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Abstract. Protoplasts isolated from embryogenic
(‘Mustang’ and ‘Chinese Spring’) and non-embryo-
genic (‘Mit’) calli of wheat (Triticum aestivum L.) geno-
types transiently expressed f-glucuronidase (GUS) ac-
tivity when electroporated with a plasmid containing
the GUS gene and driven by an enhanced 35S promo-
ter and a TMV leader sequence. Conditions for the
maximum expression of GUS activity were: elec-
troporation of the freshly isolated protoplasts at
250 Vem ™! and 250 uF for 2s using 50 pg/ml of plas-
mid DNA; incubation of the protoplasts with the
plasmid before the pulse for 2 h; and a 15-min recovery
period on ice after the pulse. In general, a higher GUS
activity was obtained in protoplasts of non-em-
bryogenic (NE) callus origin than in those of em-
bryogenic (E) callus origin. Only GUS constructs con-
taining a duplicate 35S promoter derivative resulted in
a significant level of GUS expression. The presence of
the TMV viral leader sequence in the pAGUS1-TN2
plasmid construct resulted in a significant increase of
GUS activity in the electroporated protoplasts of both
callus types. On the other hand, protoplasts elec-
troporated with the Adhl promoter and intron showed
a threefold less GUS activity than those electroporated
with pAGUS1-TN2. Optimized conditions for DNA
uptake and expression were very similar for proto-
plasts of both callus types. The importance of these
findings for the successful regeneration of transgenic
and fertile wheat plants is discussed.

Key words: Wheat — Protoplast — Electroporation -

GUS activity — Transient expression

Communicated by K. Tsunewaki
Correspondence to: O. M.-F. Zaghmout

Introduction

The application of transformation techniques to crop
improvement depends on the ability to regenerate
fertile plants from transformed tissues. In cereals, em-
bryogenic suspension culture has been widely used in
transformation studies (Harris et al. 1988; Rhodes et al.
1988; Potrykus 1989; Shimamoto et al. 1989; Datta
etal. 1990; Gordon-Kamm et al. 1990; Oard et al.
1990; Vasil etal. 1991). The use of fast-growing em-
bryogenic suspension cultures offers many advantages,
such as rapidity of growth, ease of protoplast isolation,
and high rate of plating efficiency (Vasil et al. 1990). On
the other hand, the establishment of a fast-growing
embryogenic suspension cell culture is a tedious,
lengthy, and time-consuming process and, in addition,
most of the plants regenerated from these cultures are
sterile (Vasil et al. 1990). While embryogenic suspen-
sion cultures lose their fertility competence at a much
faster rate than callus tissues (Potrykus 1989; Vasil
etal. 1990), callus tissues are not as responsive to
cultural and electroporation conditions and are more
resistant to protoplast release. The use of callus tissue
in transformation studies requires a reliable system for
the introduction of exogenous plasmid DNA and for
the regeneration of fertile plants. Gene transfer
methods used for cereals are limited to electroporation
(Dekeyser etal. 1990; Hauptman et al. 1988), micro-
projectile (Fromm et al. 1985; Klein etal. 1987; Wang
etal. 1988; Klein et al. 1989; Lonsdale et al. 1990;
Chibbar et al. 1991; Vasil et al. 1991), polyethylene
glycol (PEG) (Potrykus et al. 1985; Shiilito et al. 1985;
Oard et al. 1990), and in a few instances Agrobacterium
tumefaciens {(Potrykus 1989; Rainieri etal. 1990).
Microprojectile (particle bombardment) has been used
to genetically transform corn (Gordon-Kamm et al.
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1990) and wheat (Vasil et al. 1991), but this technique is
not as efficient as originally thought. This inefficiency
can be attributed to the inability to efficiently bombard
all of the competent cells in the culture to ensure a high
rate of integration and plant regeneration. Although
this problem can be avoided by mediating DNA up-
take into protoplasts with either PEG or electropora-
tion, the development of an efficient system for proto-
plast isolation, culture, and plant regeneration is
necessary. In addiation, protoplast viability and
mitotic capacity will be greatly reduced as a result of
either PEG or high voltage exposure (electroporation)
(Potrykus 1989). Consequently, efficient procedures for
the regeneration of transgenic fertile plants have been
extremely difficult to develop.

