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Abstract We describe a procedure for producing trans-
genic bottle gourd plants by inoculating cotyledon ex-
plants with Agrobacterium tumefaciens strain AGL1 that
carries the binary vector pCAMBIA3301 containing a
glufosinate ammonium-resistance (bar) gene and the b-d-
glucuronidase (GUS) reporter gene. The most effective
bacterial infection was observed when cotyledon explants
of 4-day-old seedlings were co-cultivated with Agrobac-
terium for 6–8 days on co-cultivation medium supple-
mented with 0.1–0.001 mg/l l-a-(2-aminoethoxyvinyl)
glycine (AVG). The putatively transformed shoots di-
rectly emerged at the proximal end of cotyledon explants
after 2–3 weeks of culturing on selection medium con-
taining 2 mg/l dl-phosphinothricin. These shoots were
rooted after 3 weeks of culturing on half-strength MS
medium containing 0.1 mg/l indole acetic acid and 1 mg/l
dl-phosphinothricin. Transgenic plants were obtained at
frequencies of 1.9%. Stable integration and transmission
of the transgenes in T1 generation plants were confirmed

by a histochemical GUS assay, polymerase chain reac-
tion and Southern blot analyses. Genetic segregation anal-
ysis of T1 progenies showed that transgenes were inher-
ited in a Mendelian fashion. To our knowledge, this study
is the first to show Agrobacterium-mediated transforma-
tion in bottle gourd.
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Introduction

Bottle gourd (Lagenaria siceraria Standl.) has been used
routinely as a source of rootstock for watermelon and
other cucurbit crops in both Korea and Japan as a means
to reduce the incidence of soil-borne diseases and to
promote the vigor of the root system of the crop under
conditions of low temperature (Lee and Oda 2003). Re-
cently the potential of Lagenaria rootstock to confer re-
sistance to the carmine spider mite has also been reported
(Edelstein et al. 2000). Most of the damage that arises
from the continuous cropping of vegetables grown for
commercial purposes in the greenhouse is caused by soil-
borne diseases and salinization of the soil. To overcome
these problems, more than 95% of the commercially
grown watermelons are grafted onto bottle gourd or
squash (an interspecific hybrid between Cucurbita maxi-
ma � C. moschata) (Lee et al. 1998). In addition, water-
melon plants that are grafted onto bottle gourd rootstock
generally have fruits with a better taste, a higher sugar
content and less fiber than do those grafted onto squash
rootstock.
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To date, genetic improvement of bottle gourd has been
achieved mainly by conventional plant breeding methods,
but recent advances in gene transformation techniques
have opened new avenues for crop improvement. As the
latter necessitate efficient procedures for the routine
transfer of foreign functional genes into plant genomes,
the development of a bottle gourd transformation system
is crucial for producing improved watermelon or other
cucurbit crops. Agrobacterium-mediated transformation
in Cucurbitaceae has been reported to be successful with
Cucumis melo (Fang and Grumet 1990; Ayub et al. 1996)
and Cucumis sativus (Chee 1990; Nishibayashi et al.
1996). These studies have facilitated targeted gene trans-
fer into useful crop members of this family. Coat protein-
mediated protection of transgenic plants against a virus
has been demonstrated via the stable transfer of the
coat protein gene of cucumber mosaic virus-white leaf
strain into the plant genome by biolistic transformation of
C. melo L. (Gonsalves et al. 1994). As another example,
three transgenic cucumber lines harboring a rice chitinase
gene exhibited enhanced resistance against Botryris cin-
erea (Tabei et al. 1998). However, to our knowledge, no
report exists to date on the production of a transgenic
bottle gourd.

Ethylene is a factor involved in plant-microbe inter-
actions (Spanu and Boller 1989) and is released from
wounded tissues in plants. Wounded tissues have been
used as explants in most of the transformation experi-
ments involving inoculation of Agrobacterium. One hy-
pothesis is that the efficiency of Agrobacterium infection
is affected by the ethylene from wounded tissues. Ezura et
al. (2000) reported that ethylene production was promoted
by Agrobacterium inoculation and that increased levels of
ethylene resulted in a reduction in the efficiency of gene
transfer. They also reported that the addition of l-a-(2-
aminoethoxyvinyl) glycine (AVG) to a co-cultivation
medium reduced ethylene production.

