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Abstract A reliable Agrobacterium-mediated transfor-

mation and shoot regeneration protocol was developed for

breeding lines of commercially important western-shipper

cantaloupe and honeydew melons, ‘F39’ and ‘150’, respec-

tively. Different media were tested to select a shoot regen-

eration system for each of three elite breeding lines ‘F39’,

‘141’ and ‘TMS’. Murashige & Skoog (MS) basal

medium supplemented with 1 mg l-1 benzyladenine (BA),

0.26 mg l-1 abscisic acid (ABA) and 0.8 mg l-1 indole-3-

acetic acid (IAA) was used for shoot regeneration from

cotyledonary explants in ‘F39’ and ‘150’. Kanamycin sen-

sitivity as well as Timentin
TM

and Clavamox� were evaluated

using wild-type ‘F39’ and ‘150’ cotyledons. Kanamycin

concentrations of 200 and 150 mg l-1 were chosen as the

threshold levels for ‘F39’ and ‘150’, respectively. No sig-

nificant differences were found between Timentin
TM

and

Clavamox� in ‘F39’; however, Clavamox� reduced the

incidence of vitrification and increased the frequency of

shoot elongation in ‘150’. A. tumefaciens strain EHA105,

harboring pCNL56 carrying neomycin phosphotransferase II

(nptII) and gusA reporter genes, was selected to establish a

transformation protocol for ‘F39’ and ‘150’. Putative trans-

formants were evaluated using b-glucuronidase (GUS)

histochemical assay, polymerase chain reaction (PCR) and

Southern blot analyses. Based on these parameters, the

transformation efficiency for cantaloupe ‘F39’ was 0.3% and

that for honeydew ‘150’ was 0.5%.
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Abbreviations

BA 6-Benzyladenine

IAA Indole-3-acetic acid

ABA Abscisic acid

nptII Neomycin phosphotransferase II

GUS b-glucuronidase

MS Murashige and Skoog

PCR Polymerase chain reaction

Introduction

Melon (Cucumis melo L.) is a group of high-value crops

that include cantaloupe (muskmelon), honeydew and

casaba melon. Despite the development of genetic trans-

formation protocols for melon reported in the last 20 years,

transformation remains genotype-dependent and efficien-

cies are relatively low (0–12.5%) (Nuňez-Palenius et al.

2006, 2008). To date, the most successful methods for

producing transgenic melon have been achieved in French

(Fang and Grumet 1990), Israeli (Nuňez-Palenius et al.

2006) and Asian germplasm (Dong et al. 1991; Wu et al.

2009), which constitute a low percentage of the US con-

sumer market. Successful transformation protocols are

needed for improvement of commercial genotypes grown

in the US, especially the western shipper cantaloupe
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(C. melo var. reticulatus) and honeydew (C. melo var.

inodorus).

A review of pertinent literature reveals only a few

studies on the tissue culture or transformation of western

shipper and honeydew melons. At this writing, there were

no transformation studies available for honeydew melon;

however, a number of studies on shoot regeneration in

culture have been reported (Ficcadenti and Rotino 1995;

Keng and Hoong 2005; Kintzios and Taravira 1997; Ori-

date et al. 1992; Orts et al. 1987). In western shipper

cantaloupe, one microprojectile mediated transformation

(Gonsalves et al. 1994) and two Agrobacterium-mediated

transformations (Clough and Hamm 1995; Fuchs et al.

1997) were reported to confer resistance to cucumber

mosaic virus (CMV), zucchini yellow mosaic virus

(ZYMV), and watermelon mosaic virus (WMV). A report

on muskmelon transformation via ovary injection showed

changes in the soluble sugar composition in fruits (Fan

et al. 2007). Also, C. melo L. cv. Hetao was transformed

using the pollen-tube pathway approach, which produced

melons having improved firmness and shelf-life (Hao et al.

2011).

A. tumefaciens-mediated transformation has become the

method of choice for melon transformation (Nuňez-Pale-

nius et al. 2008). We opted to use Agrobacterium due to

reports of low copy gene transfers, which help to reduce the

chances for multi-gene triggered silencing in the transgenic

plants produced. Unfortunately, previously reported pro-

cedures provided insufficient detail for us to replicate.