Vasil et al. (1992) have recently reported the regen-
eration of transgenic fertile wheat plants. Unfortunate-
ly, the frequency of stably transformed fertile plants
was very low. Prior to that report, there was no mention
of transgenic fertile plants having been regenerated
from transformed tissues in wheat. To circumvent
many of the problems encountered in wheat transform-
ation, our research was initiated with the following
objectives: (1) to optimize the conditions for the iso-
lation of large numbers of viable protoplasts from
slow-growing, compact embryogenic callus with com-
plete sets of chromosomes; (2) to determine if transient
GUS activity can be detected in protoplasts originat-
ing from very slow-growing embryogenic callus tissues;
(3) to develop and optimize the conditions for elec-
tropermeability and expression to the introduced
foreign plasmid DNA in the protoplasts of an em-
bryogenic (E cell type) and non-embryogenic (NE cell
type) callus tissue origin; (4) to determine the rate of
transient GUS activity as influenced by the promoter
and the embryogenic nature of the callus tissue (E
versus NE); (5) to determine if higher rates of
exogenous DNA uptake and expression are enhanced
if electroporation is used in combination with low
concentrations of PEG; and (6) to compare the rate of
transient gene activity in protoplasts isolated from calli
of wheat (monocot) and grape (dicot) electroporated
with pGUS1-TN2 [enhanced 35S promoter (Odell
etal. 1985)+ TMV leader sequence (Skuzeki et al
1990)]. In this report, we demonstrate the utility of
electroporation as an efficient method to transform
protoplasts from a very slowly growing embryogenic
callus tissue with plasmid DNA. The standardized
conditions developed in this study have enabled us to
use callus as a protoplast source in stable wheat trans-
formation studies.

Materials and methods

Callus induction and maintenance

The procedures followed for callus induction from immature
embryos of cv ‘Chinese Spring’ are those of Searl and Deckard
(1982). Mature embryos of other wheat genotypes, ‘Mit" and
‘Mustang’ (Kindly provided by E. Mellonlly and J. Burk, réspect-
ively), were placed on modified Murashige and Skoog (MS) basal
salt medium (Murashige and Skoog 1962), which was supple-
mented with 0.45 uM 2,4-D and 1.14 mM asparagine. Calli of all
genotypes were subcultured on fresh medium of the same com-
ponents mentioned above every 4—6 weeks. Callus cultures were
grown in the dark at 24°-28 °C.

Protoplast isolation

Approximately 4 weeks prior to isolation, calli of all the geno-
types used were subcultured on modified MS medium supple-
mented with 9.0 uM 2,4-D to facilitate protoplast isolation. For
protoplast isolation, calli were gently teased into small sections
and mixed with an enzyme mixture comsisting of 1.25% (w/v)
cellulysin (Calbiochem, Calif.), 1.25% (w/v) driselase (Kyowa
Hakko, Japan), 0.025% (w/v) pectolyase Y-23 (Sigma, Mo.),
cellulase types VII (Sigma, Mo.), 0.318 M sucrose, 0.109 M man-
nitol, 0.266 M glycine, 120 mM sodium thiosulfate, and 3 mM
MES [2-(N-morpholine}-ethanesulfonic acid]. The ratio of calli
to the enzyme solution was 1g callus fresh weight to 5ml of
isolation enzyme mixture. The mixture was incubated on a
gyratory shaker at 24°-28 °C for 8-10 h with very slow agitation.
Thereafter, the protoplast mixtures from all genotypes were
filtered through a 30-um metal mesh and collected in 15-ml
Falcon tubes that were then centrifuged (3 times, 3 min, 100 g).
The supernatant was discarded, and the pellet was resuspended
with the protoplast isolation buffer {(enzyme isolation mixture
minus the enzyme). After the final wash, the pellet was resus-
pended in protoplast culture medium (medium 1), which consis-
ted of full sirength MS basal salts, vitamins and carbohydrates
(Kao and Michayluk 1975), 9.0 pM 2,4-D, 0.318 M sucrose, and
0.109 M mannitol (pH 5.7). The viability of the isolated proto-
plasts was estimated 3 times with florescein diacetate (0.1 final),
and the number of viable protoplasts per milliliter was adjusted
to 7 x 10° per milliliter with medium 1.

