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Abstract 
Electroporation-mediated gene transfer into intact plant tissues was demonstrated in pea, cowpea, lentil, 

and soybean plants. Transient expression of a chimeric gus reporter gene was used to monitor the uptake and 
expression of the introduced DNA in electroporated nodal axillary buds in vivo. The branches that grew out 
of the nodal meristems were chimeric and expressed the introduced gene up to 20 d after electroporation. 
Transgenic R1 pea, lentil, and cowpea plants were recovered from seeds originating on these chimeric 
branches as shown by Southern blot hybridization and GUS expression. Transgenic R 2 soybean and lentil 
plants were also obtained. Segregation ratios in these populations showed a strong bias against transgene 
presence or expression. 

Index Entries: Electroporation; pea; lentil; cowpea; soybean; nodal meristems; transgenic plants. 

1. Introduction 
Electroporation-mediated direct gene transfer 

has been developed (1) and has been used in 
generating transgenic plants (2). So far, mostly 
protoplasts have been the target of direct gene 
transfer methods, because the plant cell wall has 
been assumed to form an impenetrable barrier to 
DNA (3). However, recent work has shown this 
assumption to be unfounded in several cases. 
Indeed, leaf sections, somatic and zygotic embryos, 
as well as suspension cells from several plant 
species have now been shown to be permeable to 
plasmid DNA and able to express various chi- 
meric transgenes (4--9). In one case, fertile transgenic 
plants were recovered from electroporated sugar- 
cane cells (10). Thus, this technique has excellent 
potential to generate transgenic plants, in particu- 
lar in cases where technology has been limited by 
the lack of a reliable technique for regenerating 
complete plants from either protoplasts or tissue 
explants. In addition, electroporation does not 

necessitate expensive equipment, and optimiza- 
tion of parameters can be performed quickly. In 
the same vein, a recent review (11) stresses the 
severe limitations imposed by conventional plant 
transformation techniques and advocates the 
exploration of alternative DNA delivery tech- 
niques, such as electroporation of intact tissues, 
including meristems. 

In this article, we used the meristematic tissues 
of axillary buds from pea, lentil, cowpea, and soy- 
bean plants as targets for DNA uptake. Since these 
tissues normally differentiate into shoots that bear 
flowers and eventually seeds, successful transfor- 
mation of these meristems in vivo raises the pos- 
sibility of obtaining transgenic seeds without the 
need for in vitro regeneration. Indeed, we also 
show that transgenic plants expressing GUS and 
harboring the uidA transgene are found among the 
R~ and R 2 progeny of R 0 electroporated plants. This 
article thus provides molecular evidence to support 
our transformation protocol published earlier (12). 
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2. Materials and Methods 

2.1. Plant Material 

Pea (Pisum sativum L.) cv. Sparkle was grown 
in the greenhouse for 3 wk in potting soil (green- 
house soil mix with 60% peat, Washington State 
University Stores) placed in Deepot containers. 
Prior to electroporation, the apical portion of the 
plants was decapitated close to the node of a fully 
expanded leaf. The stipule and adjacent petiole 
were removed to expose the nodal bud. All other 
meristematic buds below that nodal bud were 
excised. The bud that was thus retained was con- 
tained in a V-shaped angle formed by the excised 
stem and the base of the petiole. After treatment 
(see Section 2.3.), the plants were placed back in 
the greenhouse and allowed to grow. R 1 progeny 
were raised from seeds collected from shoots that 
grew out from the intact buds subjected to electro- 
poration in vivo. The seeds were surface-sterilized 
in 95% ethanol for 5 min, followed by agitation in 
0.3% sodium hypochlorite for 15 min. Seeds were 
then washed in sterile distilled water three times 
and plated on MS salt medium (complete MS salt 
mixture, Gibco Laboratories, Grand Island, NY) 
supplemented with 0.2% gelrite and 3% sucrose. 
They were grown at room temperature in a 16-h 
light: 8-h dark cycle. Lentil (Lens culinaris Medik.) 
cv. Crimson, cowpea (Vigna unguiculata L. Walp) 
cv. Blackeye, and soybean (Glycine max) cv. Wye, 
were processed similarly, except that no axenic 
steps were used in any of the experiments. 