Plant growth regulators have been used in melon tissue

culture to optimize shoot regeneration. Both auxins and

cytokinins are known to be essential for bud/shoot induc-

tion and the optimal auxin/cytokinin levels, critical for

recovery of plants, are often genotype specific. The auxin

indole-3-acetic acid (IAA) and cytokinin 6-benzyladenine

(BA) are commonly used in organogenesis studies. The

synthetic auxin 2,4-dichlorophenoxyacetic acid has been

widely used to induce somatic embryogenesis (Akasaka-

Kennedy et al. 2004; Gray et al. 1993; Guis et al. 1997;

Kintzios et al. 2004; Kintzios and Taravira 1997; Oridate

and Oosawa 1986). In addition, 6-(c,c-dimethylallylami-

no)-purine (2iP), gibberellic acid (GA3), kinetin, thidiazu-

ron and a-naphthaleneacetic acid have been used in melon

culture (Fang and Grumet 1990; Ficcadenti and Rotino

1995; Guis et al. 2000; Souza et al. 2006; Yadav et al.

1996). The effects of these growth regulators on melon

regeneration differed depending on plant genotype, explant

type and culture conditions. Other media components also

affect melon regeneration efficiency. For example, abscisic

acid (ABA) and sucrose have been shown to enhance

somatic embryogenesis in melon (Nakagawa et al. 2001).

The anti-gibberellin analogue, ancymidol, was reported to

promote shoot regeneration from cotyledonary explants of

‘Galia’ melon in combination with a low concentration of

BA (0.44 lM), while the addition of GA3 to this medium

reduced regeneration frequency 12-fold after 13 d of

treatment (Gaba et al. 1996).

We evaluated cotyledonary explant responsiveness for

shoot initiation and plant regeneration in elite western

shipper cantaloupe and casaba lines, using the six different

regeneration media reported to be optimal for other melon

genotypes. The best medium for regeneration of western

shipper cantaloupe line ‘F39’ was then used to determine

the sensitivity of kanamycin selection. Two beta-lactam

antibiotics frequently used to remove Agrobacterium from

inoculated tissues, Clavamox� and Timentin
TM

(Gould and

Magallens-Cedeno 1998; Cheng et al. 1998), were com-

pared with respect to their influences on shoot regeneration

capacity. In optimization tests for transformed shoot pro-

duction, we also evaluated the effects of light versus dark

during co-cultivation. This factor has been neglected in

melon transformations but has shown the importance in

other plant species, such as Phaseolus acutifolius and

Arabidopsis thaliana (Zambre et al. 2003). In addition, two

A. tumefaciens strains, EHA105 (Hood et al. 1993) and

LBA4404 (Hoekema et al. 1983), were evaluated using b-

glucuronidase (GUS) transient expression in our genotypes.

Melon regeneration and transformation are still considered

to be difficult due to several factors such as strong geno-

type dependence, a high percentage of polyploids, high

rates of ‘escapes’ and aberrant shoot development (Cas-

telblanque et al. 2008; Chovelon et al. 2008; Dong et al.

1991; Akasaka-Kennedy et al. 2004; Wu et al. 2009). The

goal of this research was to establish a reliable genetic

transformation system in these two elite breeding lines with

commercial qualities.

Materials and methods

Plant material

Three melon breeding lines, ‘F39’, ‘141’ and ‘TMS’ were

initially selected to test published melon regeneration

protocols. ‘F39’ and ‘141’ are inbred lines of western

shipper cantaloupe (C. melo var. reticulatus), which pro-

duce high quality orange-fleshed fruits with netted surface

and have been inbred for over 10 generations at Texas

AgriLife Research Center, Weslaco, TX. In addition, ‘F39’

has medium to high resistance to multiple diseases. ‘TMS’

is an elite white-fleshed casaba melon (C. melo var. inod-

orus) with smooth surface. However, it was replaced with

honeydew ‘150’ in later studies due to limited seed avail-

ability. ‘150’ is an inbred line of pale green-fleshed hon-

eydew (C. melo var. inodorus) with a smooth rind surface.

Preliminary tests showed that the frequency of ‘150’

148 Plant Cell Tiss Organ Cult (2012) 108:147–158

123



regeneration was very high on the medium that had been

chosen for ‘F39’. Therefore, ‘F39’ and ‘150’ were used to

establish the transformation protocol described here.

