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Summary

The expression of the green-fluorescent protein (GFP) gene from Aequorea victoria (jellyfish) was analyzed by transient

and stable expression in sweet potato Ipomoea batatas L. (Lam.) cv. Beauregard tissues by electroporation and particle

bombardment. Leaf and petiole segments from in vitro-raised young plantlets were used for protoplast isolation and

electroporation. Embryogenic callus was also produced from leaf segments for particle bombardment experiments. A

buffer solution containing 1 � 106 protoplasts ml21 was mixed with plasmid DNA containing the GFP gene, and

electroporated at 375 V cm21. Approximately 25±30% of electroporated mesophyll cell protoplasts subsequently

cultured in KM8P medium regenerated cell walls after 48 h. Of these, 3% emitted bright green fluorescence when exposed

to UV-blue light at 395 nm. Transformed cells continued to grow after embedding in KM8P medium solidified with 1.2%

SeaPlaque agarose. Stable expression of GFP was observed after 4 wk of culture in approximately 1.0% of the initial GFP

positive cells (27.5 GFP positive micro calluses out of 3024 cells which transiently expressed GFP 48 h after

electroporation). In a separate experiment, 600±700 bright green spots were observed per plate 48 h after bombarding leaf

segments or embryogenic callus. In bombarded cultures, several stable GFP-expressing sectors were observed in leaf-

derived embryogenic callus grown without selection for 4 wk. These results show that GFP gene expression can occur in

various sweet potato tissues, and that it may be a useful screenable marker to improve transformation efficiency and obtain

transgenic sweet potato plants.
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Introduction

Reporter genes have been used as convenient markers to

visualize gene expression and protein localization in vivo in a

wide spectrum of prokaryotes and eukaryotes (Jefferson et al.,

1987). Commonly used reporters include genes encoding chlor-

amphenicol acetyl transferase (CAT), b-glucuronidase (GUS),

neomycin phosphotransferase (NPT-II), luciferase (LUC), and

proteins involved in the regulation of anthocyanin biosynthesis.

Luciferase and GUS are of special interest since their assays do not

involve any radioactivity (Suter-Crazzolara et al., 1995). However,

GUS is limited by destructive assays, endogenous activity, substrate

uptake, leaching of reaction products (microbially-derived signals)

and methylation (Reichel et al., 1996; Youvan and Larrick, 1996).

Differential substrate uptake, cost of substract, and the requirement

for sensitive low-light photographic or quantification equipment

limit the utility of luciferase (Sheen et al., 1995). The maize R, C1

and B-Peru transcription factors (Ludwig et al., 1990; Bowen, 1993)

which initiate cell autonomous production of anthocyanin pigment

have also been utilized for identification of transgenic cells.

However, expression of these transcription factors or products of

anthocyanin biosynthesis pathway can prove toxic during regenera-

tion (Bower et al., 1996) or may depend on tissue-specific

anthocyanin promoters or tissue pigmentation.

Green-fluorescent protein (GFP) genes from the jellyfish

Aequorea victoria have recently been shown to have the character-

istics of intrinsic signals (bioluminescent protein). This gene has

been used as a screenable marker (Prasher et al., 1992; Chalfie

et al., 1994; Haseloff et al., 1997). These are clear advantages over

formerly used reporter genes such as GUS (Jefferson et al., 1987;

Chilfie et al., 1994). Detection of GFP is non-invasive, non-

destructive, and cell autonomous. The GFP absorbs UV or blue

light maximally at 395 nm and emits bright green fluorescence light

(peak emissions at 509 nm with a shoulder at 540 nm). Chromo-

phore formation and light emission are intrinsic properties of this

marker protein and it does not require any additional substrates for

gene products from A. victoria (Prasher et al., 1992).