Plasmid DN A contructs

Plasmids containing the f-glucuronidase (GUS) gene were used
in this study. The plasmids pAGUS1-TN2 and pAGUS1 (kindly
provided by J. M. Skuzeski, University of Utah) have the struc-
tural sequence encoding the GUS gene cloned in the vector
pBI221. The GUS gene in both constructs was driven by the
cauliflower mosaic virus (CaMV)-enhanced “358” promoter
(Odell et al. 1985; Kay et al. 1987). In addition, the pAGUSI1-
TN2 plasmid contains the TMV leader sequence, which was
made by replacing the 5’ untranslated leader region in the
pAGUSI after digestion with BamHI (Skuzeski et al. 1990). This
viral leader region was inserted to direct greater GUS expression.
The pNG1 (kindly provided by M. Fromm, Monsanto Colo.)
contains GUS controlled by the Adhl promoter and intron
(Fromm et al. 1985). This construct contains scorable (GUS gene
driven by the Adhl promoter and intron) and screenable
(neomycine phosphotransferase I gene driven by 35S) markers.

Electroporation

The insertion of plasmid DNA into target protoplasts was by a
Bio-Rad pulsar apparatus that produces controlled exponential



pulses for protoplast electroporation. The electrical field
strength parameters (voltage, pulse amplitude, and duration) can
be independently adjusted. The cuvette electrodes (0.4 cm apart)
were placed in the culture medium containing protoplasts. After
electroporation the sample was placed on ice for 15 min, followed
by 15min at room temperature before the addition of 200 ul of
medium 1. The contents were then poured into Falcon plastic
plates (35 x 10 mm) that were sealed with parafilm and incu-
bated in the dark for 24 h. Plasmid DNA fromall of the contructs
used were isolated and purified with cesium chloride (Maniatus
et al. 1982).

Measurement of GUS enzymatic transient activity

GUS activity measured essentially as described by Jefferson et al.
(1987) unless otherwise noted. Protoplasts were collected for
assay after 24 h of incubation by centrifugation at 2200 g for
5min. Pellets from each plate were resuspended in 1 ml GUS
extraction buffer (SOmM NaPO,, pH 7.0; 10mM S-mercap-
toethanol; 10mM Na, EDTA; 0.1% sodium laurly sarcosinate;
0.19; Triton X-100). The mixture was then disrupted by vortex-
ing. To clarify the supernatant from debris, tubes were centri-
fuged for 10min at 12000g. For the assay, 50 ul of sample
supernatant was mixed with 150 pl of the GUS assay buffer
(GUS extraction buffer with 2mM 4-methylumbeliiferyl g-D-
glucuronide (MUG), mixed, and incubated at 37 °C for 2 h. The
reaction was stopped by the addition of 1ml 0.2 M sodium
carbonate. The fluorescence emission was measured with a TKO
100 fluorometer (Hoefer Scientific Instruments), with an excita-
tion wavelength of 365 nm and an emission filter of 460 nm. Data
were extrapolated from a standard curve generated from a
dilution series of 4-methylumbelliferone (MU). The GUS en-
zyme activity is reported in picomole (pmole) of MU/min per 10°
viable protoplasts.

Data analysis

Three types of controls were used. The first consisted of proto-
plasts (not electroporated) without plasmid DNA; the second,
electroporated protoplasts without plasmid DNA; and the third,
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protoplasts not electroporated with plasmid DNA. Their means
were calculated and subtracted from the means of the treated
samples. The reported data are the means of three independent
experiments with ten replicates. Duncan’s multiple range test
was used to measure the level of significance among treatments.
The percentage of protoplasts showing GUS activity was not
collected due to the endogenous GUS activity present in the
non-transformed wheat protoplasts. In many instances, it was
hard to distinguish between the non-transformed and trans-
formed protoplasts unless the activity in the latter was very high.

Results

Effect of protoplast source on transient GUS activity

The most critical factor affecting transient GUS activ-
ity appeared to be the protoplast source. Transient
GUS activity in wheat calli of the three genotypes
electroporated at 250 Vem ™1, 250 uF, one pulse (2 s) in
the presence of three GUS-constructs driven by a
variety of promoters is shown in Table 1. In general,
protoplasts of both NE or E cell types electroporated
with pNG1 showed a greater decrease in GUS activity
than those electroporated with either pAGUS1-TN2
and pAGUSI. Transient GUS activity was higher in
protoplasts isolated from E callus of ‘Mustang’ than in
those of ‘Chinese Spring’.