Explant preparation

Seeds were surface sterilized in a 50% commercial bleach

solution (3% sodium hypochlorite) containing a drop of

Tween-20 for 30 min and rinsed three times with sterile

water. After soaking seeds in sterile water for 4–8 h, the seed

coats were removed to expose each embryo. De-coated

embryos were sterilized in 70% ethanol for 30 s followed by

a 5% commercial bleach solution (0.3% sodium hypochlo-

rite) containing a drop of Tween-20 for 10 min. Embryos

were rinsed three times with sterile water and cultured in the

dark on a germination medium, consisting of Murashige

and Skoog (MS) (1962) salts medium supplemented with

30 g l-1 sucrose and solidified by 5 g l-1 agar, pH 5.7–5.8.

Seven days later, cotyledons were excised 2 mm from the

cotyledonary nodes (conjunction sites between cotyledons

and hypocotyls). Each cotyledon was then cut into 6 equally-

sized explants of approximately 3 mm 9 2 mm.

Shoot and root regeneration

Six regeneration media, RM1 (Ficcadenti and Rotino 1995),

RM2 (Guis et al. 2000), RM3 (Yadav et al. 1996), RM4

(Fang and Grumet 1990), RM5 (Souza et al. 2006), and RM6

(Bordas et al. 1997), were evaluated with our melon geno-

types (Table 1). Each medium represented the optimal

composition to give the highest regeneration frequency in

each study reported. All media were based on MS salts

supplemented with 30 g l-1 sucrose and various combina-

tions of plant growth regulators (BA, ABA, IAA, 2iP and

kinetin). Media were solidified using agar 7 g l-1 except in

RM3 where agar was replaced by 2.6 g l-1 Phytagel
TM

.

Cotyledonary explants were placed adaxially on a

regeneration medium. Tissue cultures were placed in a room

maintained at 25 ± 2�C under cool white fluorescent lights

with 16 h light/8 h dark photoperiod and 60–80 lmol m-2

s-1 light intensity. After 4 weeks, the induction of calli and

shoot primordia was recorded and scored from 0 to 100%

(Table 2). Shoots or shoot primordia were transferred to

shoot elongation medium, which consisted of MS basal

medium supplemented with 30 g l-1 sucrose, 8 g l-1 agar

and 0.01 mg l-1 BA. Shoots that failed to root on elongation

medium were transferred to a rooting medium (MS basal

medium supplemented with 30 g l-1 sucrose and 8 g l-1

agar).

Preparation of Agrobacterium tumefaciens

A.tumefaciens strains EHA105 and LBA4404 carrying

pCNL56, harboring a CaMV 35S promoter for constitutive

gene expression of neomycin phosphotransferase II (nptII)

and gusA/intron genes (Li et al. 1992), were used in

transformation studies. A single colony of A. tumefaciens

was inoculated in 3 ml of YEP liquid medium supple-

mented with 50 mg l-1 kanamycin and 20 mg l-1 rifam-

picin and grown at 200 rpm at 28�C for 24 h. The 3 ml

culture was added to 20 ml of YEP liquid medium sup-

plemented with the same concentrations of antibiotics and

cultured for 3–5 h until an OD600 reached between 0.7 and

1.0. Bacterial cells were collected using centrifugation at

4,000 rpm for 10 min at room temperature and then re-

suspended in liquid RM4 medium supplemented with

100 lM acetosyringone.

Inoculation, co-cultivation and light test

Cotyledonary explants were pre-cultured on RM4 medium

for 2 d and then inoculated in the A. tumefaciens

Table 1 Evaluation of six media on the regeneration of melon ‘141’, ‘F39’ and ‘TMS’

Medium MS vitamins Myo-inositol IAA BA 2iP Kinetin ABA AgNO3 CuSO4 � 5H2O Ref.

RM1 - 0.63 0.26 Ficcadenti and Rotino (1995)

RM2 - 0.20 0.20 Guis et al. (2000)

RM3 ? 0.80 1.00 0.26 5.40 Yadav et al. (1996)

RM4 ? 0.88 1.13 0.26 Fang and Grumet (1990)

RM5 - 100 1.50 1.00 1.00 Souza et al. (2006)

RM6 - 100 1.50 6.00 1.00 Bordas et al. (1997)

Basal medium was Murashige and Skoog (1962) salts. Data is presented as mg l-1

Table 2 Scoring method used

to estimate callus and shoot

primordium induction from

cotyledonary explants of melon

‘141’, ‘F39’ and ‘TMS’

* Cut surfaces produced calli

and/or shoot primordia. See

Fig. 2

Score Responding area

of total cut surfaces

of an explant (%)*

0 0

0.125 \12.5

0.25 12.6–25

0.50 26–50

1 51–100
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suspension for 10 min. They were removed from the sus-

pension, dried on sterile filter paper and then transferred to

RM4 medium supplemented with 100 lM acetosyringone

(pH 5.5). The effect of light during co-cultivation was

compared by maintaining inoculated explants on co-culti-

vation medium for 3 d in dark (22�C) or for 3 d in light

(24�C, fluorescent desk lamp). Seven days after inocula-

tion, GUS transient expression in cotyledonary explants

was assessed.