2.2. Plasmid Construct and DNA Isolation 

The EcoRI-HindlII fragment of p35SGUSINT 
(13) was cloned into pUC8, and the new vector is 
referred to hereafter as pGPT1.0. This fragment 
contains the uidA gene from E. coli (13) driven 
by the cauliflower mosaic virus 35S promoter and 
the nos terminator. In addition, this chimeric gene 
is interrupted by the second intron from the potato 
ST-LS 1 gene. This construct has been shown to 
be expressed in cowpea (14), pea, and lentil tis- 
sues (Z. Cai et al., unpublished). 

Plasmid DNA was isolated according to the 
alkaline lysis method and purified by polyethyl- 
ene glycol precipitation (15). Plasmid prepara- 

tions contained at least 80-90% supercoiled DNA 
as judged by agarose gel electrophoresis. DNA 
concentration was measured by the dipheny- 
lamine assay (16). 

2.3. Electroporation of Nodal Meristerns 
Pea nodal buds were injected with 2 laL of DNA 

solution (100-300 l.tg/mL pGPT1.0 DNA/spermine 
or LipofectinXM/MS salt solution) using a 10-l.tL 
Hamilton syringe. DNA was complexed with 2 mM 
spermine or 50 mg/mL Lipofectin TM as indicated 
in Table 1. The nodal buds were injected from the 
top through the apical dome to a depth of about 1 mm. 
Twenty minutes after injection, each plant was 
individually electroporated by dipping the exposed 
nodal bud into the DNA solution (100--300 lag/mL 
pGPT 1.0 DNA/spermine or LipofectinTM/MS salt 
solution) contained in a circular electrode. Two 
square pulses of 99-ms duration each were deliv- 
ered at 200 V, unless otherwise stated. The pulses 
were delivered 5 s apart using a Progenetor TM 

electroporation unit connected to a dc power sup- 
ply. The gap between the electrodes was 0.6 cm. 
After electroporation, the plants were taken back 
and grown in the greenhouse. Control plants were 
either injected with plasmid DNA and not electro- 
porated, or injected with pUC8 DNA or MS salts 
and electroporated. 

Nodal meristems of cowpea, lentil, and soy- 
bean plants were injected similarly and electro- 
porated at 100 V as described by Chowrira et al. 
(12). In the latter three cases, Lipofectin TM 

only was used as a DNA protectant. Also, only 
covalently closed circular DNA was used for 
transformation. A full description of the entire 
experimental protocol was published earlier by 
Chowrira et al. (12). 

2.4. GUS Assay 
Staining with X-glu was done as described in 

ref. (17) on pieces of leaf, petiole, tendril, stipule, 
sepal, petal, and anther, which developed on the 
shoots growing out of the electroporated buds and 
on pieces of leaf from R 1 and R 2 plants. 

2.5. DNA Analysis 
Plant genomic DNA was isolated according to 

the method of Doyle and Doyle (18), and further 



Table 1 
GUS Staining in Floral Tissues 

from R0 Pea Shoots Under Different Electroporation Conditions 

DNA concentration, DNA Pulse, Fraction 
~g/mL protectant Volts ms GUS § R o 

300 Spermine 0 0 0/40 
100 Spermine 200 99 2/20 
300 Spermine 200 50 1/23 
300 Spermine 200 99 4/36 
300 Lipofectin TM 200 99 11/40 

Floral tissues that stained included petals, stamens, anthers, and pollen, depending on individual plants. 

purified by phenol-chloroform extraction subse- 
quent to RNase treatment (19). 

The Genius TM kit (Boehringer Mannheim, Indi- 
anapolis, IN) was used for Southern analysis of 
genomic DNA isolated from R 1 plants. The 
GUSINT probe consisted of gel-isolated 1.8-kbp 
SspI-SstI from pGPT1.0 (Fig. 1). This fragment 
contains a portion of intron II from the ST-LSI 
gene and all of the downstream uidA coding 
sequence (16). DNA transfer, labeling of the 
probe, and detection were according to the man- 
ufacturer's protocol. 