Effect of the promoter on transient GUS activity

In transformation studies, the strength of the promoter
is very critical in determining the rate of expression of
the introduced gene. Therefore, protoplasts isolated

Table 1. Relative transient GUS activity in electroporated protoplasts of embryogenic (Mustang’ and ‘Chinese Spring’) and non-embryogenic
(‘Mit’) wheat calli. Electroporation conditions were as described in the Materials and methods. Protoplast density prior to electroporation was

7 x 105 per milliliter

Genotype Construct Protoplasts after electroporation  Protoplasts prior to assay Total GUS activity in protoplasts
(x 10%) (x 10%) (pmole MU/min)
Mit
pAGUSI-TN2 49 87%) 4.1 (85%) 44.4a°
pAGUS-1 5.0 (90%) 4.4 (88%) 30.9b
pNG1 5.3 (89%) 4.3 (89%) 9.5¢
Mustang
pAGUSI-TN2 5.2 (86%) 4.1 (88%) 374a
pAGUS-1 4.3 (92%) 4.1 (89%) 25.7a
pPNG1 5.2 (89%) 4.2 (90%) 8.9b
Chinese Spring
pAGUSI-TN2 5.2 (92%) 4.2 (89%) 23.8a
pPAGUS-1 4.9 (95%) 4.0 (89%) 15.8b
pNG1 5.3(89%) 3.8 (89%) 10.1¢

* Numbers in parentheses represent the percentage of viable protoplasts

® Means within a column of each genotype not sharing the same letter are significantly different at the 0.05 probability level according to

Duncan’s multiple range test
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Table 2. The effect of voltage (Vcm™?) on transient GUS activity in electroporated protoplasts of embryogenic (Mustang’ and ‘Chinese
Spring’) and non-embryogenic (‘Mit’) wheat calli. The electroporation conditions were as described in the Materials and methods. Protoplast

density prior to electoporation 7 x 10° per milliliter

Genotype Voltage Protoplasts after electroporation  Protoplasts prior to assay Total GUS activity in protoplasts
Vem™ 1) (x 10%) (x 10%) (pmole MU/min)
Mit
250 4.9 (90%) 3.4 (85%) 30.2a°
500 3.4 (89%) 1.7 (61%) 8.7b
750 1.5(32%) 0.2(0.1%) l4c
Mustang
250 5.0 (88%) 3.4 (90%) 28.3a
500 1.8 (86%) 0.8 (33%) 4.7b
750 0.7(77%) 0.01 (0.0%) 0.0b
Chinese Spring
250 4.2 (89%) 13.1 (89%) 23.5a
500 3.4 (84%) 1.1 21%) 9.0b
750 2.0(73%) 0.0 (0.0%) 0.0c

® Numbers in parentheses represent the percentage of viable protoplasts

b Means within a column of each genotype not sharing the same letter are significantly different at the 0.05 probability level according to

Duncan’s multiple range test

Table 3. The effect of capacitance (uF) on transient GUS activity in electroporated protoplasts of embryogenic (‘Mustang’ and ‘Chinese
Spring’) and non-embryogenic (‘Mit’) wheat calli. Electroporation conditions were as described in the Materials and methods. Protoplast

density prior to electroporation was 7 x 10° per milliliter

Genotype Capacitance Protoplasts after electroporation Protoplasts prior to assay Total GUS activity in protoplasts
(uF) (x 10%) (x 10°) (pmole MU/min)
Mit
250 5.5 92%)y 4.1 (89%) 24.8a°
500 4.5(92%) 1.2 (89%) 5.6b
700 3.3(84%) 1.0 (61%) 4.6b
Mustang
250 4.7 (92%) 3.5091%) 33.4a
500 4.4 (87%) 3.9 (83%) 27.7a
750 3.6 (79%) 2.1(51%) 11.3b
Chinese Spring )
250 4.2 (92%) 3.5(86%) 26.2a
500 42 (91%) 3.2(79%) 31.2a
750 3.3 (68%) 0.9 (79%) 16.3b

2 Numbers in parentheses represent the percentage of viable protoplasts

b Means within a column of each genotype not sharing the same letter are significantly different at the 0.05 probability level according to

Duncan’s multiple range test

from calli of the three wheat genotypes were elec-
troporated with plasmids containing the GUS gene
driven by a variety of promoters (Table 1). These con-
structs were pAGUSI-TN2 (enhanced 35S 4+ TMV
leader sequence), pAGUS-1 (enhanced 35S), and
pNG1 (Adhl promoter + intron). The presence of the
TMY viral leader sequence in pAGUS1-TN2 resulted
in a twofold increase in transient GUS activity in
protoplasts of both ‘Mit” and ‘Mustang’ calli tissue. As
a result of the significant increase shown from elec-

troporation with pAGUS1-TN2, this construct was in
subsequent experiments.

Effects of electrical field strength on protoplast
viability and transient GUS activity

In an effort to maximize the expression of transient
GUS activity in protoplasts of E and NE callus cell
types, electroporation was done with pAGUS1-TN2
under a wide range of electrical voltage, pulse ampli-



tudes, and durations. A higher rate of protoplast mor-
tality was observed as electrical voltage increased
above 250 Vem ™! (Table 2).

