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Celiac disease, an autoimmune response triggered by the consumption of seed storage proteins of cereals, affects an estimated 1% of the human population. In the case of wheat (Triticum aestivum L.), one of the world’s most consumed cereals, alcohol-soluble proteins, the gliadins, have been identified as the allergy-eliciting agents. Previous studies have shown that removal of gliadins may be a feasible method of producing non-toxic wheat food preparations. Thus, the aim of this study was to explore a transgenic-based method using a mechanism of post-transcriptional gene regulation, RNA interference (RNAi), to decrease the levels of wheat gliadins thereby decreasing the amount of the allergy-eliciting activity in its flour. The aim of this project was addressed in two phases. The first involved the optimization of a biolistics-based wheat transformation system and the isolation of transgenic lines. The second phase involved phenotypic evaluations of transgenic lines to determine the effectiveness of RNAi on decreasing gliadin levels and related seed storage proteins. For the first phase of this project, optimization of wheat transformation parameters using the BioRad PDS-1000/He biolistics gene gun with the Hepta adapter was accomplished by testing the effect of microprojectile size, amount of microprojectiles, and the bombardment pressure on transformation success. Additionally, the utility of a transiently expressed reporter coding for the green fluorescent protein (GFP) in predicting the rate of transformation success two days post-bombardment was examined. The pMCG161|irGLI (pGLI) binary vector containing the bar gene (conferring glufosinate resistance) and a gliadin inverted repeat (RNAi component) was co-bombarded with the pAHC17|sGFP-SK (pGFP) vector containing a GFP reporter gene in a 1:1 mass ratio. Using a factorial design, the size of the microprojectile was statistically significant (p = 0.001) in transformation success. A significantly higher (>6x) success rate using particles with a diameter of 0.6-µm over the use of 1.0-µm microprojectiles was noted. The interaction between bombardment pressure and microprojectile size was also significant with pressures of 1350 and 1100 PSI being superior to 1550 PSI when 0.6-µm microprojectiles were used. Using a bombardment pressure of 1350 PSI and 0.6-µm particles, the best transformation rate of 2.5% was achieved. The amount of microprojectiles per microcarrier (0.14 or 0.5 mg) did not significantly affect transformation success. Scoring transient GFP expression two days post-bombardment was not found to be a useful predictor of transformation success. For the second phase of this project, regenerated plants were evaluated for expression of the bar gene selectable marker (that conferred resistance to the glufosinate herbicide) and gliadin protein composition using reverse phase high pressure liquid chromatography (RP-HPLC). Of the 11,962 immature embryos bombarded with pGLI and pGFP, 189 independently transformed lines were recovered with 102 lines showing resistance to glufosinate, a sign of an actively expressed bar gene introduced with pGLI. Protein analysis on 117 transformants (69 T1 and 48 T2 individuals derived from 13 initial T0 transgenics) did not reveal qualitative differences in gliadin levels or composition between transgenics and the untransformed control suggesting that the RNAi component of pGLI had failed to induce silencing.
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1 Literature Review

1.1 Celiac Disease

While estimates vary, the prevalence of celiac disease is thought to be up to 1% in Western societies (Mowat, 2003), with the variation due to misdiagnosis, particularly in the United States. Celiac disease is an immune mediated enteropathic condition caused by the digestion of wheat gluten and like proteins by genetically susceptible individuals (Fasano et al., 2003). Symptoms of the condition can be quite varied, from the typical severe or constant diarrhea and atrophy of the intestinal villi, to malabsorption, dermatitis herpetiformis, or asymptomatic forms (Di Cagno et al., 2004). In asymptomatic individuals as well as those experiencing the hallmark signs of the disease, malabsorption from the reduced absorptive surface area in the small intestine leads to anemia, folate and fat-soluble vitamin deficiencies, as well as reduced bone density (Green and Jabri, 2003). Left untreated, the condition can lead to a failure to thrive in children (due to nutrient deficiencies) with a mortality rate of untreated individuals exceeding that of the general population by a factor of 1.9-3.8, which is reduced after one to five years on a gluten free diet (Green and Jabri, 2003). Thus far the only treatment for individuals with the disease is a strict, lifelong adherence to a gluten-free diet, which can be more expensive than and not as palatable as the wheat-based foods they are accustomed to (Mowat, 2003). 