Antibiotic testing and plant regeneration

To determine sensitivity of cotyledonary explants to kana-

mycin, both cantaloupe ‘F39’ and honeydew ‘150’ geno-

types were tested in RM4 medium with various kanamycin

concentrations: 0, 100, 125, 150, 175 and 200 mg l-1.

Appropriate concentration was determined for each geno-

type. To eliminate A. tumefaciens overgrowth during selec-

tion, the effects of Clavamox� (amoxicillin trihydrate/

clavulanate potassium tablets, Pfizer Animal Health) and

Timentin
TM

(ticarcillin disodium/potassium clavulanate

powders, Duchefa Direct, St. Louis) on the regeneration of

both genotypes were compared by supplementing media

with 250 mg l-1 Clavamox� or 300 mg l-1 Timentin
TM

throughout the regeneration process (shoot regeneration,

shoot elongation and rooting).

After co-cultivation at 22�C in the dark for 3 d, explants

were transferred to medium RM4 containing kanamycin

and 250 mg l-1 Clavamox�, and subcultured every 14 d.

Three to four weeks later, regenerated shoot primordium

aggregates were excised into small pieces (3 mm 9 3 mm)

and transferred onto shoot elongation medium supple-

mented with 50 mg l-1 kanamycin and 250 mg l-1 Cla-

vamox�. Some elongated shoots produced roots in 14–28 d

on this medium. Large shoots that failed to produce roots

were transferred to rooting medium supplemented with

50 mg l-1 kanamycin as described by Compton et al.

(2004). When root systems were well developed, plants

were transferred to soil and acclimatized in the tissue

culture room (24 ± 2�C, 16 h light/8 h dark photoperiod).

Plants were then transferred to a greenhouse where they

were allowed to grow to maturity.

Histochemical GUS assay, polymerase chain reaction

(PCR) and Southern blot analyses

To examine the expression of the gusA gene in putative

transformed regenerants, tissues were incubated in X-glu-

curonide staining solution at 37�C overnight followed by

washing with 95% ethanol to remove chlorophyll (Jeffer-

son et al. 1987).

Genomic DNA was isolated from leaf tissues of wild type

and putative transformants by the method of Skroch and

Nienhuis (1995). As an initial screen for presence of the

transferred gene, PCR primers were designed to amplify

fragments from nptII under the following conditions: for-

ward and reverse primers were 50-CCC GGT TCT TTT TGT

CAA GAC CGA CCT-30 and 50-GTT TGC GCG CTA TAT

TTT GTT TTC TAT CGC-30, respectively. The PCR reac-

tion mixture contained 50 ng of genomic DNA, 1 9 PCR

buffer, 200 lM dNTP, 0.2 lM forward and reverse primers

and 1 ll of polymerase mix (Clontech Laboratories, Inc.

Mountain View, CA, USA) in a total volume of 50 ll. The

reaction consisted of an initial denaturation at 94�C for

3 min, followed by 30 cycles of denaturation at 94�C for

30 s, annealing at 68�C for 30 s, and elongation at 72�C for

2 min, and a final elongation at 72�C for 10 min. Amplified

products were visualized on 1% (w/v) agarose gels.

Twenty micrograms of genomic DNA was digested with

EcoRI at 37�C overnight and separated by electrophoresis

on a 1% (w/v) agarose gel at 24 V overnight. DNA frag-

ments were then denatured and transferred onto an N?

Hybond nylon membrane (Amersham Hybond
TM

-N, GE

Healthcare Life Sciences). A gusA probe was labeled using

the PCR DIG Probe Synthesis Kit (Roche Applied Science,

Mannheim, Germany). The membrane was then hybridized

with the DIG-labeled probe in DIG Easy Hyb solution

(Roche Applied Science, Mannheim, Germany) at 45�C

overnight. DIG-labeled nucleic acids were detected with

CDP-Star (Roche Applied Science, Mannheim, Germany)

by exposing the membrane under a LAS-4,000 Chemilu-

minescent Image System (Fuji Film Life Science, USA).