The effect of pulse amplitude and duration on
transient GUS activity was also assessed (Table 3 and
4). Maximum activity was obtained by increasing the
capacitance and duration to 250 uF and 9 s, respective-
ly. When the pulse length and the capacitance values
were increased still further, GUS activity declined dras-
tically. This decline is due to a decrease in protoplast
viability. To attain a maximum rate of GUS activity
and sufficient numbers of viable protoplast, we used
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conditions of 250 Vem ™!, 250 uF, and 2s in subse-
quent electroporation studies.

Effects of incubation of protoplasts with plasmid before
the pulse and recovery period on ice after the pulse

Preincubation methods that would facilitate plasmid
DNA adsorption to the protoplast membrane and entry
into the nucleus were investigated. Data in Table 5
indicate that the preincubation of protoplasts from both
NE callus of ‘Mit’ and E callus of ‘Mustang’ with the
PAGUSI-TN2 plasmid DNA for 2 to 3 h significantly

Table 4. The effect of pulse duration on transient GUS activity in electroporated protoplasts of embryogenic (‘Mustang’ and ‘Chinese Spring’)
and non-embryogenic (‘Mit’) wheat calli. Electroporation conditions were as described in the Materials and methods. Protoplast density prior

to electroporation was 7 x 10° per milliliter

Genotype Pulse duration  Protoplasts after electroporation  Protoplasts prior to assay Total GUS activity in protoplasts
(s) (x 10%) (x 10%) (pmole MU/min)
Mit
2 4.5 (89%) 4.1 (87%) 40.52°
4 2.5 (87%) 1.9 (39%) 3.4b
6 1.3 (86%,) 0.75 (0.0%) 0.0b
Mustang
2 4.3 (90%,) 3.9 (87%) 40.4a
4 1.9 (90%) 0.8 (75%) 3.0b
6 1.4 (89%,) 0.3 (42%) 0.1b
Chinese Spring
2 5.1(89%) 4.4 (86%) 25.1a
4 2.0(89%) 0.5 (24%) 2.1b
6 1.0 (89%) 0.1 (0.6%) 0.0b

? Numbers in parentheses represent the percentage of viable protoplasts

® Means within a column of each genotype not sharing the same letter are significantly different at the 0.05 probability level according to

Duncan’s multiple range test

Table 5. The relationship between transient GUS activity and the incubation time with the plasmid prior to pulse delivery in electroporated
protoplasts of embryogenic (‘Mustang’ and ‘Chinese Spring’) and non-embryogenic (‘Mit’) wheat calli. Electroporation conditions were as
described in the Materials and methods. Protoplast density prior to electroporation was 7 x 103 per milliliter

Genotype Incubation Protoplasts after electroporation Protoplasts prior to assay Total GUS activity in protoplasts
time (h) (x 10%) (x 10%) (pmole MU/min)
Mit
1 5.3 (89%) 4.1 (83%) 23.7b°
2 4.9 (87%) 4.6 (88%) 44.3a
3 5.6 (89%) 4.3 (84%) 33.2a
Mustang
1 4.8 (86%) 4.2 (83%) 21.3b
2 5.0 (86%) 4.3 87%) 377a
3 5.4 (87%) 4.7 (83%) 36.5a
Chinese Spring
1 5.5 (90%) 4.6 (85%) 26.6a
2 5.4 (87%) 4.7 (83%) 31.7a
3 5.5 (84%) 4.6 (87%) 21.9b

* Numbers in parentheses represent the percentage of viable protoplasts

® Means within a column of each genotype not sharing the same letter are significantly different at the 0.05 probability level according to

Duncan’s multiple range test
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Table 6. The relationship between transient GUS activity and ice incubation period following the pulse delivery in electroporated protoplasts
of embryogenic (‘Mustang’ and ‘Chinese Spring’) and non-embryogenic (‘Mit’) wheat calli. Electroporation conditions were as described in the

Materials and methods. Protoplast density prior to electroporation was

7 x 10° per milliliter

Genotype Incubation Protoplasts after electroporation Protoplasts prior to assay Total GUS activity in protoplasts
period (min})  ( x 10°) (x 10%) (pmole MU/min)
Mit :
15 5.3(89%) 4.9 (89%) 39.5a®
30 5.5(87%) 5.1(79%) 38.8a
60 5.3 (89%) 4.8 (83%) 33.7a
Mustang
15 4.5 (91%) 4.2 (86%) 273a
30 4.6 (90%,) 4.3 (82%) 31.6a
60 4.5(91%) 4.1 (82%) 23.2a
Chinese Spring
15 52091%) 5.1(83%) 20.4a
30 5.1 (85%) 4.7 (84%) 24.82a
60 5.3(91%) 4.6 (89%) 25.2a