Expression of GFP has been reported in a variety of heterologous

systems, including bacteria (Chalfie et al., 1994), yeast (Heim et al.,

1995), Drosophila spp. (Wang and Hazelrigg 1994), and mammalian

cells (Pines, 1995; Plautz et al., 1996). The GFP gene has also been

extensively expressed in many plant species, both dicot and
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monocot (Pang et al., 1996; Reichel et al., 1996). Successful

transient expression of GFP was observed in electroporated

protoplasts of sweet orange (Neidz et al., 1995), maize (Galbraith,

1994; Sheen et al., 1995) and Arabidopsis (Sheen et al., 1995), and

in bombarded intact tissues of Arabidopsis (Sheen et al., 1995) and

conifer (Tian et al., 1997). Its expression in stably transformed

plants has recently been reported in wheat and tobacco (Pang et al.,

1996), corn (Pang et al., 1996; Geest and Petolino, 1998), and

sugarcane (Elliott et al., 1999). Insertion of GFP genes into plant

viruses has allowed the direct observation of viral movement

through host plants during infection (Casper and Holt, 1996). Using

GFP as a marker, visualization of nuclear and mitochondrial

proteins in targeting studies has been reported recently (Grebenok

et al., 1997; Kohler et al., 1997). In spite of initial success with GFP

in plants, the general use of this gene as a reporter marker is not

popular (Geest and Petolino, 1998).

Protoplasts provide a powerful tool to evaluate marker gene

expression in plants (Neidz et al., 1995; Reichel et al., 1996). The

investigation of GFP expression transiently in a variety of tissues

provides valuable information on its potential applications (Sheen

et al., 1995). Successful delivery of genes at a low frequency in

sweet potato callus was achieved using microprojectile bombard-

ment (Prakash and Varadarajan, 1992), but transformed plants were

not obtained. Only recently, investigators have reported recovery of

transgenic plants using Agrobacterium-mediated transformation at

low efficiency (Newell et al., 1995; Gama et al., 1996). For this

purpose, the potential of the GFP gene in sweet potato transforma-

tion was studied to determine whether it would maintain its

fluorescent properties among the different tissues commonly used as

target material in transformation experiments. Obtaining an early,

strong signal is clearly advantageous in the identification and rapid

isolation of transgenic cells with a subsequent reduction in tissue

culture load for the production of transgenic plants. We also showed

the stable expression of GFP in electroporated protoplast-derived

callus and microprojectile-bombarded leaf tissue.

Materials and Methods

Protoplast isolation. For protoplast isolation, young petioles (2.5±5 cm)
and leaves harvested from 2-wk-old in vitro-raised micropropagated sweet
potato Ipomoea batatas L. (Lam.) cv. Beauregard were chopped into small
pieces (1 mm) and incubated with enzyme solution as described previously
(Dhir et al., 1998). Purified protoplasts were resuspended at 1 � 106

protoplast ml21 in electroporation buffer (EPR) containing 10% glucose,
4 mM CaCl2, 10 mM N-2-hydroxyethylpiperazine N 0-2-ethanesulfonic acid
(HEPES), and 0.2 mM spermidine. Samples were stored on ice for 1 h prior
to electroporation (Mitchell et al., 1998).

Embryogenic callus establishment. Leaf segments �5 � 5 mm� from 2-wk-
old in vitro-raised plants were cultured adaxial side down on modified MS
(Murashige and Skoog, 1962) medium supplemented with 11.3 mM of 2,4-
dichlorophenoxyacetic acid (2,4-D) and 2.2 mM benzyladenine (BA)
solidified with 0.3% gelrite (pH 5.7) for somatic embryo induction. After
2 wk of culture in the dark, proliferation of yellowish embryogenic callus
tissue was observed. The leaf segments and embryogenic calluses (15±20
pieces) were placed in the center of a 150 � 20 mm Petri dish for the
bombardment experiment.

Transformation vector. A modified mGFp4 sequence (Haseloff and
Amos, 1995) was used as a source of exogenous DNA. The sequence
contains a mutated coding region between the NdeI and AciI sites in the gene
which modifies the codon usage (not the amino acid sequence) and was
designed to alter the 5 0 splice site and to lower the A:T content around the
cryptic intron. The mGFP4 expression cassette was taken out of the
pBIN35SmGFP4 vector (Dr. J. Haseloff, personal communication) as a

HindIII-EcoRI fragment, in which the sequence is driven by a 35S promoter
and flanked by a Nos terminator at the 3 0 end of the gene and cloned into
pUC19 backbone. This has the bla gene for resistance to ampicillin and to
allow for higher copy-number. All the plasmids were propagated in XL-1
blue cells. Bacterial cultures were grown in LB medium and plasmid DNA
was prepared by alkaline lysis, followed by an equilibrium centrifugation in
CsCl/ethidium bromide gradient (Sambrook et al., 1989).

