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Abstract We have successfully used the low-pressure
BioWare gene gun, developed for gene transfer in animal
cells, for plant tissues. The BioWare device is easy to
manipulate. Just 50 psi helium pressure was sufficient to
transfer foreign genes into the aleurone layer and embryo
of maize without causing tissue damage in the impact area.
As shown by expression signals from invasive histochem-
ical f-glucuronidase (GUS) activity, the foreign reporter
gene expressed well in bombarded tissues. This successful
GUS-transient expression extends the application of this
low-pressure gene gun from animal cells to plant tissues.

Keywords Maize - Gene gun - GUS -
Transient expression - BioWare

Introduction

The stable integration of foreign genes into plant genome
represents one of the most significant developments in
plant biology and crop improvement. The first transgenic
tobacco plant was produced by using Agrobacterium
tumefaciens (Horsch et al. 1985). Several years later, the
high-velocity microprojectile, or gene-gun technology,
was invented by John Sanford and his colleagues (Klein
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et al. 1987; Sanford 2000). Both methods have been used
extensively for genetic transformation of plants, leading
to the commercialization of biotech crops. The biolistics
system can be used with intact tissues and is not
restricted to any particular plant group. It has revolu-
tionized plant genetics by producing most of the world’s
biotech crops and has also been used extensively in
transient expression assays for studying gene regulation
and function (Christou 1992; Kao et al. 1996; Sambrook
and Russel 2001; Vasil 2003). A number of modifica-
tions of the original biolisitcs device have been
developed to improve its performance (Gray and Finer
1993; Kikkert 1993; McCabe and Christou 1993; Oard
1993; Sautter 1993; Vain et al. 1993). One of the major
problems with all biolistic devices developed so far is the
use of high pressure, which causes severe damage to
target cells. They also suffer from several other disad-
vantages: (1) low transformation efficiency, (2) need to
use large amounts of deoxyribonucleic acid (DNA), (3)
laborious to use, (4) high noise level, (5) large size and
design makes it less portable, (6) and the high cost of the
basic instrument and disposable supplies needed for
operation.

The low-pressure BioWare gene gun has been used for
genetic transformation of animal cells and human tumor
cell lines only (Chang et al. 2008; Cheng et al. 2005a, b; Tu
et al. 2007; Lin et al. 2008). By gene delivery and
expression in the aleurone layer and embryos of maize (Zea
mays L.) we show for the first time that it can be equally
effective in plant transformation. We found the BioWare
device to be safe and flexible to use, as well as light and
handy. We used it obtain 18 stable transgenic plants of the
orchids Mormodes lawrence and Zygopetalum mackayi,
transformed with three different plasmid constructs (man-
uscript in preparation).
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Materials and methods
Tissue preparation

Sweet corn (Zea mays L.) ears of 25 days after pollination
were surface-sterilized by immersion for 1 min in 70%
ethanol and 5 min in 5% commercial Clorox, followed by
two rinses with sterile water. The kernels were cut hori-
zontally, and the pericarp was peeled off to expose the
aleurone layer. The developing embryos were then
removed from the kernel. The kernels with exposed aleu-
rones and isolated embryos were placed on a gelrite
solidified Murashige Skoog (MS) medium (Sigma, M5519)
containing 20 g/l sucrose prior to bombardment.

Particle bombardment

The preparation of the pCambia 1301 plasmid DNA/gold
mixture was modified from the methods described previ-
ously (Taylor and Vasil 1991). Briefly, 37 pl of a 40 mg/
ml gold stock solution (1.6 pm diameter, Biorad Inc.) was
mixed in order with 25 pl water and 5 pg plasmid DNA
in a 250-ul Eppendorf tube. The tubes were vortexed
briefly before and after each addition. Twenty microliters
of 100 mM free-base spermidine and 50 pl of 2.5 M
calcium chloride (CaCl,) were placed in separate drops on
the side of the tube to avoid premature mixing of either
solution with the DNA/gold solution. The tubes were then
immediately mixed by vortexing for 10 s. At that time,
the plasmid DNA was precipitated and attached to the
gold particle. The tubes were centrifuged for 5 s and the
supernatant fluid removed. Two hundred microliters of
100% ethanol were added and sonicated briefly. After
brief centrifugation to pellet the gold/DNA, the superna-
tant fluid was removed. One hundred microliters of 100%
ethanol were added and the tubes placed on ice. A 10-pul
volume of sonicated gold/DNA mixture was used for each
bombardment. The gun was pointed longitudinally to the
sample under a funnel-shaped steel net (3 cm high) with a
helium pressure of 50 psi. The BioWare low-pressure
gene gun with its accessory parts (Fig. 1a; BioWare
Technologies Co. Ltd., Taipei, Taiwan) was used for
these experiments.

Histochemical localization of GUS activity

Bombarded aleurone kernels and embryos were incubated
overnight at 37°C in the presence of 1 mM 5-bromo-4-
chloro-3-indolyl-b-D-glucuronide (X-Gluc) and 0.5 mM
potassium ferricyanide. Photographs were taken under low
magnification with a light microscope (Jefferson et al.
1987).