In many cases, the lack of an efficient regeneration
system is a major factor preventing the development of
gene transfer technologies. We have recently developed
an efficient shoot regeneration system using cotyledon
explants in bottle gourd (Han et al., in press). The aim of
the study reported here was to establish an efficient
Agrobacterium-mediated transformation method for bot-
tle gourd and to investigate the effect of ethylene action
and biosynthesis inhibitors on the infection of Agrobac-
terium.

Materials and methods

Plant materials

The bottle gourd (Lagenaria siceraria Standl.) inbred line G5
(National Horticultural Research Institute, Korea) was used in this
study. Following removal of the seed coats, the seeds were surface
sterilized by submergence first in 70% (v/v) ethanol for 3 min, then
in 0.2% (w/v) sodium dodecyl sulfate (SDS, Sigma-Aldrich, St.
Louis, Mo.) for 25 min, 25% (v/v) YUHANROX (commercial
bleach containing 4% sodium hypochlorite; Yuhan-Clorox, Korea)

for 40 min and finally in 12.5% YUHANROX for 20 min. After
each step, the seeds were rinsed three times with sterile distilled
water. The surface sterilized-seeds were blot dried on sterile filter
paper for 1–2 min. Ten seeds were then placed on 15�87-mm2 petri
dishes, each containing 25 ml of hormone-free MS medium
(Murashige and Skoog 1962) solidified with 30 g/l sucrose and 8 g/l
plant agar (Duchefa Biochemie, The Netherlands). The pH of the
medium was adjusted to 5.8 prior to autoclaving at 121�C/18 psi for
20 min. Each culture plate was incubated at 25�C under a 16/8-h
(day/night) photoperiod (50 mmol/m2 per second). For the prepa-
ration of explants, the radicals and plumules of the 4-day-old
seedlings were cut off, then a pair of cotyledons was split open.
Each cotyledon was cut in half across its width, and the proximal
half of each cotyledon explant was used as a source of co-culti-
vation material.

Agrobacterium strain and plasmid

The supervirulent Agrobacterium tumefaciens strain AGL1 (Lazo
et al. 1991) carrying the binary vector pCAMBIA3301 (Curtis and
Nam 2000; kindly supplied by Dr. H.G. Nam, Pohang University,
Korea) was used. The binary vector contained the cauliflower
mosaic virus (CaMV) 35S promoter-bar (bialaphos resistance
gene)-35S terminator and the 35S promoter-gus first exon-cata-
lase intron-gus second exon-nos (nopaline synthase) terminator
located between the left and right borders of the T-DNA. Agro-
bacterium was maintained on YEP medium (An 1987) supple-
mented with 50 mg/l rifampicin (Sigma-Aldrich) and 50 mg/l
kanamycin sulphate (Sigma-Aldrich) using standard procedures
(Curtis et al. 1994).

Sensitivity test of cotyledon explants to dl-phosphinothricin

To determine an appropriate concentration of dl-phosphinothricin
(PPT; Duchefa Biochemie) for the selection of transgenic shoots,
cotyledon explants were cultured in 20�95-mm2 petri dishes con-
taining 30 ml of a shoot induction medium (MS medium with
3.0 mg/l BA, 0.5 mg/l AgNO3, 500 mg/l cefotaxime sodium, 3%
sucrose and 0.8% plant agar, pH 5.8) supplemented with different
concentrations of PPT (0, 0.5, 1, 2, 5 and 10 mg/l). Seventy-seven
explants were used per treatment, and the response of explants and
the number of regenerated shoots were recorded after 4 weeks of
culture.

