)
0.8 cm, (d) 1.0 cm, (e) 1.0 cm, (f) 1.0 cm, (g) 1.0 cm

Table 1 Efficiencies of adventitious bud formation and putative transgenic shoot regeneration from tobacco leaf explants infected
with Agrobacterium tumefaciens LAB4404 carrying the binary vectors pBI121, pBIG and pLF_HSP-FLP-ipt

Vector No. of No. of No. of ipt-shooty No. of GUS-positive
leaf discs adventitious buds explants (%) explants (%)

pB121 14 0 0 (0) 0 (0)

pBIG 22 89 72 (81) 45 (63)

PLF_HSP-FLP-ipt 20 82 65 (79) 39 (60)

Adventitious buds were regenerated on solid hormone-free MS medium and then transferred to the same medium

phenotypically normal shoots were transplanted to
fresh hormone-free MS medium and rooted (Fig. 2d).
After an additional 2 weeks, the former showed loss
of apical dominance and inhibition of root formation
while the later grew normally (Fig. 2e). These results
suggested that the GM-gene-deletor system driven by
the HSP18.2 promoter was highly efficient to remove
the selectable marker gene, resulting in generation of
putative marker-free transgenic tobacco plants from
an ipt-shooty.

Verification of marker-free shoots by GUS assay

The phenotypic alterations of putative transgenic
plants have indicated that excision of the marker gene

ipt could occur upon induction of heat shock. We
further confirmed excision events in transgenic shoots
through analysis of GUS expression. Histochemical
GUS staining revealed GUS activity in leaves of
putative transgenic plants hosting plasmid pLF_HSP-
FLP-ipt (Fig. 2f), but this activity disappeared 7 days
after heat-shock induction (Fig. 2g). Furthermore, a
quantitative fluorometric GUS assay was carried out
with leaves from uninduced and induced primary
lines with ipz-shooty phenotype. As a control, trans-
genic plants carrying pBI121 were also produced on
MS medium containing 100 mg kanamycin/l and
plant hormones (0.1 mg NAA/l and 1 mg BA/1). The
results showed that heat shock treatments did not lead
to reduced GUS expression in the pBI121 and pBIG
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plants (Fig. 3a, b). Strong GUS activities comparable
with those in the pBI121 plants were observed in the
uninduced transgenic ipt-shooty plants harboring
pLF_HSP-FLP-ipt vector, but GUS activity in four
out of five lines tested was reduced drastically 5 days
after treatment with heat shock (Fig. 3c, lines 1-4).
These results indicated that heat shock treatment
resulted in excision of the foreign genes, including
GUS:NPTII, FLP and ipt, flanked by 1oxP/FRT sites.

Molecular analysis of heat shock-induced
excision in transgenic plants

To investigate the heat shock-induced DNA excision
events at the molecular level, GUS-positive primary
transgenic shoots were subjected to polymerase chain
reaction (PCR) analysis. Two pairs of the gene-
specific primers G1/G2 and 11/12 were designed to
confirm the integration of the GUS and ipt genes,
respectively (Fig. 1b). Consequently, both the pre-
dicted 1.0-kb GUS and 0.7-kb ipt fragments were
detected in all five uninduced ipt-shooty plants
(Fig. 4a, b). No PCR products were obtained when
genomic DNA isolated from untransformed plants
was used as DNA templates. These results indicated
that the transgenes were incorporated into the tobacco
genome.

Through heat-shock treatment, all extraneous DNA
sequence between two direct loxP/FRT sites should be
excised by expression of FLP gene, resulting in
production of a 1.8-kb DNA fragment, as shown in
Fig. lc. As aresult, FLP, ipt and GUS:PTII genes will
be not detected. To verify the excision events, another
pair of primers R/L was designed to amplify the post-
excision sequence. After heat-shock induction, both
the primers R/L and G1/G2 were used simultaneously
to determine the presence of the transgenes. PCR
results revealed that a 1.8-kb post-excision DNA
fragment was detected in all five transgenic plants
tested, but the 1.0-kb GUS fragment disappeared in
four transgenic lines (Fig. 4c, lanes 1-4). Interestingly,
in the fifth transgenic line (Fig. 4c, lane 5), both the
GUS and post-excision fragments were detected,
indicating that excision of the transgenes in this line
was incomplete. The result was consistent with the
previous data from the quantitative fluorometric GUS
assay of transgenic plants, in which higher GUS
expression was observed in this partly cured line
after heat-shock induction, compared to other four
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Fig. 3 Quantitative fluorometric GUS assay of heat shock-induced
transgenic plants and controls. Shoots with true leaves from induced
and uninduced transgenic shoots were assayed for GUS activity,
which is expressed in quantity (pmol) of 4-methylumbelliferyl-f-p-
glucuronide (MUG) per minute per milligram protein. (a) GUS
activities of five pBI121 transgenic lines. (b) GUS activities of five
pBIG transgenic lines. (¢) GUS activities of five pLF_HSP-FLP-ipt
transgenic lines. Error bars indicate SE values (n = 3)

completely cured transgenic lines (Fig. 3c). Similar
results on variation in excision efficiency have been
reported previously (Odell et al. 1990; Bayley et al.
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Fig. 4 PCR analysis of putative marker-free transgenic tobacco
plants. PCR reactions were performed as described in “Materials
and methods” using primers G1/G2, 11/12, and R/L which were
represented in Fig. lc. (a) PCR amplification of the GUS
fragment. (b) PCR amplification of the ipr fragment. (¢) PCR
amplification of the post-excision fragment from transgenic
plants after heat shock treatment. (d) PCR amplification of the
post-excision fragment from T1 progeny of transgenic plants.
Lanes 1-5: PCR products from transgenic plants. Lane 6: PCR
products from untransformed plants. Lane MM: DNA molecular
size marker
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1992; Russell et al. 1992; Hoa et al. 2002; Luo et al.
2007). Presumably variations in excision efficiency
were caused by chromosomal position of the trans-
genic loci in and/or the difference in recombinase
activity in plants (Gilbertson 2003). In addition, the
1.8-kb signal was not found in non-transformed plants.
Taken together, these results suggested that marker-
free transgenic tobacco plants were obtained from
GUS-positive ipt-shooty lines through the HS-GM-
gene-deletor system.

Heritability analysis of marker-free plants

Finally, we also determined heritability of marker-
free transgenic tobacco plants. Four independent

transgenic lines mentioned above, in which the ipt
gene was excised successfully after heat shock
treatment, were chosen for heritability analysis. All
T1 progeny of these transgenic lines appeared
phenotypically normal. Histochemical assay for
GUS expression revealed no GUS activity in the
leaves, stems, flowers or roots of the transgenic
progeny plants (data not shown). PCR amplification
with primers 11/12 showed that a 1.8-kb post-excision
DNA fragment was obtained in all the T1 progeny
plants (Fig. 4d), suggesting that the excision of the
marker gene was inherited stably. Hence, our results
indicate that the heat inducible GM-gene-deletor
system might be a useful tool in transgenic manip-
ulation to generate marker-free transgenic plants.
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