@ Springer

Fig. 1 BioWare low-pressure gene gun and image of sample
explosion from the gun. a Low-pressure gene gun and its accessory
parts, / regulator; 2 barrels with different inside diameter; 3 loading
aperture; 4 sleeve; 5 spacer; 6 trigger; 7 quick coupling; 8 PU coil
tube. b Pattern of bursting mist from the gun at 50 psi helium pressure
in 20 pl distilled water simulation

Results and discussion

The direction and extent of exploding mist at the time of
the explosion is shown in Fig. 1b. One of the major con-
cerns for the application of the BioWare device for plant
tissues has been the low pressure (maximum 75 psi) that is
used to propel microprojectiles coated with DNA, and
whether it would generate enough force to penetrate the
rigid wall that surrounds plant cells. Two features incor-
porated in the design of the instrument overcame this
limitation: (1) helium gas directly propels the DNA-coated
particles, and (2) the distance between the gun hole and
target tissues can be adjusted to nearly zero (Fig. 1).
Without previous experience in plant tissues with this gun,
we observed that edible brown pigment as loading buffer
gave the best result with the filter set at 50 psi pressure and
3 cm from target tissue (Fig. 2). We then used this con-
dition for aleurone and embryos tissue transformation.
Maize aleurone and embryo have been extensively used
as ideal plant transient expression systems (Kao et al. 1996;
Hattori et al. 1992; Hoecher et al. 1995; McCarty et al.
1991). In our study, 30 exposed aleurone kernels used
in ten separate bombardments and 18 embryos in six sep-
arate bombardments with the pCambia 1301 construct
showed strong positive f-glucuronidase (GUS) blue stain
(Fig. 3). Indeed, the staining was intense. Therefore, we
reduced the length of time used for incubation and GUS
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Fig. 2 Ten microliters of brown pigment as loading buffer generates
the best impact area with 50 psi, with the target at 3 cm (bottom right;
arrow). Other conditions tested were 30 psi, 3 cm (upper left); 70 psi,
3 cm (bottom left), and 50 psi, 6 cm (upper right)

Fig. 3 Strong f-glucuronidase (GUS) expression on the surface of
maize aleurone layer and embryos after low-pressure gene-gun
bombardment. Appearance of GUS stain on the a aleurone layer and b
embryos bombarded with pCambia 1301 in contrast to no blue stain in
DNA-free control on the /eft

staining to create well-defined blue spots. From the lon-
gitudinal free-hand sections of the embryo and kernels, the
GUS blue stain could be seen beyond the outer surface
layers of the embryo in contrast to aleurone (Fig. 4). This
indicates that even at the low pressure of 50 psi, DNA-
coated gold particles can penetrate several cells layers and
be expressed in the inner layers of the embryo. Although
the possible diffusion of f-glucuronidase and/or its blue
cleavage products cannot be ruled out. It should be pointed

Fig. 4 f-glucuronidase (GUS) staining in longitudinal free-hand
sections of maize embryo and kernel with exposed aleurone layer.
Deep blue GUS stain can be seen beyond the outer surface of embryo
(bottom left) in contrast to deep blue in the outer layer of endosperm
(bottom right) and their no-DNA control, respectively (upper left and
right)

out that we obtained similar results with a privately owned
green fluorescent protein (GFP) plasmid under fluorescent
microscope. Positive GUS histochemical staining in the
aleurone layer and embryos (Figs. 3, 4) indicated the
successful delivery and expression of foreign DNA by the
low-pressure BioWare gene gun. We show that helium gas
pressure as low as 50 psi is sufficient to drive DNA/gold
particles through several layers of cells in plant tissues and
successfully express the introduced gene. Compared with
the 1,300 psi used for transient assays in the same material
(Kao et al. 1996), and 1,100-1,350 psi used in orchid
transformation (Yu et al. 1999; Davina et al. 2007) with the
Biolistics device, 50 psi helium pressure is exceptionally
low. Bombardment of noncarrier naked DNA (without gold
particles) at 50 or 70 psi, and shorter distance to the
embryo and aleurone samples, gave only negative results.
However, noncarrier naked DNA bombardment at low
pressure has been successfully used for transformation in
animal systems (Lin et al. 2008). This suggests that the
rigid plant cell wall is indeed a penetration barrier and the
gold particles play an indispensable role in plant tissue
transformation.

High-velocity bombardment of DNA-coated micropro-
jectiles allows direct delivery of genes of interest into
regenerable plant tissues, bypassing the complexities and
limitations of Agrobacterium transformation. It appears to
be the best method for plant transformation (Christou
1992). The biolistics device has been used for the pro-
duction of most of the world’s major transgenic crops and
also in extensive transient expression investigations. The
low-pressure gene gun used by us was invented to cir-
cumvent the many problems associated with the use of
existing devices in transforming live mice. We have shown
that it is also efficient in delivering DNA constructs into
plant cells and has several advantages over the traditional
biolistics devices used previously.
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