Probe labeling, hybridization, washing and detection were

conducted according to the manufacturer’s instruction.

Statistical analysis

Regeneration experiments were conducted with two factors

(genotype 9 medium composition) in a randomized com-

plete block design (12 explants/dish; 5 replicates/treat-

ment) and analyzed by two-way analysis of variance.

Differences between the means were performed using

Duncan’s Multiple Range Test where the 5% probability

level was considered significant. Kanamycin sensitivity

was tested in a randomized complete block design (4

explants/dish; 8 replicates/treatment) and analyzed by one-

way analysis of variance. Each dish was considered as a

replicate in all the experimental designs.

Results and discussion

Plant regeneration

Six media, previously reported to be effective from other

melon regeneration and/or transformation protocols, were
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screened for our three different genotypes (Fig. 1). Calli

and shoot primordia were usually formed within 3–4 weeks

on the initial regeneration media. Shoots developed from

shoot primordia approximately 2–3 weeks later. Significant

differences appeared in the frequency of explants produc-

ing calli and shoot primordia on the various media, and an

interaction between genotype and medium composition

was also observed (Table 3). Overall, media RM3, RM4

and RM1 were best for shoot regeneration in ‘141’, ‘F39’

and ‘TMS’, respectively (Fig. 2a–c). RM3 and RM4

induced the highest frequency of both callus and shoot

primordium regeneration in ‘F39’; however, RM4 per-

formed better in terms of producing fewer vitrified shoots

(Fig. 2d, e).

Subsequently, we compared shoot primordium regen-

eration efficiency from each region of the cotyledonary

explants: proximal, middle and distal. No significant

differences were detected (data not shown), which was not

in accord with the results reported by Gonsalves et al.

(1994). Their research showed that regeneration frequency

of the proximal side of the melon explant was significantly

higher than that of the distal region.

Regenerated shoots proliferated but did not elongate on

MS basal medium supplemented with BA levels higher

than 0.1 mg l-1. A series of low BA concentrations, 0,

0.01, 0.025, 0.05 and 0.1 mg l-1, was examined on both

‘F39’ and ‘150’ for shoot elongation. Low levels of BA (0

and 0.01 mg l-1) treatments reduced the prevalence of

multiple shoots and allowed shoots to elongate and produce

roots (data not shown).

Selection for transformation

To determine the concentration of kanamycin for the

selection of transformed shoots, explants were cultured on

regeneration media containing a range of antibiotic con-

centrations (Fig. 3). In vitro shoot regeneration frequencies

of both genotypes were approximately 90% in medium RM4

without kanamycin. Some tissues produced calli and shoot

primordia on 100–150 mg l-1 kanamycin, but failed to

develop normal shoots. In ‘F39’ and ‘150’, shoot regenera-

tion was completely inhibited on 200 and 150 mg l-1

kanamycin, respectively. These two concentrations were

chosen as the selection thresholds for those genotypes.

The beta-lactam antibiotics are used to eliminate A.

tumefaciens from inoculated tissues. Timentin
TM

is one of

the most expensive antibiotics used widely in transforma-

tion studies (Ieamkhang et al. 2005; Slater et al. 2011;

Thiruvengadam et al. 2011). Clavamox� is relatively

inexpensive and appears to work effectively at a low dose

(250 mg l-1). Even a high one time dose of 10,000 mg l-1

was reported to be non-toxic to plant tissues (Gould and

Magallens-Cedeno 1998). Clavamox� tablets are sterile

and individually packaged. The antibiotic is stable in this

form and convenient to use since there is no need to pre-

pare a stock solution. Cheng et al. (1998) reported that

Timentin
TM

stock solution was stable only for 4 weeks at -

20 or -80�C, which is another disadvantage compared to
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Fig. 1 Effect of six different media on the production of calli and

shoot primordia from cotyledonary explants of three melon genotypes

‘141, ‘F39’ and ‘TMS’. a The frequency of explants producing calli,

b the frequency of explants producing shoot primordia. Bars with

same letters are not significantly different by Duncan’s Multiple

Range Test at 5% probability level. Vertical bars show standard

errors

Table 3 Regeneration of shoot primordia from cotyledonary

explants of melon ‘141’, ‘F39’ and ‘TMS’

Source df Mean square F P value

Genotype 2 0.030 0.535ns 0.588

Medium 5 0.406 7.265*** 0.000

Genotype 9 medium 10 0.221 3.955*** 0.000

Error 65 0.056

Total 83

Corrected total 82

ns, *** Non-significant or significant at 1% probability level
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Clavamox�. Our results indicated that Clavamox� was

superior to Timentin
TM

with regard to the impact on tissue

regeneration efficiency. Clavamox� has been compared

with two other commonly used beta-lactam antibiotics,

carbenicillin and cefotaxime, on the growth of A. tum-

efaciens strain LBA4404 and the shoot regeneration of

tomato. No significant differences were found (Hussain

et al. 2008).