2 Numbers in parentheses represent the percentage of viable protoplasts

b All means within a column of each genotype did not differ significantly at the 0.05 probability level according to Duncan’s multiple range test

Table 7. The relationship between transient GUS activity and the con

centration of the PAGUSI-TN2 in electroporation protoplasts of

embryogenic (‘Mustang’ and ‘Chinese Spring’) and non-embryogenic (‘Mit’) wheat calli. Electroporation conditions were as described in the
materials and methods. Protoplast density prior to electroporation was 7 x 10° per milliliter

Genotype Plasmid Protoplasts after electroporation Protoplasts prior to assay Total GUS activity in protoplasts
concentration  ( x 10%) (x 10%) (pmole MU/min)
(ng/ml)
Mit
20 5.3092%)" 3.6 (91%) 3.4d°
40 5.0 (85%) 4.5 (87%) 13.2¢
50 5.3(90%) 5.0 (87%) 21.0b
60 5.4 (91%) 4.9 (86%) 29.0a
80 5.2(93%) 4.6 (87%) 30.3a
100 5.2 (90%) 4.2 (81%) 33.0a
Mustang
20 4.9 (89%) 4.4 (87%) 11.9d
40 5.0 (89%) 4.4 (89%) 232¢
50 5.2(91%) 4.5 (85%) 37.3b
60 4.9 (88%) 4.4 (83%) 36.9b
80 4.3 (87%) 4.1 (84%) 39.8b
100 5.2(89%) 4.5 (84%) 48.3a
Chinese Spring
20 5.5 (88%) 4.9 (87%) 4.7c
40 4.9 (86%,) 4.1(84%) 19.7b
30 5.1(88%) 4.3 (87%) 21.6b
60 4.9 (92%) 4.1 (87%) 26.2b
80 5.2(90%) 4.6 (87%) 27.5b
100 5.4 (86%) 3.6 (86%) 36.8a

@ Numbers in parentheses represent the percentage of viable protoplasts

b Means within a column of each genotype not sharing the same letter
Duncan’s multiple range test

increased the GUS activity rate at least twofold. In
‘Chinese Spring’, 1-2h of preincubation resulted in a
higher of GUS activity than a 3-h preincubation period.
Similar results have been reported with other plant
species where it was suggested that plasmid DNAs bind
to the protoplasts prior to entry (Fromm et al. 1985).

are significantly different at the 0.05 probability level according to

The ice recovery period after electroporation
(0~60min) resulted in approximately a twofold in-
crease in GUS activity with no significant difference
among protoplasts incubated for 15, 30, or 60min
(Table 6). Therefore, a 15-min recovery time on ice was
chosen for further studies.



Transient GUS activity varied with DN A
concentration

Varying the amount of the plasmid DNA affected the
rate of GUS activity (Table 7) and increasing the con-
centration elevated transient GUS activity. However,
protoplasts electroporated with 60—100 pg/mli plasmid
DNA did not differ in their expression of GUS acti-
vities from those electroporated with 50 pg/ml plasmid
DNA (Table 7). This lack of increased GUS activity in
protoplasts electroporated with more than 50 pg/ml
plasmid DNA might have resulted from limited num-
bers and sizes of the pores generated: either the num-
bers and sizes of the pores were not sufficient or the
pores were healed so quickly that no more DNA was
allowed to pass through. To test the latter possibility,
electroporated protoplasts were placed on ice in order
to keep the pores that were generated open for a longer
time. This treatment did not result in a significant
increase in GUS expression if 100 pg/ml as opposed to
50 ng/ml was electroprated. Hence, 50 png/l was used in
subsequent transformation studies for the assessment
of other constructs containing a variety of promoters.

Effect of PEG on transient GUS enzymatic activity

The effect of PEG on transient GUS activity in proto-
plasts of the three genotypes is shown in Table 8.
Protoplasts were electroporated with pAGUS1-TN2
(50 pg/ml) in medium containing either 0.0 (control), 5,
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10, or 15%, (w/v) PEG 6000. PEG at all concentrations
increased the level of transient GUS activity over that
of the control for all three genotypes (Table §). In
protoplasts of both cell types, the addition of 109, PEG
resulted in the largest increase in GUS activity. Further
increases in PEG concentration resulted in a reduction
in both protoplast viability and GUS activity (Table 8).

