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ABSTRACT

We have constructed a chimeric gene consisting of the promoter,

first exon, and first intron of a maize ubiquitin gene (Ubi-1) and
the coding sequence of the bar gene from Streptomyces hygros-
copicus. This construct was transferred into rice (Oryza sativa L.)
protoplasts via electroporation, and 10 plants were regenerated
from calli that had been selected for resistance to exogenously
supplied bialaphos. Transgenic plants grown in a greenhouse were

resistant to both bialaphos and phosphinothricine at a dosage lethal
to untransformed control plants. Evidence of stable integration of
the transferred gene into the genome of the regenerated primary
transformant plants was obtained from Southern blot analysis. In
addition, northern blot analysis indicated expression and proper

splicing of the maize ubiquitin gene first intron from the primary
chimeric transcript in these transgenic rice plants, and western blot
analysis and enzymic assays verified expression of the active bar
gene product. Apparent mendelian segregation for bialaphos re-

sistance in T1 progeny of primary transformants was confirmed.

Although the production of transgenic rice plants has been
reported by a number of laboratories (1, 4, 6, 13, 17, 19, 24,
26, 28, 30), the regeneration of fertile, stably transformed
rice has yet to be made routine and efficient.

In many plant transformation studies, drug resistance
genes such as neomycin phosphotransferase or hygromycin
phosphotransferase have been used as selectable markers
(19, 24, 25, 28). One recent altemative strategy that has
emerged is based on the use of marker genes that confer
resistance to herbicides (7, 8, 10, 11). Bialaphos and PPT3 are
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known to be potent herbicides with a broad spectrum of
toxicity to numerous crops as well as weeds. Bialaphos was
first registered as a tripeptide antibiotic produced by Strepto-
myces hygroscopicus SF1293. It consists of PPT, an analog of
L-glutamic acid, and two L-alanine residues. Upon removal
of the alanine residues by endogenous peptidases in plant
cells, the resulting PPT inhibits glutamine synthetase, thus
causing a rapid accumulation of ammonia that leads to plant
cell death (22, 23).
The bar gene, cloned from S. hygroscopicus, encodes the

enzyme PAT, which acetylates the NH2-terminal group of
PPT, abolishing its herbicidal activity (15, 27). Chimeric
constructs consisting of the cauliflower mosaic virus 35S
promoter fused to the bar gene have been transferred into
tobacco, tomato, potato (7), and rape (8) through Agrobacter-
ium-mediated transformation, and such transgenic plants
were resistant to both PPT and bialaphos. Similarly, the same
gene has been introduced into the monocot plant, maize, by
microprojectile bombardment with the production of fertile,
transgenic plants (10, 11). In the case of rice (Oryza sativa L.),
Dekeyser et al. (9) pointed out the potential usefulness of the
bar gene as a selectable gene for transformation. More re-
cently, Christou et al. (4) regenerated transgenic rice plants
using a cauliflower mosaic virus 35S promoter-bar chimeric
gene by electric discharge particle acceleration.

Here, we report the electroporation-mediated transforma-
tion of rice protoplasts with a chimeric gene consisting of the
promoter, first exon, and first intron of the maize polyubi-
quitin gene (Ubi-1) (3) fused to a bar gene, and the regener-
ation of stably transformed transgenic rice plants.

MATERIALS AND METHODS

Plant Materials
Suspension cells derived from callus of germinating seeds

of japonica rice (Oryza sativa L. var Yamahoushi) were main-
tained in amino acid medium (29) containing 1 mg/L of
casein hydrolysate. The culture was kept on a gyratory shaker
(100 rpm) at 250C and subcultured once a week.

Plasmids
A 2-kb HindIII-BamHI fragment containing the maize Ubi-

1 promoter, first exon, and first intron (3) was ligated into
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the 3.6-kb chimeric bar structural gene (15)-nopaline syn-
thase terminator (2)-pUC12 sequence, resulting in the pro-
duction of pUBA (Fig. 1A). Because the bar gene does not
contain an ATG initiation codon, synthetic oligonucleotides
containing an ATG sequence were added to the 5' end of the
bar gene. Details of this vector construction will be reported
elsewhere. The plasmid pBR328012 containing the rolC gene
of Agrobacterium rhizogenesis Ri plasmid TL-DNA (21) was
also used for cotransformation with pUBA.