Electroporation. Sweet potato protoplasts isolated from mesophyll and
petiole tissues of the in vitro-grown plants were electroporated in the
presence of plasmid DNA. Electroporation conditions were used as
previously described (Mitchell et al., 1998). One ml of protoplast suspension
was mixed with 20 mg of the plasmid DNA to which was added 200 ml of
15% (w/v) PEG 4000. Electroporation was performed by delivering an
electric pulse at 25 mF from the capacitor charged at 150 V (350 V cm21)
as described previously (Dhir et al., 1991; Mitchell et al., 1998).
Electroporated protoplasts were diluted immediately after electroporation
with KM8P (Kao and Michayluk, 1975) medium to a density of 105 ml21,
and incubated in the dark for 1 h before embedding in 1.2% SeaPlaque
(FMC) agarose. Agarose plates were bathed with 2 ml KM8P medium. The
osmolarity of the medium was progressively reduced by replacing 1 ml of the
original liquid medium with fresh MS medium at 7, 14, 21, and 28 d,
respectively (Dhir et al., 1998). All culture dishes were sealed tightly with
3M micropore tape and cultured at 26 ^ 28C in the dark. Cultures were
observed periodically with an inverted microscope. The efficiency of cell
division and number of colonies regenerated were calculated after 2, 4, 7,
14, 21, and 28 d of culture.

Particle bombardment. Microprojectiles were coated with DNA using a
CaCl2/spermidine precipitation technique (Dhir et al., 1994). Five ml of
plasmid DNA (1 mg ml21 in TE buffer), 50 ml of CaCl2 (2.5 M), 20 ml
spermidine (0.1 M free base) and 50 ml of sterile gold particles (60 mg ml21

with 1.0 mm diameter; Bio-Rad, Hercules, CA, USA) were mixed with
continuous agitation in 1.5 ml Eppendorf tubes. This mixture was vortexed
continuously for 5 min followed by centrifugation (500 � g; 10 min). The
supernatant was removed and the pellet was resuspended in 250 ml of
absolute ethanol. The centrifugation was repeated and the supernatant
removed. Coated particles were resuspended in 75 ml of absolute ethanol
and vortexed. Ten ml of the mixture was pipetted immediately into the center
of each macroprojectile. The helium-driven Biolistics PDS-1000/He Device
(Bio-Rad) was used for all bombardments. The conditions of bombardment
were helium pressure of 1100 pounds per inch, a vacuum of 26 mmHg, and
a 6 cm target distance. The target tissue, leaf segments and embryogenic
callus, were placed in the center of a Petri dish and were bombarded twice.
Bombarded tissue was sealed and incubated on the culture medium (Chee
et al., 1990) in the dark at 26 ^ 28C for 48 h. After a further 48 h, tissues
used for stable transformation were subcultured on the medium of Chee et al.
(1990) supplemented with 11.3 mM 2,4-D and 2.2 mM BA solidified with
0.3% Gelrite (pH 5.7) for somatic embryo induction. Each experiment was
repeated three times.

Detection of GFP gene expression. GFP expression following gene
transfer was observed periodically using an Olympus IX 70/PM 30 epi-
fluorescence automatic exposure photomicrographic inverted microscope.
For fluorescence studies, filter blocks U-MWIB blue light excitation filter,
exciter BP 460±490; beam-splitter mirror DM 500 nm; emitter 13A; 515 IF
were used. The filter set: U-MNIBA (excitation filter BP 470±480; beam
splitter 1 DM 500; emitter BA-515/550) was used to eliminate chlorophyll
autofluorescence in mesophyll cells/protoplasts. This was integrated into the
microscope setup through a slide module, which allowed visualization with
or without the filter. The light source was provided by an HBO 50-W high-
pressure mercury vapor lamp with a heat-absorbing filter. Photographs were
taken using Kodachrome 200 ASA film. Results were expressed as the
number of fluorescent protoplast/colonies or fluorescent cell units per
bombardment.

