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ABSTRACT. Genetic manipulation using linear DNA was applied to the 
common wheat variety Xindong No. 26 via particle bombardment with 
the aim to improve bread-making quality of flour. Initially, 2 biolistic 
parameters, helium pressure and target distance, were optimized using 
plasmid pAHC25. We transformed wheat immature embryo scutella with 
the linear 1Dx5 gene without selectable markers. The highest transient 
β-glucuronidase expression was obtained when scuttles were bombarded 
at 1100 psi with a 9-cm target distance. Using the optimized parameters, 
the transformation of the common wheat variety Xindong No. 26 was 
carried out using the linear 1Dx5. Three transgenic plants were identified 
from 1003 transgenic plants, yielding a transformation frequency of 
0.4%. A sodium dodecyl sulfate polyacrylamide gel electrophoresis 
analysis confirmed that the 1Dx5 gene was expressed in 4 T1 seeds of the 
transgenic plants. These experiments indicate the possibility of obtaining 
marker-free transgenic wheat plants via particle bombardment using the 
minimal gene cassettes with the particle bombardment parameters.
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INTRODUCTION

Wheat seed protein is the main source of protein in the human diet. Glutens are 
the main components of dough and account for 46% of the total protein in the endosperm 
of the mature seed. Glutens consist of high molecular weight gluten subunits (HMW-GS) 
and low molecular weight gluten subunits that can be observed by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE). The HMW-GS was 90-147 kDa and 
contained 2 disulfide bonds, which have a direct decisive effect on the elasticity (Ng and 
Bushuk, 1988) and the bread-baking quality (Shewry et al., 1989). The gene locus control-
ling HMW-GS is located on the long arm of the chromosomes (1A, 1B, and 1D) of the 
first-group common wheat (Triticum aestivum L.) (Bietz et al., 1975; Payne et al., 1987). 
Research shows that in different wheat cultivars, the number of subunits, types of allelic 
variation, and differences in expression levels of genes cause variation in the elasticity 
of the dough and the pasta manufacturing quality. Among the varieties, 1Ax1, 1Dx5, and 
1Dy10 are considered to be high-quality gluten subunit genes (Shewry et al., 1992). There-
fore, the wheat varieties that contain subunit genes and express them normally have broad 
prospects in production.

The investigative group cloned the 1Dx5 gene from xinchun19 and L88-6 (Liu et 
al., 2011) in order to utilize the high-quality gluten subunit gene 1Dx5. The gene was trans-
ferred to common wheat, planted in a large area, and expected to improve the processing 
quality of the wheat. Selectable marker genes can facilitate obtaining transgenic plants in-
stantly. However, the presence of these genes has a direct effect on the transgenic crop in 
the market and also narrows the beneficiary profile from growers to consumers, which could 
in turn have important implications for public acceptance (Yoder and Goldsbrouugh, 1994).

In addition, removing the selectable marker gene so as to minimize the potential 
safety problem of transgenic plants has great significance to the further utilization of trans-
genic plants. At present, the co-transformation method has been successfully employed for 
the removal of selectable marker genes from transgenic plants (Uzé et al., 1999; Alvarez et 
al., 2000; Fu et al., 2000; Yao et al., 2006; Liu et al., 2011).

Today, the particle bombardment method is widely used for wheat transforma-
tion, and many researchers have obtained illuminating results. However, the bombardment 
distance, bombardment pressure, amount of plasmid DNA, amount of gold particles, and 
chamber vacuum pressure greatly influence the wheat transformation efficiency. The ac-
celeration pressure and target distance are 2 important factors that affect bombardment. 
Since the first transgenic wheat plants were obtained via bombardment particles (Vasil et 
al., 1992), the bombardment parameters have been optimized to control the DNA delivery 
by bombardment particles to wheat (Rasco-Gaunt et al., 1999; Chernobrovkina et al., 2007; 
Sarwan et al., 2010), but the results vary.