Transformation, selection and plant regeneration

To determine the optimum conditions for Agrobacterium infection,
we tested the effect of different durations of co-cultivation with
Agrobacterium and the use of an ethylene action inhibitor (AVG;
Sigma-Aldrich) and a biosynthesis inhibitor (AgNO3; Sigma-Al-
drich) in the co-cultivation medium. A 50-ml aliquot of bacterial
culture (O.D.600=1.0) was centrifuged at 3,179g for 10 min (4�C).
Following removal of the supernatant, the pellet was suspended in
the same volume of inoculation medium [MS medium containing
0.5 mg/l 2-morpholinoethanesulfonic acid monohydrate (MES) and
3% sucrose, pH 5.2], and this suspension was used as an inoculum
for infection. The cotyledon explants were immersed in the bac-
terial inoculum for 20 min and then washed with the same medium
for about 10 s. Following washing, they were cultured in 20�95-
mm2 petri dishes with 30 ml of co-cultivation medium (MS me-
dium containing 0.5 mg/l MES, 3% sucrose, 3.0 mg/l BA and 0.8%
plant agar, pH 5.2). The Agrobacterium infection frequency
(number of GUS-positive explants/number of explants examined)
was determined after co-cultivation for 0, 2, 4, 6 and 8 days by
performing a histochemical GUS assay.

To investigate the effect of ethylene biosynthesis and action
inhibitors and 30,50-dimethoxy-40hydroxyacetophenone (acetosy-
ringone; Sigma-Aldrich) on transformation efficiency, we supple-
mented the inoculation and co-cultivation media with AVG
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(0.001 mg/l or 0.1 mg/l) or AgNO3 (0.5 mg/l), with or without
50 mM acetosyringone. The intensity of gus transient expression
was categorized into five classes, as described by Ezura et al.
(2000), with some modifications, based on the degree of blue
staining in the section: index 0, explants without a blue-stained
area; index 1, explants with �10% blue-stained areas; index 2,
explants with �40% but more than 10% blue-stained areas; in-
dex 3, explants with �70% but more than 40% blue-stained areas;
index 4, explants with more than 70% blue-stained areas (Fig. 1b).

Cotyledon explants co-cultivated with bacteria on the co-culti-
vation medium were washed with liquid selection medium (MS
medium containing 3.0 mg/l BA, 3% sucrose, 0.5 mg/l AgNO3,
500 mg/l cefotaxime sodium, 2 mg/l PPT, pH 5.8), blot-dried on
sterile filter paper and then placed on the selection medium solid-
ified with 0.8% plant agar. After 4 weeks, shoots having expanded
leaves were independently isolated and then transplanted in a
rooting medium (half-strength MS medium containing 0.1 mg/l
IAA, 3% sucrose, 1 mg/l PPT, 500 mg/l cefotaxime sodium and
0.8% plant agar, pH 5.8).

Histochemical GUS assay

The assay for b-d-glucuronidase (GUS) activity using 5-bromo-4-
chloro-3-indoyl-b-d-glucuronic acid (Duchefa Biochemie) as the
substrate was carried out as described by Jefferson et al. (1987).
The assay culture was incubated overnight at 37�C, and the ex-
plants were subsequently soaked overnight in 95% methanol.

Basta test for putative transformants

Leaves from acclimated putative transformants and non-trans-
formed regenerants of a similar age were thoroughly painted with
various concentrations (0%, 0.01%, 0.05%, 0.1%, 0.5%, 1.0%, v/v)
of a Basta solution (18% glufosinate ammonium; Kyungnoog
Korea). Three putative transformants were used per treatment. Each
leaf was divided into two parts along the midrib, and then the right
section of the upper surface of each individual leave was gently
rubbed with a cotton swab bathed in Basta. The opposite side of
leaves was left untreated as a control to investigate any systemic
pervasion of Basta. Resistance to the herbicide was confirmed on
whole plants by spraying with a 0.1% Basta solution. Plants were
initially sprayed at the 12-leaf stage of development, and then once
again 3 days after the first application.

DNA isolation and polymerase chain reaction

Genomic DNA was isolated from newly developing young leaves
of acclimated plants in the greenhouse using the DNeasy Plant kit
(QIAGEN, Germany). The PCR analysis was performed in a 25-ml
volume containing 20 ng genomic DNA from each putative trans-
formed and non-transformed regenerant. Two primers were used
for both the bar gene (primer 1, 50-TCAAATCTCGGTGACGG-
GCA-30; primer 2, 50-GGTCTGCACCATCGTCAACC-30) and gus
gene (primer 1, 50-AACTGGACAAGGCACTAGCG-30; primer 2,
50-CACCGAAGTTCATGCCAGTC-30). Amplification of the bar
and gus gene consisted of 35 cycles of 95�C (30 s), 62�C (45 s) and
72�C (1 min) in the iCycler (Bio-Rad, Hercules, Calif.).