Electroporation and Selection of Transformants

Four-day-old suspension-cultured cells were incubated in
a solution containing 2.0% Cellulase Onozuka RS, 0.2%
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Macerozyme R10, 0.1% CaCl2-2H20, and 6.5% mannitol
(pH adjusted to 5.7 with NaOH). After 4 h at 250C, proto-
plasts were filtered through nylon mesh (30 ,um) and collected
by centrifugation (100g, 4 min). Protoplasts were washed
twice with an electroporation buffer (0.5 mm Mes [pH 5.8],
70 mm KCl, 4 mm CaCl2.2H20, and 6.5% mannitol) by
centrifugation (100g, 3 min). To remove cell debris, proto-
plasts were floated on the surface of 30% (v/v) Percoll in
electroporation buffer and collected by centrifugation (100g,
5 min). Purified protoplasts were resuspended in electropor-
ation buffer. A mixture of plasmid DNAs, 10 ,ug each of
pUBA and pBR328012 in a 100-,uL electroporation buffer,
was added to 1 mL of protoplast suspension (5 X 106 cells).
This mixture was then subjected to an electrical pulse (375
V/cm, 250 MF, and 200 Q) using a Gene Pulsar apparatus
(Bio-Rad).

Following electroporation, protoplasts were cultured in a
medium according to the method of Matsuki et al. (14). After
2 weeks, 2 (or 10) ,g/mL (final concentration) of bialaphos
was added to the culture medium. Colonies capable of pro-
liferating in the bialaphos medium were transferred to regen-
eration medium consisting of N6 salts (5), 3% sucrose, 1 mg/
L of kinetin, and 1% agarose. Regenerated plants were saved
for further analysis.

Southern Blot Analysis

Total DNA was isolated from leaves of rice plants according
to the method of Shure et al. (20). DNA (5 Mg) was digested
with restriction enzymes and electrophoresed in a 0.8% aga-
rose gel. DNA fragments were blotted to nylon membrane
(Hybond-N+; Amersham), followed by hybridization with
probe DNA, which had been labeled with [32P]dCTP using
the Multiprime DNA labeling system (Amersham). A bar
structural gene fragment (0.68 kb) and the promoter/first
exon/first intron region (2 kb) of the maize ubiquitin gene
were used as probes.

Figure 1. A, Chimeric plasmid pUBA used for rice transformation.
Ubi-l promoter/exon l/intron 1, Fragment from the maize ubiquitin
gene Ubi-1 containing the promoter, first exon, and first intron (3);
bar, bialaphos resistance gene (15); Nos3', nopaline synthase ter-
minator (2). The chimeric Ubi-l-bar gene was cloned into the
Hindlil/EcoRi sites of pUC12. Numerals indicate kb. B, Southern
blot analysis of seven transgenic To plants. Left, The results for
undigested DNA; right, the results for DNA digested with BamHI
and Sad, which cut within the chimeric gene releasing the bar-
coding region. For each plant, 5 ,ug of total DNA was digested (or
not) with, restriction enzymes, subjected to gel electrophoresis,
blotted onto Hybond N+, and hybridized with a probe representing
the bar-coding region. Lane 1, One copy marker reconstructed
from pUBA digested with BamHI and Sad; lane 2, DNA from an

untransformed rice plant; lanes 3 to 9, DNA from primary transform-
ants. Arrow indicates 0.68 kb band. X-DNA digested with Hindlil
was used as a size marker.

PCR Analysis

5'-GGATCCATGAGCCCAGAA-3' (18-mer) and 5'-
TCAGATCTCGGTGACGGGCA-3' (20-mer), representing
sequences on the bar gene, were used as primers. Total DNA
(1 ug) was subjected to 30 cycles of amplification of three
steps each (940C, 1 mnm; 600C, 2 min; 720C, 2 min) in PCR
buffer (10 mm Tris-HCl [pH 8.4], 50 mm KCl, 1.5 mm MgCl2,
and 0.01% [w/v] gelatin) containing 0.2 mm each dNTP, 1
Mm each primer, and 2.5 units of Ampli Taq (Takara Co. Ltd.).
PCR products were then analyzed by gel electrophoresis.