The objective of this study was to optimize the acceleration pressure and target us-
ing β-glucuronidase (GUS) gene transient expression experiments in the immature embryo 
scutella of Xindong No. 26 via bombardment particles. Using the optimized conditions, 
a linear 1Dx5 gene without a selectable marker gene was transformed into the immature 
embryo scutella of Xindong No. 26 via bombardment particle. These developments will be 
helpful for improving the processing quality of wheat and will lay a foundation for improv-
ing the processing quality of wheat using the HMW-GS gene.
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MATERIAL AND METHODS

Plant material and culture conditions

The winter wheat variety Xindong No. 26 from the Xinjiang region of China was 
chosen as the experimental material. Spikes were harvested 12 or 13 days after flowering. 
Immature seeds were surface-sterilized with 0.1% (v/v) HgCl2 for 12 min and then rinsed 
4 times with sterilized deionized water. Scutella from immature embryos were isolated. 
Immature embryos were placed on MSI medium, which contained MS basal medium, 1.5 
mg/L 2,4-dichlorophenoxyacetic acid (2,4-D), 0.5 mg/L dicamba, 3% sucrose, and 8 g/L 
agar, pH 5.8. Cultures were incubated at 25°C in darkness for approximately 48 h before 
bombardment.

Bacterial strains and plasmids

The plasmid pAHC25 containing both the GUS and BAR genes was used to opti-
mize the transient expression by the GUS assay. The linear 1Dx5 gene without selectable 
markers was used in transformation experiments.

Bombardment parameters

Bombardments were carried out with particle bombardment (PDS 1000/He, Bio-
Rad) under a vacuum of 27 inches of Hg. The standard transformation procedure is based 
on the method that was described previously and subsequently modified (Rasco-Gaunt et 
al., 1999; Sparks and Jones, 2004). The variables to be optimized included rupture disc pres-
sures (900, 1100, and 1350 psi) and the distance from the rupture disk to the macrocarrier 
(6 and 9 cm).

Histochemical GUS assay

Sixteen hours after bombardment, explants were vacuum infiltrated for 10 min with 
5-bromo-4-chloro-1H-indol-3yl-b-D-glucopyranosiduronic acid (X-gluc) buffer containing 
1 mM X-gluc, 100 mM sodium phosphate buffer, pH 7.0, 0.5 mM potassium ferricyanide, 
0.5 mM potassium ferrocyanide, and 0.1% Triton X-100 (v/v). Blue staining was assessed 
after incubation for 8 h at 37°C.

Biolistic transformation using optimized conditions

Explants were subsequently bombarded under the optimized bombardment param-
eters of 1100 psi helium pressure and 9-cm target distance. In this study, the linear 1Dx5 
gene was used for transformation. After bombardment, the callus was first incubated in high 
osmotic medium for 16 h, and then it was incubated in induction medium (MSI) for 4 weeks 
in the dark at 25°C (Figure 1). The callus was cultured on the regeneration medium [contain-
ing R (Qin and He, 2001) medium; 1 mg/L Zeatin (ZT), 0.01 mg/L 2,4-D, 30 g/L maltose] 
for 4 weeks under light at 22°C with a medium change every 2 weeks (Figure 2).
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Figure 1. Callus vegetated on the induction medium for 4 weeks.

Figure 2. Plant regenerated on the differentiation medium for 4 weeks.
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Polymerase chain reaction (PCR) selection of transgenic plants

For all of the regenerated plantlets, total genomic DNA of 20 T0 progenies was 
isolated from leaf material and analyzed by PCR as a group. The primers that were to 
the 1Dx5 gene were F: 5'-AAAAGGTATTACCCAAGTGTAACTTGTCCG-3' and R: 
5'-AATTGTCCTGGCTGCAGCTGCGA-3' at an annealing temperature of 66°C, resulting in 
an expected amplified product of 343 bp (1Dx5 gene-specific fragment) and 361 bp (1Dx2 
gene-specific fragment).