Fig. 1 Effects of AgNO3, AVG
and acetosyringone in the co-
cultivation medium on the effi-
ciency of Agrobacterium infec-
tion of bottle gourd (Lagenaria
siceraria Standl.) cotyledon
explants. a Effect of ethylene
action and biosynthesis in-
hibitors in the co-cultivation
medium on GUS transient ex-
pression of co-cultivated coty-
ledon explants. Infection index
(0–4) represents the degree of
GUS transient expression. Bars
represent the standard error of
means and values, with the
same letter within each frame
indicating a non-significant
different according to Duncan’s
multiple range test at the 5%
level. b Degree of GUS tran-
sient expression in co-cultivated
cotyledon explants. Index: 0–4.
c Explants treated with 0.5 mg/l
AgNO3 (upper) and 0.001 mg/l
AVG (lower) 6 days after
Agrobacterium tumefaciens in-
oculation. Blue staining indi-
cates gus transient expression
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Southern blot analysis

A 10-mg aliquot of genomic DNA from each randomly selected
transformant and un-transformed regenerant was digested overnight
with HindIII (which makes only one cut in the T-DNA region and
another cut elsewhere in the plant DNA) and then electrophoresed
on a 0.8% agarose gel. The DNA was then transferred to a Hybond
N+ nylon membrane (Amersham-Pharmacia Biotech, Piscataway,
N.J.) using capillary blotting. A 1.1-kb fragment of the gus gene
from pCAMBIA3301 amplified by PCR was extracted from the gel,
labeled with [32P] and used as a probe for Southern hybridization.
Blotting, labeling, hybridization and washing were carried out ac-
cording to the manufacturer’s instructions.

Progeny segregation test

Progenies were screened for resistance to Basta by applying a 0.1%
solution (v/v). Plants were initially sprayed at the two- or three-leaf
stage of germination and then once again 3 days after the first
application. The number of seedlings that were resistant or sus-
ceptible to Basta was counted, and the analysis of gus expression
was performed histochemically in the surviving plants 3 days fol-
lowing the second application of the Basta solution.

Results and discussion

Effect of PPT on shoot regeneration

After a 4-week culture period on shoot induction medium
with 0.5 mg/l PPT, 71.4% of the cotyledon explants with
partial necrosis survived, and some cotyledon explants
(3.9%) formed adventitious shoots. Concentrations of
1.0 mg/l and 2.0 mg/1 PPT caused serious necrosis in
cultured cotyledon explants, and no shoots developed
on explants cultured at these concentrations (data not
shown). To prevent any escapes, we chose 2.0 mg/l PPT
as the selective concentration to be used in the transfor-
mation experiments.

Factors influencing Agrobacterium infection

To determine the optimum conditions for Agrobacterium
infection of bottle gourd cotyledon explants, we examined
the infection frequency, based on transient GUS expres-
sion. The duration of the co-cultivation period with bac-
teria affected the infection frequency (Table 1). The op-
timum length of the co-cultivation period was 6–8 days,
resulting in an infection frequency of 96.8–100%. The
blue area indicating the transient expression of the gus

gene was initially observed after 2 days of co-cultivation;
after 4 days of co-cultivation the number of GUS positive
explants dramatically increased. However, when the cot-
yledon explants were co-cultivated for 8 days, we could
not easily eliminate the Agrobacterium through the ad-
dition of cefotaxime sodium and, consequently, we chose
6 days as the optimum co-cultivation period for trans-
formation.

The extent of Agrobacterium infection on explants was
categorized into five classes according to Ezura et al.
(2000) with some modifications, and the infection effi-
ciency was compared among the AVG, AgNO3 and ace-
tosyringone treatments. The percentage of blue-stained
areas on the cut surface of co-cultivated cotyledon ex-
plants was significantly increased following addition of
AVG to the co-cultivation medium (Fig. 1a,c lower). The
addition of 0.5 mg/l AgNO3 did not effectively increase
the infection index (Fig. 1a,c upper), although the pres-
ence of AgNO3 at this concentration does promote the
induction of adventitious shoots (Han et al. in submitted).
The addition of 50 mM acetosyringone to the co-cultiva-
tion medium also did not increase the infection efficiency
compared with its total absence (Fig. 1a). Previous stud-
ies have shown that AVG blocks the activity of amino-
cyclopropane carboxylic acid (ACC) synthase (Rando
1974), a key enzymatic step in regulating ethylene pro-
duction (Yang and Hoffman 1984). In more recent stud-
ies, Ezura et al. (2000) reported that Agrobacterium in-
oculation increased the ethylene production of explants
excised from the melon cotyledon and that the application
of AVG at that time resulted in a reduction of ethylene
production. Consequently, they concluded that the gene
transfer into explants was increased by an elevation of
Agrobacterium infection. Our findings using AVG also
suggest that ethylene production inhibits transformation
efficiency.