Clavamox� and Timentin
TM

were tested on non-inocu-

lated explants of ‘F39’ and ‘150’ to examine possible adverse

effects on plant regeneration. In ‘150’, no significant

differences were detected during the early stages of shoot

regeneration (first 4 weeks); however, inclusion of Timen-

tin
TM

resulted in vitrification and/or aberrant morphology in

70% of the shoots over time (Fig. 4 and Table 4). This vit-

rification severely reduced shoot elongation frequency and

ability to produce roots. In contrast, only 5% of the shoots

cultured on the medium containing Clavamox� became

vitrified and/or abnormal. This result was similar to results

seen in the non-antibiotic treatments. For ‘F39’, Clavamox�

and Timentin
TM

treatments failed to show any significant

differences in shoot regeneration and production of abnor-

mal types, suggesting the effects of these antibiotics could be

genotype-dependent.

Like many other melon transformation reports (Dong

et al. 1991; Akasaka-Kennedy et al. 2004; Wu et al. 2009),

the common problem of ‘escapes’ was also identified in our

study. By reducing explant size (6 explants per cotyledon,

3 mm 9 2 mm) and increasing the volume of selection

medium per petri dish (45 ml), we were able to reduce the

curling of cotyledonary explants and the incidence of

‘escapes’. A similar result was obtained by Wu et al.

(2009) in oriental melon transformation.

Inoculation and co-cultivation

Initially, A. tumefaciens strains LBA4404 and EHA105

were tested for their ability to transform explants based on

GUS histochemical staining. Both strains showed fairly

good inoculation efficiencies demonstrated by GUS assays

(Fig. 5). EHA105 was used in subsequent studies as it was

Fig. 2 Callus production and

shoot regeneration on the

optimal medium from

cotyledonary explants of three

different melon genotypes after

4 weeks of culture. a ‘141’ on

RM3 [MS basal supplemented

with 1 mg l-1 BA, 0.26 mg l-1

ABA, 0.8 mg l-1 IAA and

5.4 mg l-1 AgNO3], b ‘F39’ on

RM4 [MS basal supplemented

with 1.13 mg l-1 BA,

0.26 mg l-1 ABA and

0.88 mg l-1 IAA], c ‘TMS’ on

RM1 [MS salt supplemented

with 0.63 mg l-1 BA and

0.26 mg l-1 ABA], d ‘F39’ on

RM4 (less vitrification), e ‘F39’

on RM3 (more vitrification)

(bars = 1 cm)

Kanamycin (mg l-1)
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Fig. 3 Kanamycin sensitivity assay to determine selection thresholds

using non-inoculated explants of melon ‘F39’ and ‘150’. Vertical bars
show standard errors
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reported to be more efficient in producing stable transfor-

mants compared to LBA4404 (Galperin et al. 2003).

Previous reports of melon transformation indicated

optimal inoculation times of 20 s to 30 min (Ayub et al.

1996; Guis et al. 2000; Vallés and Lasa 1994) depending

on the Agrobacterium strain used, concentration of the

bacterial suspension, plant species, explant size and

thickness. We evaluated 10, 15 and 20 min inoculation

times. Three days after inoculation, the explants inoculated

for 10 min remained healthy, but the longer inoculation

treatments resulted in the explants becoming brown or

necrotic in some cases (data not shown). Therefore, an

inoculation period of 10 min was adopted.