Expression analysis of transgenic wheat

Protein extracts from T1 and subsequent generation endosperms were analyzed by 
SDS-PAGE for changes in HMW-GS content (Zhu et al., 2008). Total proteins were extracted 
from single-half grains.

RESULTS

Effect of helium pressure

Different helium pressures affect transient GUS expression in bombardment param-
eters. The acceleration pressure obviously determines the distribution in target tissues and 
depth of particle penetration. Acceleration pressures that are too high tend to damage the 
target tissues, whereas pressures that are too low to penetrate the tissue cell cause no transient 
expression (Yao et al., 2006). It was observed that 1100 psi helium pressure gave the highest 
(0.96 ± 0.05) transient GUS gene expression compared to 900 psi (0.62 ± 0.03) and 1350 psi 
(0.56 ± 0.01) when scutella were bombarded with a 9-cm target distance (Table 1).

The low acceleration pressures (900 psi, 1100 psi) tend to result in larger areas that 
are covered by particles than the higher acceleration pressure (1350 psi) (Figure 3). At high 
pressure, a small area of the target tissues was very strongly targeted and thus likely to be 
damaged (Figure 3C).

Effect of target distance

The results showed differences between the 2 target distances, and the highest GUS 
expression (93%) was observed when the 9-cm distance was used with 1100 psi helium pres-
sure (Table 2). The number of explants with blue color was higher when the target distance 
was 9 cm (Figure 4). In contrast, the transient GUS expression (56%) was low at the 6-cm 

Helium pressure (psi) Bombardment explants (No.) Percentage of explant-expressed GUS

  900 25 0.62 ± 0.03b

1100 25 0.96 ± 0.05a

1350 25 0.56 ± 0.01b

Table 1. Effect of helium pressure (psi) on GUS expression 24 h after bombardment of wheat, at a 9-cm target distance.

Means with the same letter are not significant at P = 0.05.
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target distance (Table 2). Therefore, in the subsequent experiments, a 9-cm target distance and 
1100 psi helium pressure were used.

A

B

C

Figure 3. Comparison of transient GUS expression in wheat scutellum bombarded with 900 to 1350 psi at a 9-cm 
target distance. A. 900 psi. B. 1100 psi. C. 1350 psi.
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Figure 4. Comparison of transient GUS expression in wheat scutellum bombarded with 6 to 9 cm at 1100 psi 
helium pressure. A. 6 cm. B. 9 cm.

Target distance (cm) Bombardment explants (No.) Percentage of explant-expressed GUS

6 25 0.56
9 25 0.93

Table 2. Effect of different target distance on GUS expression in yellow watermelon cotyledons at 1100 psi 
helium pressure 24 h after bombardment.

A

B

Transgenic plant selection

About 1000 immature embryo scutella were bombarded with the linear 1Dx5 gene via 
particle bombardment and were regenerated under non-selective conditions. All 1003 regen-
erated plantlets were screened for the presence of 1Dx5 gene sequences by PCR dichotomy 
analysis. A 343-bp product (1Dx5 gene-specific fragment) was amplified in the transgenic 
plants and the positive control.
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Total genomic DNA of each of 20 T0 progenies was isolated from leaf material and 
analyzed by PCR as a group. Three groups showed the expected 343-bp band size of the 1Dx5 
gene and were taken as positive groups (Figure 5). The DNA of the control plant did not show 
any amplification of the 343-bp band. The DNA was extracted from each plantlet of the posi-
tive groups and analyzed to identify each positive plantlet. Four positive plants were identified 
(Figure 6). The transformation frequency was 0.4%.

Figure 5. PCR analyses of 20 transgenic plants. Lane M = marker; lane 1 = Xindong No. 26 donor plants for the 
negative control; lanes 2 and 3 = 1Dx5 for the positive control; lanes 4-17 = different transgenic plants.