Results and Discussion

GFP expression in protoplasts by electroporation. We have

tested the application of the highly fluorescent, modified GFP

vector for identifying transgenic sweet potato cells in a primary

screen after transformation and without the need for fixation or

removal from culture. Of 100 000 protoplasts electroporated,
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approximately 25% had regenerated a cell wall after 48 h. Green

fluorescence was observed only in viable protoplasts, not in

damaged ones after electroporation. The expression of the GFP gene

in protoplasts from both explants (as indicated by green

fluorescence) was detected as early as 12 h after electroporation,

but increased with longer incubation periods (Table 1). The highest

level of expression was detected in mesophyll protoplasts under a

fluorescence microscope 48 h after electroporation (Fig. 1A). The

green fluorescence was clearly visible under UV light in about 3%

of transfected mesophyll protoplasts. Similarly, Galbraith (1994)

reported about 2±10% GFP expression in tobacco protoplasts using

polyethylene glycol or electroporation. In the same population of

sweet potato mesophyll protoplasts, bright yellow-orange protoplasts

were also observed when the red autofluorescence of chlorophyll

and green fluorescence of GFP overlapped after illumination with

blue light (Fig. 1A). Elevated green fluorescence in the nuclei of the

fluorescent cells was consistent with the accumulation pattern of

GFP in other species, in the cytoplasm and at a higher level in plant

nuclei (Haseloff and Amos, 1995; Kohler et al., 1997). The

untransfected mesophyll protoplasts showed only red chlorophyll

autofluorescence (Fig. 1A). To reduce/eliminate the chlorophyll

autofluorescence problem, we subsequently used the filters (U-

MNIBA Olympus Microscope) designed for GFP detection. These

filters block red light without affecting the green fluorescence

derived from GFP expression (Fig. 1B). Similarly, the filter set

41014 (exciter HQ 450/50: beam splitter Q 480 LP; Chroma

Technology) was used to reduce the red autofluorescence in tobacco

mesophyll protoplasts (Reichel et al., 1996). When petiole-derived

protoplasts were electroporated in a similar manner, GFP gene

expression was observed in approximately 2175 protoplasts after

48 h (Table 1). The intensity of the fluorescence patterns was

variable among protoplasts and ranged from light green to very dark

green. The higher number of fluorescent protoplasts from mesophyll

versus petiole cells may be due to the size of the protoplasts and the

exponential wave used for electroporating the protoplasts, as

reported by Saunders et al. (1996).

Approximately 3% of mesophyll-derived protoplasts expressed

GFP 48 h after electroporation. The proportion of green fluorescent

cells was variable between experiments but averaged 3024 ^ 330

per one million electroporated protoplasts. Similar variation was

reported in sweet orange embryogenic suspension cells (Neidz et al.,

1995) and tobacco mesophyll protoplasts (Galbraith, 1994).

To determine the stability of GFP in protoplast-derived cells,

protoplasts were embedded in 1.2% agarose and GFP expression

was monitored periodically in the dividing cells. Preliminary

experiments provided evidence for stable incorporation of electro-

porated DNA into the genome of sweet potato protoplasts. The

frequency of stable GFP-expressing cells observed 14 d after

mesophyll protoplast electroporation was about 3.4% of the

frequency of transiently expressing cells (101 out of 3024) observed

2 d after electroporation (Fig. 1C, D). Similarly, in petiole-derived

protoplasts, the expression frequency was about 1.1% (25.3 out of

2175; Table 1). GFP fluorescence in cells was a good indicator of

transformation with further evidence provided by the increased

levels of green fluorescence in the nuclei of green-fluorescent cells

(Fig. 1E, F). Also, continued growth and division of the fluorescent

cells further support their transformed nature. The dividing cells

grew continuously and after 4 wk the frequency of transient to

stable (2±28 d) expressing cells was about 1% for mesophyll (27.5

out of 3024) and 0.7% for petiole protoplasts (15.3 out of 2175)

(Table 1; Fig. 1F). This suggests continuous accumulation of GFP

protein and/or relative stability of the introduced protein. The

detection of strong green fluorescence in sweet potato cells was not

impeded by endogenous fluorescence, and was always confined to

cells with no leakage, whereas diffusion of the blue staining product

produced during histochemical GUS staining is often observed

(Hunold et al., 1994). GFP product activity in the dividing cells was

quite resistant to photo-bleaching and strong GFP expression was

still detected after the cells were exposed to blue light for 30 min.