3. Results and Discussion 
Our initial experiments were actually aimed at 

reproducing the results of Dekeyser et al. (5), 
which showed transient expression of transgenes 
in electroporated pieces of leaf from a variety of 
plants. Using the electroporation conditions 
described in Section 2., we observed transient 
expression of GUS in isolated pea nodal buds, up 
to 10 cell layers inside the tissues (not shown). 
This prompted us to adapt the electroporation 
technique to nodal buds in planta (Fig. 2), thereby 
avoiding all tissue-culture steps. Pilot experi- 
ments were performed with pea plants under a 
variety of electroporation and DNA protectant 
conditions. Only one set of experimental param- 
eters was used for cowpea, lentil, and soybean. 

3.1. Effects of Electroporation 
on the Survivability of the Nodal Bud 

The single buds retained on the pea plants used 
for in vivo electroporation gave rise to branches 
bearing flowers and pods. Although 87% of the 
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Fig. 1. Probe used in Southern blot experiments. 
The 1.8 kbp SspI/SstI fragment from pGPT1.0 was gel 
isolated and labeled with DIG-11-dUTP. This frag- 
ment contains a portion of intron II from the ST-LSI 
gene and all the downstream uidA coding sequence. 

nonelectroporated plants gave rise to branches 
from these buds, the proportion of electroporated 
plants that successfully grew branches from these 
buds varied with voltage. At 100 V, viability was 
unchanged, whereas at 200 V, 84% of the buds 
survived and grew into a short branch bearing 
flowers and pods. Bud survival declined to 35% 
when the voltage was increased to 300 V. 

3.2. GUS Assay on Shoots (R o Plants) 
Twenty days after electroporation with a sper- 

mine-DNA complex, branches that grew from the 
electroporated pea buds were assayed for GUS 
activity in randomly harvested pieces of tissues. 
Approximately 5% (9/187) of these plants had 
pieces of shoots that stained positive with X-glu. 
Sectors of stained and unstained regions were 
found in all tissues that stained. Microscopic 
observations revealed blue crystals inside cells 
(Fig. 3A). When staining was observed, it was 
highly localized and never seen in the whole tissue 
being assayed. This pattern of staining was observed 
in leaves located as far as the fourth node on the 
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Fig. 2. Injection into nodal buds and electroporation. (A) Injection into nodal buds; the needle of the Hamilton 
syringe is indicated by an arrow. (B) After injection, the nodal bud is positioned between the outer ring (the 
cathode) and the center post (the anode), and subjected to electric pulses. For clarity, no electroporation medium 
was present in the chamber. 
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shoot that grew out of the electroporated bud. Also, 
we observed GUS-positive petals, anthers, and 
pollen on shoots bearing leaves that did not stain 
positive for GUS. These observations show that 
transgene expression can be detected up to 3 wk 
after electroporation into an intact bud and that pat- 
terns of expression vary considerably, possibly as 
the result of the timing of DNA-integrative events. 
Similar observations were made in cowpea, lentil, 
and soybean electroporated at 100 V, with Lipo- 
fectinXM-DNA complex. In cowpea, 40 electropo- 
rated meris tems gave rise to six GUS+ R 0 
individuals; in lentil, 100 electroporated meristems 
generated 18 GUS+ R 0 individuals, whereas in soy- 
bean, three GUS+ Ro individuals were obtained 
from 40 electroporated plants. No staining was 
observed in samples from the 20 control plants that 
were maintained for each of the crops mentioned. 

3.3. GUS Assay 
on Floral Parts of R o Pea Plants 

In one series of experiments, 119 pea nodal 
buds were injected with plasmid DNA in the 
presence of protectants as indicated in Table 1, 
electroporated, and allowed to grow until the 
flowering stage. Staining for GUS activity was 
performed on floral tissues only. Eighteen of these 
plants were found to contain floral parts that 
stained positive for GUS. None of the 40 control 
plants (injected with complexed plasmid DNA, 
but not electroporated) showed any staining. As 
in the previous experiment, staining was sectorial 
as seen in the case of a fragment of petal (Fig. 3B 
and C). Stained anthers were found in flowers of 
three R 0 plants that contained a fraction of stained 
pollen (Fig. 3D). Such an observation is encour- 
aging, since it suggests that a transgene may have 
been present in pollen mother cells at meiosis. Of 
course, at this stage, our results cannot exclude 
transfer of transcription or translation products 
from cell to cell during development. 