The T-cell mediated autoimmune response in individuals with the disease is triggered upon digestion of cereal seed storage proteins. In the digestive process, it was found that a 33-mer peptide of wheat with a large portion of glutamine and proline amino acids remained intact through digestion and possessed many T-cell epitopes. BLASTP searches against this peptide revealed homologues in gliadins from wheat (Triticum aestivum L.), secalins from rye (Secale cereale L.), and hordeins from barley (Hordeum vulgare L.) — all toxic cereals to those with celiac disease (Shan et al., 2002). The high-proline content of these proteins led Di Cagno et al. (2004) to test peptidases for their ability to digest this resilient 33-mer from sourdoughs. This study showed a decrease in allergenicity for some patients who consumed the gluten treated with the protease as compared to the untreated gluten (Di Cagno et al., 2004). Another attempt at removing the allergy-eliciting protein by Frisoni et al. (1995) involved the use of wheat lacking a functional Gli-A2 locus. The group found that enterocyte height of patients given the Gli-A2 - wheat was not affected as compared to those given the normal control (Frisoni et al., 1995). These studies suggest that removal of the allergy-eliciting protein or loss of a functional protein-coding region may be a feasible method of producing non-toxic wheat preparations. 

1.2 Wheat and Wheat Seed Storage Proteins 

Wheat (Triticum aestivum), one of the most commercially important food crops, is used as a staple food for approximately one third of the world’s population (FAO). It is estimated that wheat for human consumption will reach 440 million tons with world per capita wheat consumption at 68 kg. 

Wheat flour consists predominantly of starch (70-80% dry wt), protein (10-15% dry wt), lipids (1-2% dry wt) and non-starch polysaccharides. When flour is mixed with water and kneaded, the storage proteins are brought together to form a continuous proteinaceous network called gluten. The elasticity of gluten is referred to as dough strength. Strong doughs are required for bread making and making pasta and noodles. Less elastic (weaker) doughs are used for making cakes, cookies, and other pastries.
The gluten proteins are the major grain storage proteins that are deposited in the developing starchy endosperm. These proteins are largely responsible for the visco-elastic properties of dough. Two protein fractions of gluten have functional significance. The polymeric glutenins are largely responsible for elasticity and the monomeric gliadins for viscosity and extensibility. The gliadins are further divided into four groups, α, (, γ, and ω, based on structural differences and decreasing mobility in an acid page gel system (Wieser, 1995).

1.3 RNA Silencing 

RNA silencing is a mechanism of gene regulation mediated by small RNA fragments that have been identified in most eukaryotic systems. The mode of action of RNA interference (RNAi) in mammals, quelling in fungi, and cosupression or RNA silencing in plants all share pathway similarities. This suggests that these systems appeared before the divergence of plants and animals as an ancient method of protection against invading nucleic acids, or the oldest anti-viral system (Sharp, 2001). In efforts to increase the flower pigmentation (anthocyanins) in petunia, van der Krol et al. (1990) introduced additional copies of dihydroflavonol-4-reductase or chalcone synthase. Surprisingly, white sectors on petals were observed in up to 25% of the transformants. This sparked an interest in gene regulation whereby the insertion of copies of a gene led to its suppression. 