The estimated rates of conversion from transient expression to

stable incorporation of DNA in cells of other species were in the

range from less than 1.0% (Finer and McMullen, 1990) to about 4%

(Frank and Birch, 1991).

GFP expression in leaf tissue using microprojectile bombard-
ment. Although the expression of GFP could be detected in sweet

potato mesophyll and petiole protoplasts, it was not known if it

could be detected in other intact tissues. We used microprojectile

bombardment to deliver DNA into leaves and leaf-derived

embryogenic callus of sweet potato. The expression of GFP was

evident in leaf tissue 48 h after bombardment (Fig. 1G). GFP was

detected in individual cells or in groups of 600±700 cells, often

TABLE 1

EXPRESSION OF GFP IN SWEET POTATO MESOPHYLL- AND
PETIOLE-DERIVED PROTOPLASTS AT DIFFERENT TIMES AFTER

ELECTROPORATION

Time (d) Mesophyll protoplasts/cells Petiole protoplasts/cells

0.5 15.3 (^ 11.2)* 17.8 (^ 7.4)*
1.0 17.3 (^ 11.9) 27.8 (^ 18.6)
2.0 3024.0 (^ 330.1) 2175.0 (^ 172.9)
4.0 765.0 (^ 118.5) 608.9 (^ 174.9)
7.0 164.0 (^ 16.4) 78.8 (^ 14.9)

14.0 101.0 (^ 15.6) 25.3 (^ 10.9)
21.0 54.0 (^ 7.5) 17.0 (^ 11.0)
28.0 27.5 (^ 15.9) 15.3 (^ 6.4)

* The values represent the mean and the standard error of the mean. The
means were obtained from three independent experiments, each with four
replicates.

Fig. 1. Transient and stable expression of GFP in sweet potato mesophyll and petiole protoplasts using electroporation. A, The
yellow-green fluorescence of GFP is visible in transfected mesophyll protoplasts and red autofluorescence from chlorophyll (�250). B,
GFP expression in mesophyll protoplasts (protoplasts were viewed with a U-MNIBA filter set to eliminate the autofluorescence of
chlorophyll, �400). C, First division in a protoplast showing expression of GFP gene after 4 d in mesophyll protoplasts (�400). D, Six to
eight-celled mesophyll protoplast-derived individual colonies expressing GFP gene. E, Twelve to sixteen micro-colonies expressing GFP
after 2 wk of culture. F, Micro-calluses expressing GFP gene after 4 wk of culture. G, Each green patch represents an individual transient
expression event 48 h after bombardment of leaf tissues using a U-MNIBA filter to eliminate the autofluorescence of chlorophyll (�250).
H, Several stable events showing the expression of GFP in leaf-derived callus.
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appearing as a yellow-orange units. This probably resulted from a

combination of the red autofluorescence from the chloroplast and

green fluorescence from GFP, each representing individual

transient gene expression events. Forty-eight hours after bombard-

ment, leaf tissues cultured onto embryo induction MS medium also

continuously exhibited green fluorescence and after 2 wk several

stable calluses (10±12) were observed. After 4 wk of culture, a total

of six or seven stable GFP-expressing events of 6±10 mm size

calluses were observed in the bombarded leaf as well as in the

embryogenic callus tissues (Fig. 1H).

This study demonstrated that the GFP gene from A. victoria can

be expressed transiently and stably in various tissues of sweet

potato using electroporation and microprojectile bombardment. The

ability to monitor constitutively expressed GFP in plants has many

potential uses, such as developing and optimizing transformation

methods by continuously monitoring transformation events at

different stages, and non-destructive identification of transformed

cells or cell lines. This also enables the removal of all untransformed

material (usually the large majority of tissue) at an early stage and

facilitates the prediction of the number of likely transformants. This

methodology has not been possible using GUS histochemical assays

which are toxic, or luciferase assays which frequently result in the

reversion of embryogenic sugarcane callus to non-regenerable forms

(Bower et al., 1996). The GFP gene may also be a useful reporter/

marker in monitoring in vivo gene expression spatially and temporally

at the subcellular and whole plant levels. Studies of these types have

proven difficult in sweet potato using markers such as GUS.

Combinations of any selection marker genes with GFP in detecting

transgenic cells should lead to more widespread use in developing

plant transformation in sweet potato.
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