Regeneration of transformants

Agrobacterium-mediated transformation of bottle gourd
was performed by co-cultivating cotyledon explants with
the bacteria for 6 days on co-cultivation medium sup-
plemented with 0.001 mg/l AVG. In total, 1,629 cotyle-
don explants co-cultivated with Agrobacterium were
transferred to solid selection medium following washing
with liquid selection medium. Within 2–3 weeks, some
cotyledon explants showed adventitious shoot formation,

Table 1 The effect of different co-cultivation periods on GUS transient expression in cotyledon explants of bottle gourd inbred line G5

Co-cultivation period
(days)

Number of
explants examined

Number of
GUS-positive explants

Infection frequencya

(%; mean € standard error)

2 140 12 8.6€3.2 c
4 154 142 92.2€2.4 b
6 154 149 96.8€2.3 a,b
8 140 140 100.0€0.0 a
a Infection frequency (%): Number of GUS-positive explants/no. of explants examined. Values followed by the same letter within the last
column are not significantly different according to Duncan’s multiple range test at the 5% level
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with a range of 1.5–3.1 shoots per explant. To remove any
non-transformed shoots, we transferred only those shoots
having expanded leaves to rooting medium containing
1 mg/l PPT. A total of 194 shoots elongated and rooted,
and of the these plantlets, 36 were successfully acclimated
in the greenhouse (Table 2, Fig. 2a). Phenotypically these
plantlets were indistinguishable from non-transformed
regenerants or control seedlings. In our transformation
experiments, non-transgenic shoots (about 69% of the
total developing shoots) developed under the conditions
described above, and these shoots did not root on rooting
medium. This result indicates that our method did elim-
inate “escapes.” “Escapes” are particularly common in
melon, which belongs to Cucurbitaceae (Dong et al. 1991;
Galperin et al. 2003). The transformation frequency of
bottle gourd inbred line G5 was 1.9% based on the GUS
histochemical assay and PCR analyses of the gus and bar
genes (Table 2, Fig. 3).

In various Cucurbitacea transformation studies, coty-
ledons have often been used as explants for Agrobacte-
rium infection. This may be due to easy handling and the
particular form of regeneration in this family (Dabauza et
al. 1997). Since organogenesis is not restricted to one
small area of the explant but to many small independent

areas, the probability of the cells being competitive for
both regeneration and transformation is high.

When the same transformants were gently wetted by
painting with various diluted Basta solutions, the leaves
from the transformants showed resistance to the 0.05%
(v/v) Basta solution, whereas non-transformed regener-
ants and control seedlings showed severe necrosis 3 days

Table 2 Transformation frequency of bottle gourd inbred line G5 (SE standard error)

Number of
cotyledon explants
used

Number of shoots having
expanded leaves
(%; mean € SE)

Number of shoots
rooted
(%; mean € SE)

Number of acclimated
plantlets in greenhouse
(%; mean € SE)

PCR-positivea

or GUS-positive plantlets
(%; mean € SE)

1,629 628 (38.6€3.4) 194 (11.9€1.7) 36 (2.2€0.7) 31 (1.9€0.6)
a PCR analyses were performed with specific primers for the bar and gus genes. Four transformation trials were conducted and the SE of
the means calculated