Comparison of GUS activity in protoplasts
of wheat (monocot) and grape (dicot) as measured
by transient GUS activity

In an earlier experiment in which protoplasts from
soybean NE callus type were clectroporated with
50 ug/ml pAGUS1-TN?2 plasmid, the level of transient
GUS activity was at least 100- to 150-fold greater than
that of the control (data not shown). Our wheat proto-
plasts that were electroporated with plasmid under the
same conditions had a much lower GUS activity than
those of soybean. This difference is unlikely to have
been caused by electroporation efficiency (DNA up-
take). In most cases and within the same experiment,
this variation did not exceed 509 of the mean. There-
fore, it might be possible that either the 35S promoter
was more active in GUS in soybean protoplasts than in
wheat callus protoplasts or that the presence of RNA
polymerase Il inhibitors in wheat protoplasts hindered
the essential binding step for the transcription to pro-
ceed. To test the validity of the assumption that proto-
plasts of a dicot source are more active in processing

Table 8. Effect of PEG on transient GUS activity in electroporated protoplasts of embryogenic (‘Mustang’ and ‘Chinese Spring’) and
non-embryogenic (‘Mit’) wheat calli. Electroporation conditions were as described in the Materials and methods. Protoplast density prior to

electroporation was 7 x 10° per milliliter

Genotype PEG con- Protoplasts after electroporation  Protoplasts prior to assay Total GUS activity in protoplasts
centration (% 10%) (x 10%) (pmole MU/min)
e
Mit
0 5.3 (92%) 4.8 (89%) 30.1¢®
B) 4.1 (86%) 3.7 (85%) 76.4ab
10 2.3 (83%) 2.0 (87%) 87.3a
15 2.4 (83%) 2.2 (78%) 66.2b
Mustang
0 5.3 (90%) 4.8 (84%;) 31.2¢
5 4.5 (90%) 4.1 (87%) 53.4a
10 3.4 (87%) 2.6 (78%) 60.0a
15 3.4 (84%) 2.7(78%) 60.0a
Chinese Spring
0 5.2 (90%) 4.2 (84%) 29.5b
S 4.5(90%) 3.7 (88%) 45.2a
10 3.4 (86%) 2.5 (84%) 3842a
15 . 2.3(79%) 1.7 (53%) 27.0b

* Numbers in parentheses represent the percentage of viable protoplasts

® Means within a column of each genotype not sharing the same letter are significantly different at the 0.05 probability level according to

Duncan’s multiple range test
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Table 9. Transient GUS activity in protoplasts of wheat and grape electroporated at 250 Vem ™!, 150 pF and one pluse (2s) in the
presence of PAGUSTN?2 plasmid (50 pg/ml). Other conditions were as described in the Material and methods. Protoplast density prior

to electroporation was 7 x 10° per milliliter

Genotype Protoplasts after electroporation Protoplasts prior to assay Total GUS activity in protoplasts
(x10°) (x 10%) (pmole MU/min)

Wheat (cv Mustang) 5.392%)¢ 4.9 (87%) 30.6b°

Grape (cv WWG) 5.7 (85%) 5.1(82%) 111.2a

* Numbers in parentheses represent the percentage of viable protoplasts
® Means of the two genotypes were significantly different at the 0.05 probability level

gene products than those of a monocot when elec-
troporated with similar 35S-promoter-GUS gene con-
tructs, protoplasts of wheat (monocot) and grape
(dicot) were electroporated in the presence of
pAGUSI1-TN2. Previously optimized electroporation
and culture conditions were used. The promoter 35S
was more active in driving GUS expression in grape
protoplasts that in wheat protoplasts (Table 9). This
was evident from the approximately three-fold increase
in transient GUS activity in grape relative to that
found in wheat protoplasts (Table 9).