Expression analysis of transgene HMW-GS 1Dx5

The endosperm storage proteins were extracted from all T1 transgenic plants from 
half of the seed, and the other half contains mature embryos that were used for breeding. 
SDS-PAGE was used to determine if the HMW-GS gene was expressed in transformed 
plants, and 46 transgenic T1 seeds were identified. Figure 7 shows part of the SDS-PAGE 
analysis. Expression of 1Dx5 was observed in T1 seeds that were harvested from positive 
plants.

Figure 6. Selection of transgenic wheat plants with PCR. Lane M = marker; lane 1 = Xindong No. 26 donor plants 
for the negative control; lane 2 = 1Dx5 for the positive control; lanes 3-15 = different transgenic plants.
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DISCUSSION

Particle bombardment has been widely exploited to produce tissues and plants that 
express traits with agronomic value, and it has had a major impact on basic plant science re-
search and biotechnology (Taylor and Fauquet, 2002; Altpeter et al., 2005). The objective of 
this study was to establish an HMW-GS 1Dx5 transformation system and to use the biolistic 
transformation system with optimized conditions. The bombardment parameters of accelera-
tion pressure and target distance were optimized.

One of the most important parameters to optimize for biolistic transformation is the 
target distance between the macrocarrier and the target tissue in the bombardment chamber. 
This directly affects the distance that the microcarriers travel to the target cells for penetra-
tion and gene transfer into plant genome (Sarwan et al., 2010; Swati et al., 2012). We found 
significantly higher transient GUS expression and transformation efficiency when immature 
embryo scutella were placed 9 cm away from the macrocarrier. The same distance was found 
to be significantly better than other distances in wheat (Swati et al., 2012). Contrary to this, 
previous investigations in wheat reported that a 6-cm distance from the rupture disk to the 
macrocarrier was optimum compared to 9 and 12 cm (Yao et al., 2006). This difference in 
target distance might be related to bombardment of the tissue with the dispersion of gold. In 
addition, there are also concerns about the donor conditions.

The helium pressure had a significant effect on the microprojectile bombardment that 
mediated genetic transformation. There was no significant difference in GUS expression at 
pressures of 650-1100 psi, while the expression was significantly reduced at higher pressures 
(Rasco-Gaunt et al., 2001). We found that helium pressure of 1100 psi gave the highest tran-
sient GUS expression and transformation efficiency in wheat. The frequency of transient GUS 
expression decreased with increased or decreased helium pressure.

In this investigation, a linear gene expression cassette carrying 1Dx5 was transformed 
into wheat. The cassette was produced in such a way that no extra-vector sequences were 
introduced into transgenic wheat. This means that the cassette containing only a promoter, 
coding sequence, and a 3'-terminator was successfully induced into the genome and used for 
a transformation system of wheat (Uzé et al., 1999). Even though we can quickly obtain the 
transgenic plants with cassettes that carry only essential genetic elements, the efficiency of 

Figure 7. SDS-PAGE of total protein from partial T1 transgenic seeds. Lane 1 = China Spring; lanes 2 and 18 = 
L88-6 genotype for the positive control; lane 3 = Xindong No. 26 donor plants for the negative control; lanes 4-6, 
8, 10, 12, 14 = different non-transgenic plants; lanes 7, 9, 11, 13, 15-17 = different transgenic plants.
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transformation was low in this study (0.4%) compared with that in previous studies (1.4 and 
1.5%) (Rooke et al., 1999; Gadaleta et al., 2008). However, the frequency of transformation 
was significantly higher using a linear GUS/BAR gene than the whole plasmid (Uzé et al., 
1999; Yao et al., 2006). The low transformation frequency might due to the absence of selec-
tive pressure, without which transformed cells tend to be disadvantageous in competition with 
non-transformed cells and consequently die more (Mullins et al., 1990).

In this study, transgenic wheat plants were generated using the linear 1Dx5 gene in the 
common wheat variety Xindong No. 26. The optimization of transformation parameters was 
helpful to improve the frequency of transformation.
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