Fig. 2 a Acclimated putative
transgenic bottle gourd (T0) in
the greenhouse. b Resistance
test to Basta solution (0.05%,
v/v) for putative transgenic
bottle gourd plant (upper) and
non-transformed regenerant
(lower) 3 days after application.
c Spray test of whole T0 trans-
genic (left) and non-transformed
regenerant (right) with 0.1%
Basta solution. d Fruit setting
from transgenic plants. e T1
progenies from a transgenic T0
by selfing were screened for
resistance to the Basta using a
0.1% solution (v/v). The pro-
genies were divided into sus-
ceptible and resistant plants
based on the symptoms of the
herbicide effects

Fig. 3 PCR detection of the bar (top) and gus (middle) genes and
expression of GUS activity (bottom) in some putative T0 transgenic
plants. The top and middle PCR analyses of some putative trans-
genic plants show the presence of the expected 0.5-kb and 1.1-kb
DNA fragments of the bar and gus genes, respectively, except for
one plant (lane 6). Lane C Non-transformed regenerant, lanes 1–6
putative transgenic plants
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after a single painting with the 0.05% (v/v) Basta solution
(Fig. 2b). Resistance to the herbicide was also confirmed
on whole plants at the 12-leaf stage by spraying with a
0.1% Basta solution (Fig. 2c). The transformants showed
no symptoms of herbicidal damage, grew normally to
maturity and set fruits (Fig. 2d), whereas the leaves of
non-transformed regenerants and control seedling plants
became necrotic and fell off (Fig. 2c). The bialaphos re-
sistance gene (bar) derived from Streptomyces hygro-
scopicus (Thompson et al. 1987) has been shown to be a
very effective selectable marker gene in the production of
transgenic plants in several crops, such as cotton (Keller
et al. 1997), lettuce (Mohapatra et al. 1999) and soybean
(Zeng et al. 2004). The use of this herbicide resistance
gene for selecting putative transformed plants may be
carried out cheaply with minimal expertise compared to
the use of antibiotic resistance genes (D’Halluin et al.
1992). In our study, the bar gene was a very effective
selectable marker gene for bottle gourd transformation.
Bottle gourd seems to be more sensitive to glufosinate
than other plants, such as pakchoi (Qing et al. 2000),
enabling the selection for non-transgenic regenerants to
be undertaken efficiently with a minimal use of herbicide.

Genomic DNA was extracted from the leaf tissues of
acclimated plants. The putative transformants were veri-
fied for the presence of the transgenes by PCR analysis
or histochemical GUS assay (Fig. 3) and Southern blot
analysis (Fig. 4). PCR analysis revealed the presence of
the expected 492-bp and 1,105-bp amplified products of
the bar and gus genes, respectively, in all of the putative
transformed T0 plants except one (Fig. 3). When the same
transformants were subjected to the histochemical GUS
assay, all of the putative transformants tested also showed
GUS activity. Of the 31 transformants tested, 30 pos-
sessed both the bar and gus genes, and one possessed only
the gus gene. We are unsure how the single line com-
pletely lost the bar gene. It is possible that an incomplete
insertion of T-DNA occurred; alternatively, a loss of the
bar gene may have occurred during plant development.
Another scenario to explain its absence in the single line
is inadequate selective pressure using 1 mg/l PPT (Park
et al. 1998; Srivatanakul et al. 2000). Future work will be

needed to establish proper regimes that will achieve ef-
fective selection but at the same time minimize escapes
and incomplete insertions of T-DNA. A Southern blot
analysis re-confirmed the presence of the gus gene in
transformants, with one or two copies of that gene inte-
grated (Fig. 4).

Progeny segregation test

The seeds (T1 generation) obtained from six T0 randomly
selected plants by selfing were sown in the greenhouse in
order to study the transgene segregation. The progenies
showed no symptoms of herbicidal damage and grew
normally, whereas the leaves of non-transformed plants
became necrotic and fell off following spraying with a
0.1% Basta solution (Fig. 2e). Live T1 plants were as-
sayed for GUS activity after the herbicide treatment.
Clearly, chimeras or non-germ-line events were not a
concern in this study. Our statistical analysis confirmed
the segregation of foreign gene transmission among all of
the progenies of five T0 plants, which fits an expected
segregation ratio of 3:1 or 15:1 (Table 3).

We are currently developing transgenic bottle gourd
lines expressing an Arabidopsis H+/Ca+ transporter gene
(Hirschi et al. 2001) and testing its effectiveness in con-
ferring tolerance to biotic and/or abiotic stresses.
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