Discussion

The results presented here show that protoplasts of E
and NE cell types can be efficiently transformed by
electroporation. The method we used for protoplast
isolation from callus tissue is rapid, reliable and yields
enough protoplasts for studies involving transient
transformation in wheat. The optimization of crucial
parameters such as selection of promoter type, plasmid
concentration, electroporation conditions, and PEG
concentration may explain our success in transiently
transforming protoplasts of the very slow-growing em-
bryogenic calli of either ‘Mustang’ or ‘Chinese Spring’
(Tables 1-8). The optimized conditions of GUS ex-
pression were very similar in protoplasts of the E and
NE callus type. In future transient expression studies,
this finding will have practical value in reducing the
subculture cycle to a minimum for the E callus type.
The relationship between number of subcultures (age
of culture) and fertility of the regenerant is well
documented in cereals (Haris etal. 1988; Potrykus
1989). Wheat cultures have been reported to lose their
ability to produce fertile plants as early as 1-2 years
following initiation (Vasil et al. 1990, 1991). In general,
there is a better chance of regenerating fertile plants
from cultures that have been subcultured only for a
short time. Therefore, this practice will improve our
chances of regenerating fertile and transgenic plants.
In this study the suitability of a specific promoter
type construct to provide a reliable and efficient transi-

ent GUS activity in the target protoplast was tested.
Undoubtedly, the use of a suitable construct will result
in an increase in the efficiency of selecting transform-
ants and in a reduction in the number of the escapees.
This is more important in wheat where untransformed
cells have been reported to contain high levels of
endogenous resistance to selectable markers like
kanamycin (Dekeyser et al. 1090; Hauptman et al.
1988) that result in time wasted on screening the un-
transformed cells.

In general, higher levels of GUS transient activity
resulted from electroporation with either pAGUSI-
TN2 (enhanced 35S+ TMV leader sequence) or
PAGUS-1 (enhanced 35S) than with pNG1 (Adhl pro-
moter + intron) (Table 1). In dicot transformation
studies, the 35S promoter has been shown to be very
effective in driving the expression of a variety of genes
(Last etal. 1991). Last etal. (1991) have shown that
genes in constructs driven by the 35S promoter were
not as efficiently expressed in monocots and particular-
ly in cereals as in dicot tissues. The data from our
investigation provided another line of evidence in this
regard. The Adhl promoter and intron have been
reported to be very effective in inducing gene activity in
cereal tissues (Callis et al. 1987; Kyozuka et al. 1990).
However, our data shows that protoplasts elec-
troporated with the construet containing the Adhl
promoter and intron (pNG1) had a much lower GUS
activity than those in which the GUS gene was driven
by enhanced 35S promoter (Table 1). The poor per-
formance and greatly decreased activity of the Adhl
promoter and intron relative to the 35S promoter in
protoplasts of wheat calli might be attributable to
several factors: (1) limited amounts of trans-acting
transcription factors essential for the newly introduced
promoter to initiate maximum levels of expression,
which might result from the interaction between the
intragenic sequence and the reporter gene driven by
these promoters or to the recognition of the promoter
and (2) the intron sequences in the recipient tissues.

Although PEG is not essential for the generation of
pores and plasmid DNA uptake in wheat protoplast
electroporation, it significantly increases the rate of



GUS transient activity (Table 8). PEG has been used in
transient and transformation studies (Potrykus et al.
1985; Potrykus 1991). In rice (Hayashimoto et al.
1990}, the optimal concentration for a maximum rate
of transformation was found to be 30-40%; (w/v). As
this concentration is likely to increase the rate of
protoplast fusion, genetic abnormality, and protoplast
mortality, plant regeneration ability may be greatly
affected. On the other hand, at a PEG concentration of
5-10%; the number of fusants and transformants will be
reduced dramatically (Table 8). The enhancement ef-
fect of PEG might have been caused by either an
increase in the contact between the added plasmid
DNA and the clustered protoplasts or the result of an
alteration in the integrity of the plasma membrane that
allowed the added plasmid DNA to reach the nucleus
more efficiently and less damaged. Moreover, in the
presence of PEG, the diameter to the protoplast is
reduced and, consequently, the introduced plasmid
DNA has a smaller distance to travel to the nucleus.
Therefore, the effect of the cytoplasmic nucleases will
be reduced. An additional advantage to obtaining a
significant increase in GUS expression in the presence
of PEG is that less plasmid DNA is needed for the
transient expression optimization studies.

In conclusion, conditions for obtaining a singnifi-
cant increase in GUS transient gene expression in
electroporated protoplasts of wheat calli have been
developed. These appear to be greatly dependent on
the protoplast source, type of promoter construct,
PEG concentration, and plant species. The data indi-
cate that a significant level of GUS transient activity
can be expressed in protoplasts of the very slow-
growing embryogenic wheat calli. Our experiments
were directed toward increasing the frequency of stable
transformation in very slow-growing embryogenic cal-
lus. However, it remains to be seen if the embryogenic
calli resulting from these protoplast transformation
studies will result in transgenic fertile wheat plants.
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