Northern Blot Analysis

Total RNA (20 ,ug) was electrophoresed on a formaldehyde-
agarose gel, blotted onto a nylon membrane (Hybond-N+;
Amersham), and hybridized with a bar gene fragment (0.68
kb).

Immunological Methods

PAT antiserum was prepared from PAT-immune rabbits.
Peroxidase-labeled anti-PAT-Fab' was prepared according to
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the procedure of Hashida et al. (12). Crude cell extracts (100
1Ag of protein) were used to precipitate PAT using PAT
antiserum. Resulting pellets were dissolved in 10 ,L of sample
buffer (0.01 M Tris-HCl [pH 9.0], 4% SDS, 30% sucrose, 2%
mercaptoethanol, and 0.001% bromophenol blue) and sub-
jected to SDS-PAGE. Following electrophoresis, the proteins
were electrophoretically transferred to a nitrocellulose filter.
The filter was sequentially treated with peroxidase-labeled
anti-PAT-Fab' and developed by Konica immunostain horse-
radish peroxidase (Konica Co., Tokyo, Japan).

PAT Enzymic Activity Assay

The PAT assay was performed as described by De Block et
al. (7).

RESULTS AND DISCUSSION

In three independent experiments, a total of 158 colonies
resistant to 2 (or 10) mg/L of bialaphos were obtained from
DNA-treated protoplasts. No colonies were recovered from
protoplasts not treated with DNA under the same selection
conditions. Subsequently, selected calli were transferred to
regeneration medium. Ultimately, 10 independent bialaphos-
resistant plants were transferred to soil and grown in the
greenhouse. After about 2 months, untransformed control
and transgenic plants were sprayed with a 1% Basta (20%
ammonium salts of PPT)-0.1% Tween 20 mixture. Discolor-
ation of leaves of control plants was seen as early as the third
day, whereas transgenic plants displayed a normal appear-
ance (Fig. 2A).
When DNA samples from the bialaphos-resistant primary

transformant plants (To) were digested with BamHI plus Sad
and hybridized with a probe representing the bar-coding
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region, the presence of an intact bar-coding region (0.68 kb)
was detected in transformed plants (Fig. 1B, right, lanes 3-
9). This band was not detected in untransformed plants (Fig.
1B, right, lane 2). Evidence that the bar sequence is integrated
into the genomic DNA of the rice cells is provided by the
comigration of the bar-hybridizable band with the high mol
wt (>40 kb) fragments of ethidium bromide-stainable DNA
present in undigested samples (Fig. 1B, left, lanes 3-9). No
hybridizable band was present in DNA from untransformed
plants (Fig. 1B, left, lane 2). Data from PCR analysis of seven
transgenic plants are also consistent with the presence of the
bar structural gene (data not presented). Furthermore, DNA
of a primary transgenic plant digested with HindIII plus
BamHI and hybridized with the 2.0-kb HindIII-BamHI frag-
ment of pUBA (pro/int probe, Fig. 1A) yielded a 2.0-kb band.
On the other hand, in DNA digested with BamHI alone and
probed with the 0.68-kb bar-coding region fragment, a 2.6-
kb band was observed. Because pUBA contains an unique
BamHI site that would produce a 5.6-kb linear DNA frag-
ment, the 2.6-kb band presumably represents a border frag-
ment resulting from BamHI-catalyzed cleavage within the
original plasmid sequence and at an adjacent site in the
flanking host DNA. Both probes were used separately, and
DNA cut with HindIII alone produced an identical 6.2-kb
fragment. Because pUBA contains a unique HindlIl site that
would produce a linear fragment of 5.6 kb from the original
plasmid, the 6.2-kb fragment presumably contains the colin-
ear Ubi-1-bar sequence plus flanking host DNA that has been
cut at a HindIII site. This result is consistent with integration
of an intact Ubi-1-bar chimeric gene into the rice genome
(data not presented).
To examine the transcription of the introduced foreign