3.4. Nature of the Observed Staining 

Experiments involving hundreds of plants, such 
as the ones described here, cannot be performed 
easily with axenically grown and manipulated 
material. In fact, many plants used in this study 
were grown in a greenhouse and surgically manipu- 
lated under nonsterile conditions. Therefore, it is pos- 
sible that some of the observed staining may have 
been owing to bacterial contamination. Indeed, 
the uidA chimeric reporter gene used here is of pro- 
karyotic origin and could be found in ordinary com- 
mensals of our plants, hence giving false-positive 
results. Two types of experiments were done to in- 
vestigate the possibility that contaminants could 
account for the observed results. First, cultures of 
Escherichia coli DH5cx (a strain commonly used in 
our laboratory) were shown as expected to strongly 
express GUS as judged by the standard X-glu 
assay. Such cultures were used to contaminate 
pieces of pea tissues deliberately for 24 h, which 
were then used in a GUS assay as conducted with 
our ordinary experimental material. Abundant for- 
mation of an amorphous blue precipitate was 
detected in the buffer, but no blue material was 
found intracellularly in the plant samples. These 
crystals could further be totally eliminated from the 
surface of the plant material with a single ethanol 
wash, a procedure routinely followed in this work. 
It should be noted from Fig. 3 that the blue crystals 
in our pea tissue samples are strictly confined by 
cell walls and are thus not bound to the cell surface. 
In addition, cell layers away from the surface were 
seen to contain similarly confined blue crystals 
simply by changing the focus of the microscope. 
Further, pieces of pea plants grown and manipu- 
lated as above were incubated overnight in LB 
medium or MS salts, both supplemented with 3% 
glucose at 25 and 37~ Growth was observed in 
all cases, indicating the presence of microscopic 
contaminants, but none of the pelleted cultures 

Fig. 3. (opposite page) GUS activity in different organs developing from buds injected and electroporated with 
pGPT1.0 DNA in planta. Staining was done 3 wk after treatment. (A) Blue crystals present in the cells of a stem 
originating from an electroporated bud. Magnification 100x. (B) Piece of petal staining positive for GUS. Magnifica- 
tion 10x. (C) Blue crystals in petal cells. Magnification 100• (D) Pollen grain (arrow) staining positive for GUS. 
Magnification 600• 
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stained positive for GUS. Therefore, it is unlikely 
that surface contaminants accounted for the GUS- 
positive sectors seen in our DNA-treated speci- 
mens. The possibility still exists, however, that 
highly localized endosymbionts could account for 
the observed effects. However, this possibility is 
remote, since 203 control pea plants, maintained 
in our pilot experiments, were never seen to stain 
for GUS. These controls were composed of 127 
individuals not injected with DNA and not 
electroporated, 40 injected with pGPT1.0 DNA, 
but not electroporated, 21 injected with pUC8 
DNA and electroporated, and 15 injected with 
MS salts and electroporated. Similarly, control 
cow pea, lentil and soybean shoots did not stain 
for GUS in the respective experiments. 

Our results strongly suggest that chimeric shoots 
were obtained by in vivo injection and electro- 
poration of intact nodal buds. That DNA can pen- 
etrate intact plant tissues and cells is in agreement 
with Lindsey and Jones (20,21), Dekeyser et al. (5), 
and Arencibia et al. (10), who showed that DNA 
can penetrate suspension cells of Beta vulgaris, 
small pieces of leaf tissues, and sugarcane suspen- 
sion cells, respectively. Similarly, our results are 
in agreement with studies demonstrating DNA 
uptake and expression in intact mature and imma- 
ture embryonic tissues (4,6-9). 