Co-cultivation is one of the most important steps in a

transformation procedure. Factors during co-cultivation

can enhance transformation efficiency, i.e., temperature

(Fullner and Nester 1996; Yasmin and Debener 2010;

Sharma et al. 2011; Seo et al. 2011), lighting conditions

(Zambre et al. 2003), co-cultivation period (Fang and

Grumet 1990; Shilpa et al. 2010; Seo et al. 2011), addition

of acetosyringone (Costa et al. 2006; Afroz et al. 2010;

Sharma et al. 2011) and antioxidants (Dan et al. 2009;

Olhoft and Somers 2001; Ostergaard and Yanofsky 2004;

Toldi et al. 2002; Zheng et al. 2005; Kumar et al. 2011;

Dutt et al. 2011). Co-cultivation periods of 2–6 d were

reported to be optimal for melons (Galperin et al. 2003;

Vallés and Lasa 1994; Akasaka-Kennedy et al. 2004; Dong

et al. 1991). Under our co-cultivation conditions at 22�C,

A. tumefaciens strain EHA105 began to overgrow the

explant 3 d following the inoculation (data not shown).

Zambre et al. (2003) reported a positive effect of light on

gene transfer from A. tumefaciens to callus explants of

Phaseolus acutifolius (tepary bean) and root explants of

Arabidopsis thaliana. Our results showed there were no

significant differences in transformation rates between

light and dark treatments (P B 0.05) during co-cultiva-

tion (Table 5). Plausible reasons for this result may be:

(1) the light/dark influence on Agrobacterium-mediated

Fig. 4 Effects of Clavamox� and Timentin
TM

on the regeneration of non-inoculated explants of honeydew ‘150’ after 75 days of culture. a and

b Regeneration medium supplemented with 250 mg l-1 Clavamox�, c with 300 mg l-1 Timentin
TM

Table 4 Effects of Clavamox� and Timentin
TM

on shoot development and elongation of non-inoculated explants of melon ‘F39’ and ‘150’

Genotypes Antibiotics No. of

explants

Regeneration

frequency

(%)

No. of shoots

per explant

Percentage of elongated/

rooted shoots (%)

Aberrant/vitrified

shoot (%)

‘F39’ Clavamox� 16 97.5 a 4.6 b 31.1 a 40.0 a

Timentin
TM

16 90.0 a 11.4 a 30.0 a 34.4 a

‘150’ Clavamox� 40 62.5 a 6.8 a 40.0 a 5.0 b

Timentin
TM

40 56.3 a 8.2 a 5.0 b 70.0 a

Means within the same columns within each genotype followed by different letters are significantly different by Duncan’s Multiple Range Test at

5% probability level. The percentage data were transformed by an arcsin function before analysis to normalize the distribution

Fig. 5 Transient GUS expression of explants inoculated with different Agrobacterium tumefaciens strains carrying pCNL56, 7 days after

inoculation. a strain EHA105, b strain LBA4404
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transformation may be genotype dependent; (2) the light/

dark influence may depend on explant types (callus and/or

root); (3) the co-cultivation temperatures of our light and

dark treatments of 24 and 22�C, respectively, may have

influenced our results. Temperatures of 19–22�C have been

reported to be critical for high efficiency of Agrobacterium-

mediated transformation while temperatures higher than

22�C dramatically decreased this efficiency (Fullner and

Nester 1996).

GUS staining, PCR and Southern blot analysis

Cotyledonary explants were inoculated with A. tumefaciens

strain EHA105. A total of 1,075 explants of ‘F39’ (from

two experiments) and 1,205 explants of ‘150’ (from three

experiments) were used. GUS histochemical analysis was

conducted throughout the selection procedure to identify

putative transformants, as well as non-transformed or chi-

meric tissues. Isolated pieces of leaf tissue from regener-

ating shoots were examined for GUS activity (Fig. 6a–d).

All GUS positive tissues were then analyzed further for

expression of the GUS gene in apical shoots (Fig. 6e) and

roots (Fig. 6f). During large scale GUS assays, we found a

large proportion of chimeras in both genotypes (9 out of 12

samples of ‘F39’ and 9 out of 13 samples of ‘150’). Chi-

meric shoots exhibited blue sectors of various sizes fol-

lowing GUS histochemical staining as reported in other

crop species (Moore 1995; Mollel et al. 2004; Kathiravan

et al. 2006). Most chimeric shoots did not survive kana-

mycin selection and died before or during rooting.