gene in primary transformants, total RNA was extracted from

Figure 2. A, Basta resistance in transgenic rice
plants. The herbicide formulation, Basta, con-
tains 200 mg/L of glufosinate, the ammonium
salt of PPT. Plants (about 3 months old) were
sprayed with a 1% Basta solution (v/v) contain-
ing 0.1% (v/v) Tween 20. Photographic obser-
vations were recorded 2 weeks after the Basta
treatment. B. Segregation of bialaphos-resistant
and bialaphos-susceptible plants in the prog-
eny (T1 generation) of selfed primary transfor-
mant (To generation) plants. Selection was
made 7 d after germination in the presence of
50 mg/L of bialaphos.
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seven bialaphos-resistant plants, and bar mRNA was ana-
lyzed by northern blot using a bar-coding region as a probe.
In transgenic plants, a 0.8-kb bar mRNA was detected, indi-
cating expression of the chimeric Ubi-bar gene as well as
correct splicing of the ubiquitin intron sequences in the rice
plants (Fig. 3, lanes 1-7). No bar mRNA was detected in
nontransformed controls (Fig. 3, lane 8).
The expression of PAT was determined in the seven bia-

laphos-resistant plants examined as described above. Analy-
sis of crude leaf extracts by western blotting revealed the
presence in transgenic plants (Fig. 4A, lanes 2-8) of a poly-
peptide (23 kD) that comigrated with PAT purified from S.
hygroscopicus (lane 10). No immunoreactive band was de-
tected in untransformed control plants (Fig. 4A, lane 9). The
results of PAT enzymic activity assays are shown in Figure
4B. After separation by TLC, 14C-labeled acetyl PPT was seen
only in transgenic plants (Fig. 4B, lanes 2-8) and not in
untransformed plants (Fig. 4B, lane 9).
To examine the inheritance of the introduced foreign genes,

seeds (T1 generation) of transgenic plants were disinfected
and allowed to germinate in a liquid Murashige-Skoog me-
dium (16). After 7 d, seedlings were transferred to the same
medium containing 50 mg/L of bialaphos. The number of
plants resistant or sensitive to the drug was recorded after 2
weeks (Fig. 2B). The ratio of bialaphos-resistant to bialaphos-
sensitive seedlings is consistent with a 3:1 segregation ratio.
Moreover, we were able to detect PAT protein and PAT
enzymic activity in such bialaphos-resistant T, plants. These
results verify transmission of the introduced Ubi-bar gene to
the progeny of the primary transgenic rice plants.
The availability of strong monocot promoters that are
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Figure 4. A, Detection of PAT protein by immunoblotting of leaf
extracts from primary transformant (To) rice plants. Lane 1, Molec-
ular mass markers; lanes 2 to 8, extracts from seven independent
To plants; lane 9, extract from an untransformed plant; lane 10, 30
ng of purified PAT from S. hygroscopicus. B, Detection of PAT
activity by TLC. Acetylated product of PPT (acetyl PPT) indicates
PAT activity. Lane 1, Purified PAT from S. hygroscopicus; lanes 2 to
8, leaf extracts from seven independent primary transformant (To)
rice plants; lane 9, leaf extract from an untransformed rice plant.
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Figure 3. Northern blot analysis of RNA extracted from primary
transformant (To) and untransformed rice plants. Top, Total RNA
(20 mg) was electrophoresed in a 1.6% agarose-formaldehyde gel
and blotted to a nylon membrane. A BamHl/Sacl fragment from
pUBA representing the bar gene-coding region was used as a
hybridization probe. Lanes 1 to 7, RNA from seven independent To
plants; lane 8, RNA from an untransformed control plant. Bottom,
Map of chimeric Ubi- l-bar gene and a schematic showing the 0.8-
kb product expected as a result of correct splicing of the primary
chimeric transcript.

active in all tissues may aid the development of efficient
transformation protocols that will routinely provide fertile,
transgenic monocot plants at high frequency. The data pre-
sented here verify that the Ubi-1 promoter drives efficient
expression of a selectable marker gene in rice, allowing the
regeneration of fertile, transgenic plants. The advantages of
using herbicide resistance over antibiotic resistance as a se-
lectable marker for monocot transformation have become
increasingly apparent (10, 11, 18). The data presented here
verify the usefulness of the bar gene for producing fertile,
transgenic rice plants, as was reported recently while this
study was in progress (4).
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