3.5. GUS Expression in gl and R2 Plants 
Obtained from Chimeric R o Individuals 

3.5.1. Pea 

In one series of experiments, seeds were obtained 
from 300 electroporated R 0 plants. One to five 
seeds were obtained from each treated plant, with 
an average of 2.8 seeds/plant. All R 1 progeny were 
raised axenically (thus minimizing the possibility 
that staining would be the result of contamination), 
and leaflets from each plant were stained with 
X-glu. Not all progeny from any given R 0 plant 
stained positive for GUS. Success in the stable 
transformation of an R0 plant was counted when at 
least one positively staining R1 plant was obtained 
from its seeds. Table 2 summarizes our results 
obtained with various treatments involving different 
combinations of electroporation conditions. The 
level of GUS expression in transgenic R1 progeny 

was low compared to that in the R 0 generation, but 
intracellular crystals were clearly visible under the 
light microscope in all cells present in the exam- 
ined samples. Also, R1 progeny displayed a stain- 
ing pattern different from that of Ro plants. The 
latter showed blue foci (see Fig. 3B) with no evi- 
dence of intracellular blue crystals in the regions 
located outside the staining areas. Leaf tissue from 
R1 plants, however, had blue crystals in all cells 
examined, but staining intensity varied macro- 
scopically, indicating uneven expression of GUS 
in this tissue (also see 12). Similar observations 
were made by Jefferson et al. (22) and Stefanov et 
al. (23). The reasons for generally lower levels of 
GUS expression in transgenic R1 plants are not 
clearly understood. Multiple integrations in the 
genome or sites of integration may play a role. 
GUS-positive R 0 plants showed relatively higher 
levels of GUS activity, although in small patches 
of cells, owing to their chimeric nature. 

In another series of experiments, 120 pea plants 
were electroporated at 100 V with a DNA-Lipo- 
fectin TM complex and yielded a total of 17 chi- 
meric shoots. The R 1 progeny of 14 of those plants 
were studied for GUS expression. Twenty GUS § 
individuals of 75 R1 individuals were recovered 
DNA was extracted from 10 of those GUS + plants 
and analyzed by Southern hybridization. Owing to 
the small number of seeds obtained in experi- 
ments with peas, no attempts were made to study 
GUS expression in R2. 

3.5.2. Lentil 

One hundred electroporated plants generated 18 
GUS § chimeric R 0 shoots. The R 1 progeny of 10 of 
these plants were further analyzed for GUS expres- 
sion. Results showed that 22 of 88 individuals were 
GUS-positive. One hundred and five Rz individu- 
als were obtained by selfing R 1 progeny of two of 
the R0 lines (consisting of five GUS + plants from 
line #121 and four GUS + individuals from line 119, 
respectively). Three R2 lines were analyzed for 
GUS expression and showed the presence of 4 
GUS § individuals out of 34 plants (#121 L), 1 
GUS§ (#121 J), and 9 GUS§ (#119 F). Four- 
teen GUS § R 2 plants were thus observed. This 
overall 14:91 ratio indicates a strong bias against 



Table 2 
Expression of GUS in the R 1 Generation of Electroporated Parents (Pea Plants) 

DNA concentration, DNA Pulse, Fraction 
gg/mL protectant Volts ms of GUS + R1 

300 CCC Spermine None None 0/80 
300 CCC Spermine 200 50 2/84 
300 CCC Spermine 200 99 13/52 
300 CCC Lipofectin TM 200 99 29/81 
100 CCC Spermine 200 99 5/40 
100 L Spermine 200 99 6/43 

Total 56/380 

ccc: Supercoiled pGPT1.0 DNA. 
L: pGPT1.0 DNA linearized with SacI. 
GUS expression was tested in leaf fragments. 

either the presence or expression uidA in these R 2 
plants. Several investigations of non-Mendelian in- 
heritance of transgenic phenotype at the molecular 
level have indicated that loss of expression does 
not always correlate with the loss of the transgene, 
but rather with its inactivation (24-28). We have 
indeed observed such an inactivation of integrated 
transgene in our experiments with pea transforma- 
tion (discussed in Section 3.6.). Genomic DNA was 
extracted from two GUS-positive RI lentil plants 
(line 32C and line 119F) for Southern hybridiza- 
tion (see Section 3.6.). 