Table 5 Effect of light condition on GUS transient expression during the co-cultivation period in cotyledonary explants of melon ‘F39’ and

‘150’

Genotype Light condition No. of explants analyzed No. of explants stained blue GUS positives (%)

‘F39’ Light 80 18 22.8 a

Dark 80 30 38.5 a

‘150’ Light 80 74 92.5 a

Dark 80 70 87.5 a

Means within the same columns within each genotype followed by same letters are not significantly different by Duncan’s Multiple Range Test at

5% probability level. The percentage data were transformed by an arcsin function before analysis to normalize the distribution

Fig. 6 Callus and shoot development from explants and GUS

histochemical assay. a and c A regenerated shoot of cantaloupe

‘F39’ before (a) and after (c) GUS staining, b and d a cotyledonary

explant with callus producing shoot primordia of honeydew ‘150’

before (b) and after (d) GUS staining, e an apical shoot of a GUS-

positive plant of ‘150’, f GUS expression in roots of a kanamycin-

resistant plant of ‘150’
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The binary plasmid pCNL56 harbors both nptII and

gusA genes. All GUS-positive plants that rooted on media

containing kanamycin were selected for PCR analysis to

screen for the presence of nptII. Genomic DNA from all

rooted GUS-positive plants yielded a 1.2 kb fragment

identical to the expected fragment amplified from the nptII

gene (Fig. 7a). Plants regenerated from non-inoculated

explants failed to produce a fragment. Most non-trans-

formed shoots were killed by kanamycin selection during

regeneration, elongation and rooting. Although some

shoots survived kanamycin (150 and 200 mg l-1), many

failed to root in the rooting medium containing 50 mg l-1

kanamycin. Based on PCR analysis, we found only one

‘F39’ and two ‘150’ regenerated plants to be non-trans-

genic escapes.

Southern blot analysis was performed on all PCR-posi-

tive plants to identify genomic integration of gusA

(Fig. 7b). Transformation efficiency was estimated using

the total number of plants exhibiting genomic incorpora-

tion, divided by the total number of inoculated explants.

The transformation efficiency for ‘F39’ ranged between 0.2

and 0.4% (average efficiency was 0.3 ± 0.1%), and for

‘150’ the range was between 0.2 and 0.8% (average was

0.5 ± 0.3%).

Phenotypes of regenerated transformants

Abnormal morphological characteristics were observed in

the transgenic melon plants (Fig. 8a–g). The most severe

phenotype was a lack of apical dominance (Fig. 8a)

resulting in abnormal growth. Other aberrant morphologies

included shorter (Fig. 8d) and longer (Fig. 8g) internodal

growth and irregular leaf shapes (Fig. 8f). Plants exhibiting

lack of apical dominance and shorter/longer internodes

died prematurely in the greenhouse. Morphologically nor-

mal transgenic plants produced both male (Fig. 8h) and

perfect (Fig. 8i) flowers.

Similar abnormalities reported in western shipper melon

‘Topmark’ and other melon types were suggested to be

caused by a high kanamycin concentration (150 mg l-1) in

the selection medium (Gonsalves et al. 1994). In our study,

kanamycin at 200 and 150 mg l-1 was used for in vitro

selection of ‘F39’ and ‘150’, respectively, similar to the

levels reported by Gonsalves et al. (1994). However, in our

study, abnormal in vitro regenerated wild-type plants were

also observed in the absence of kanamycin (data not

shown). This observation suggests that the tissue culture

process and plant growth regulator effects may induce

aberrant morphology in regenerated melon shoots (Larkin

and Scowcroft 1981).

In summary, we developed a genetic transformation

protocol for two elite breeding lines of melon: western

shipper cantaloupe ‘F39’ and honeydew ‘150’. The proto-

col developed here will serve to initiate successful trans-

formation of these genotypes with novel genes to improve

fruit quality or other desired traits, which cannot be

obtained through conventional breeding. However, the

protocol presented here cannot be considered routine.

A

B

Fig. 7 PCR and southern blot

analyses of putative

transformants. a Preliminary

screen for detecting the presence

of the nptII gene in putative

transformants using PCR. Lane 1
100 bp ladder, lane 2 pCNL56

(positive control), lane 3 wild

type honeydew ‘150’ (negative

control), lanes 4–8 GUS-positive

plants of honeydew ‘150’, lane 9
wild type cantaloupe ‘F39’

(negative control), lanes 10–12
GUS-positive plants of

cantaloupe ‘F39’, b integration

of the gusA gene as detected by

Southern blotting. Lane 1
pCNL56 (positive control), lane
2 wild type honeydew ‘150’

(negative control), lanes 3–7
PCR-positive plants of

honeydew ‘150’, lane 8 wild type

cantaloupe ‘F39’ (negative

control), lanes 9–11 PCR-

positive plants of cantaloupe

‘F39’
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Further studies are needed to minimize the incidence of

chimeras and abnormal plant development.
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