3.5.3. Cowpea 
Six GUS + chimeric shoots were observed on 

40 electroporated individuals. R 1 progeny from 
three of  these plants were analyzed for GUS 
expression with the following results: line C10 
gave 2 GUS + progeny out of 27; line C15, 6 GUS § 
out of 23, and line C35, 1 GUS + out of 21 for a 
grand total, of 9 GUS + R 1 plants out of 52. GUS 
activity was not studied in R 2 plants. DNA was 
extracted from one GUS + individual from lines 
C10 and C15 each and used for Southern hybrid- 
ization (see Section 3.6.). 

3.5.4. Soybean 
Forty R 0 soybean plants were electroporated, 

resulting in three individuals carrying chimeric 
GUS § shoots. R1 progeny from those individuals 
were not analyzed, but were allowed to self-fertil- 
ize and produce an R 2 generation consisting of 56 
individuals. Of those, 30 stained positive for GUS. 

Table 3 
Fraction of Individual Plants Found 

to Stain for GUS in Successive Generations a 

R0 R1 R2 
Pea 17/120 20/75 ND 
Cowpea 6/40 9/52 ND 
Lentil 18/100 22/88 14/91 
Soybean 3/40 ND b 30/56 

aAll R 0 individuals were chimeric. All axillary buds were 
electroporated at 100 V with a covalently closed circular plasmid 
DNA-Lipofectin TM complex. 

bND: not done. 

This 30:26 overall ratio is much higher than that 
observed in the case of lentil, but is still quite far 
from the 3:1 ratio expected if the R 1 plants are hem- 
izygous for uidA. Here again, there is strong bias 
against the presence or expression of the transgene 
in the R 2 population. DNA was isolated for analysis 
from two R 2 individuals originating from line SsB and 
four R 2 individuals originating from line S2B. Line 
S2B gave 11 GUS + plants out of 16. This particular 
line thus gave a 2.2:1 R 2 ratio. 

Table 3 gives a grand summary of our numeri- 
cal results obtained with plants electroporated at 
100 V with a DNA-Lipofectin TM complex. 

3.6. Presence of  uidA 
in R 1 and R e Plants 

The presence of  the uidA sequence in R 1 pea, 
lentil, and cowpea plants and in R 2 soybean 
plants was investigated by Southern blot analy- 
sis. Figure 4A shows hybridization of the probe 



Fig. 4. Southern blot analysis of introduced chimeric gene in R1 GUS-positive progeny of pea, lentil, cowpea, and 
R 2 GUS-positive progeny of soybean, transformed by in planta electroporation of nodal meristem. Genomic DNA 
was isolated from frozen leaf tissue, and 15 lag of restriction enzyme digested or undigested DNA were blotted onto 
positively charged Zeta-probe membrane. Southern hybridization was done with DIG-labeled SspI/SstI fragment of 
pGPT1.0 (Fig. 1) as GUSINT probe. (A) Hybridization pattern in two independent transgenic pea R 1 plants (14C and 
23H): lane 1, mol-wt marker; lanes 2 and 5, undigested genomic DNA; lanes 3 and 7, DNA digested with EcoRI (a 
single cut giving rise to junction fragments); lanes 4 and 6, DNA double digested with EcoRI/HindlII (releasing the 
intact 3.5-kbp chimeric transgene). Digested and undigested genomic DNA from untransformed control plants did 
not show any hybridization signal with GUSINT probe (data not shown). (B) Southern hybridization pattern in, lentil 
R 1 plants (two independent transgenic lines, 32C and 119F): lane 1, mol-wt marker; lane 2, linearized pGPT1.0 DNA 
(30 pg), used as a positive control; lanes 3 and 6, undigested DNA; lanes 4 and 7, genomic DNA digested with EcoRI 
(giving rise to a junction fragment of 3.6 kbp in both the transgenic lines); lanes 5 and 8, double-digested genomic 
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to unrestricted DNA isolated from leaves of two 
GUS § R1 pea plants (lanes 2 and 5). This figure 
further indicates that genomic DNA from these 
plants when digested with EcoRI (which created 
a single cut in the plasmid pGPT1.0) showed a 
single band of 6.1 kbp (lane 3) or 8.0 kbp (lane 
7). Double digestion of the genomic DNA with 
EcoRI and HindlII (lanes 4 and 6) yielded in both 
cases a fragment of 3.5 kbp, consistent with the 
cassette including the chimeric uidA gene as 
present in the vector. The 6.5-kbp band seen in 
lane 6 was probably the result of partial diges- 
tion of the genomic DNA. Together, these results 
demonstrate integration and expression of the 
reporter gene in these plants. Interestingly, as 
mentioned before, one GUS-negative R1 pea 
plant was shown to contain an intact uidA cas- 
sette (data not shown), indicating the presence 
of a silenced transgene. 

Similarly, R1 lentil and cowpea DNA revealed 
hybridization signals for the high-mol-wt, hybrid 
fragments, and intact uidA gene, when digested 
with the appropriate restriction enzymes and 
probed. In lentils, the two independent trans- 
genic lines (32C and 119F) tested exhibited very 
similar restriction enzyme digestion patterns 
(Fig. 4B). The size of the hybrid fragments (hy- 
brid between the lentil genomic DNA and the 
chimeric uidA gene), when cut with EcoRI was 
3.6 kbp in both the transgenic lines (lanes 4 and 
7). Double digestion with EcoRI and HindlII re- 
leased the intact uidA gene in both lines (lanes 5 
and 8). Integration into lentil genome was fur- 

ther demonstrated when the probe hybridized to 
the undigested genomic DNA at high molecular 
weight (lanes 3 and 6). In the case of cowpea 
(Fig. 4C), unrestricted genomic DNA from two 
independent transgenic lines showed hybridiza- 
tion signal at high molecular weight (lanes 4 
and 7). A single enzyme digestion with EcoRI 
yielded hybrid fragments of sizes 5.1 kbp (lane 
5) and 6.3 kbp (lane 8). The intact uidA gene was 
released when double digested with EcoRI and 
HindlII (lanes 6 and 9). 

Genomic Southern analysis in the case of soy- 
bean was performed on DNA samples from R 2 
progeny. Transgene integration in the soybean 
genome is shown in Fig. 4D. Interestingly, the 
restriction pattern of GUS § soybean genomic 
DNA when digested with EcoRI and probed was 
very similar to that seen in lentil R1 genomic 
DNA. Both the independent transgenic lines in 
soybean (lanes 3 and 7) and in lentils (Fig. 4B, 
lanes 4 and 7) yielded a hybrid fragment of size 
3.6 kbp. When digested with HindlII (which also 
created a single cut in the plasmid pGPT1.0), soy- 
bean genomic DNA yielded hybrid fragments of 
different sizes (5.0 kbp in case of S2B 2, lane 9 in 
Fig 4A and 16 kbp in case of SsB 3, data not 
shown). The complete uidA gene (3.5 kbp) was 
released when double-digested with EcoRI and 
HindlII (lanes 4 and 8). Hybridization signal at 
high-mol wt in unrestricted genomic DNA is 
shown in lanes 5 and 6. The reason why indepen- 
dent transgenic lines in lentil and soybean produced 
very similar hybrid fragments when digested with 

DNA with EcoRI/HindlII (giving rise to intact 3.5-kbp uidA chimeric gene). GUSINT probe did not hybridize to DNA 
from untransformed control plants (data not shown). (C) Hybridization pattern in two cowpea transgenic R 1 lines, C10-2 
and C15-21: lane 1, mol-wt marker; lane 2, linearized pGPT1.0 DNA (30 pg), used as a positive control; lane 3, genomic 
DNA from untransformed control plant digested with EcoRI; lanes 4 and 7, undigested genomic DNA from 10-2 and 
C 15-21, respectively; lanes 5 and 8, genomic DNA digested with EcoRI (resulting in junction fragments of different sizes); 
lanes 6 and 9, genomic DNA double digested with EcoRI/HindIII (releasing the intact 3.5 kbp chimeric uidA gene). (I)) 
Hybridization signal in two independent transgenic R 2 soybean lines S2B 2 and 85B3: lane 1, mol-wt marker; lane 2, 
linearized pGPT1.0 DNA (10 pg), used as a positive control; lanes 3 and 7, genomic DNA digested with EcoRI (junction 
fragment of 3.6 kbp hybridized to the probe in both the transgenic lines); lanes 4 and 8, genomic DNA double digested 
with EcoRI/HindIII (the probe hybridized to the intact uidA chimeric gene of 3.5 kbp); lanes 5 and 6, undigested genomic 
DNA (hybridization signal seen at high-mol wt); lane 9, genomic DNA from line SEB 2 digested with HindIII (probe 
hybridized to a junction fragment of 5.0 kbp). Digestion of SsB 3 DNA with HindIII resulted in a junction fragment of 
16 kbp (data not shown). Untransformed control DNA did not show any hybridization signal (not shown). 
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EcoRI is unknown. However, the same observa- 
tion was made in two independent transgenic 
barley lines obtained by macroinjecting an nptlI- 
carrying vector into the inflorescences. Two 
kanamycin-resistant F2 plants originating from 
independent primary transformants did display 
the same restriction pattern in Southern blots 
when the probe was an internal fragment of the 
nptlI gene (29). 

Estimation of transgene copy number was 
done by Southern hybridization with EcoRI- 
HindlII-digested DNA from transgenic lentil 
119F. DNA from untransformed lentil was sup- 
plemented with the equivalent of 1, 2, 3, and 4 
copies of the uidA gene (10, 20, 30, and 40 pg/ 
10 ~tg lentil DNA, respectively). Band intensi- 
ties indicated the presence of 2 copies of the 
uidA cassette/genome (not shown). Copy num- 
ber experiments were not done with the other 
crops, but Southern blots in Fig.4 suggest inte- 
gration of 1-3 copies for the uidA transgene. 

4. Conclusions 

The technique described in this article shows 
that cells present in the apical dome of grain 
legumes can take up and express a uidA reporter 
gene in growing tissues after macroinjection and 
electroporation in planta. Furthermore, the pres- 
ence of GUS-expressing individuals containing an 
integrated reporter gene among the R1 and R 2 off- 
spring shows that expression is not necessarily of 
the transient type. Thus, our procedure constitutes 
an attractive alternative to Agrobacterium-medi- 
ated gene transfer in legumes and requires no 
tissue-culture step whatsoever, often a major 
stumbling block in these plants. 

The transformation frequencies based on R 1 
and R2 GUS-expressing plants, even though quite 
variable from experiment to experiment, were 
high enough to allow detection of transgenics 
without the need for a selectable marker. Based 
on this, we have applied our protocol toward the 
production of pea plants tolerant to pea enation 
mosaic virus through coat protein-mediated toler- 
ance or resistance. Such plants were obtained and 
were shown to contain the pea enation mosaic 
virus coat protein gene by Southern hybridization, 

PCR, and Southern-PCR. Furthermore, coat pro- 
tein gene expression was demonstrated by West- 
ern blot experiments, whereas ELISA tests on 
challenged plants showed much reduced virus 
titers in tolerant transgenic plants (Chowrira let 
al., in preparation). 

Further work will be necessary to investigate 
the nature of the non-Mendelian R 2 segregation 
ratios we observed. Unusual ratios have been 
documented in a large number of cases involving 
many different plant species (30-32). This could 
be accounted for by the loss or the inactivation of 
the transgene, and this topic has been extensively 
reviewed by Finnegan and McElroy (33). How- 
ever, we have not yet determined whether R2 
plants not expressing uidA still harbor it. Also, it 
will be important to determine whether or not 
transgenic plants obtained through our protocol 
continue to segregate the transgene in subsequent 
generations. 

In conclusion, our findings further demonstrate 
the usefulness of tissue electroporation in the pro- 
duction of transgenic plants. To our knowledge, 
this is the first article in which axillary buds were 
used as targets for DNA delivery, although trans- 
genic rice (34) and maize (35) plants were previ- 
ously obtained after electroporation of embryos. 
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