Double stranded RNAs (dsRNA) are central to two separate processes that regulate gene expression through RNA silencing and are important to the discussion of RNA silencing in plants. Formation of the dsRNA molecules can occur through many pathways including the transcription of inverted DNA repeats which lead to the formation of a dsRNA hairpin loop as they are transcribed and processed. This dsRNA, which triggers a cascade of subsequent events, is recognized by a helicase/RNase like enzyme called DICER (Almeida and Allshire, 2005). This enzyme cleaves the dsRNA into small, single-stranded fragments 21-28 bases long that then complex with Argonaute proteins, forming the RNA-induced silencing complex (RISC). It is the RISC complex that targets homologous RNA sequences to be cleaved and processed by Argonaute, further propagating the silencing mechanism, or RISC can act to block the translation of the mRNA into protein. In plants, RNA-dependent RNA polymerase acts as an amplifier, generating more dsRNA through amplification of the single-stranded RNA targets (Almeida and Allshire, 2005) creating a positive feedback loop that propagates the signal throughout the organism. The process of post transcriptional gene regulation (PTGR) is the first process of dsRNA mediated silencing that allows the cell to suppress the synthesis of RNA-encoded proteins. Another method of transcriptional gene regulation (TGR) is RNA-directed DNA methylation (RdDM). This is a result of RNA binding to complementary DNA sequences and initiating methylation along the duplex (Wassenegger et al., 1994). This resulting methylation is thought to decrease or completely eliminate the transcription of the gene.

The specificity and relative simplicity of the silencing system lends itself to exploitation by biotechnology. To target a gene for silencing, for example, a dsRNA that is homologous to the targeted transcript is required. With long dsRNAs, results have suggested that silencing will occur with >90% homology (keeping in mind that the dicing mechanism breaks an RNA strand down to 21-28 nt fragments) and that the activity of the silencing signal increases with the length of the dsRNAs (Sharp, 2001). Research has demonstrated the high efficiency of silencing with constructs containing an inverted repeat with an intron spacer between the repeats (Smith et al., 2000). It is thought that as the inverted repeat is transcribed, the process of removing the intron mediates the formation of the dsRNA construct.

1.4 Wheat Transformation and Biolistics

A successful transformation system requires explant material that is amenable to transformation and can yield a viable plant from a single transformed cell. Wheat and other monocots have proved more difficult than dicots to transform and it is only recently that agrobacterium-mediated transformation has worked with wheat (Cheng et al., 1997). More commonly, wheat has been transformed using a biolistic delivery method. As one of the most economically important crops, it was not until the early 1990’s that wheat was transformed using the biolistics approach (Weeks et al., 1993; Vasil et al., 1992). Current success rates for the biolistic system range from 0.2-2.3% (Sahrawat et al., 2003) with much variation and the highest rates often from super transformable varieties like Bobwhite (Pellegrineschi et al., 2002), as opposed to elite cultivars.

The development of transformation system is difficult due to the variety of parameters that must be addressed in addition to the selection methods used to isolate transformed sectors. Bombardment pressure, method of DNA precipitation onto a microcarrier, and microcarrier size and quantity are important factors in determining the success of transformation (Jones, 2005). The high variability in transformation and the lengthy regeneration process of wheat material from tissue cultures makes optimization challenging. 

The usefulness of the reporter gene encoding green fluorescent protein (GFP) has become evident in attempts to increase transformation success. This is due, in part, to its non-destructive method of visualization and its almost immediate transient expression. Research using selection for paromomycin resistance and GFP expression (conferred by separate constructs) for bombardment parameter optimization has shown positive results with the identification of transformed shoots in as early as three weeks post-bombardment (Jordan, 2000). Additionally, GFP selection has been used with much success in enhancing transformation frequencies of wheat, achieving ~5% by combining GFP selection with herbicide resistance on the same plasmid (Huber et al., 2002). 

2 Introduction

Celiac disease is a genetically-linked autoimmune response to seed storage proteins (gliadins) in wheat (Triticum aestivum L.) and seed prolamins of barley (Hordeum vulgare L.) and rye (Secale cereale L.) (Fasano et al., 2003). Affecting an estimated 1% of the population, the disease can be silent or manifests itself as diarrhea, anemia, and/or malabsorption. Currently the only treatment is the lifelong avoidance of gluten-containing products, a treatment that is not only difficult given the diverse nature of food products that contain gluten, but is often costly and unpalatable to individuals accustomed to a wheat-based diet. It has been determined that the gliadin protein fraction of gluten, characterized by high glutamine and proline residues, elicits the immune response in patients with celiac disease (Shan et al., 2002). Removal of this protein fraction, through loss of a functional locus or peptidase pretreatment of doughs, has been shown to decrease the allergic response (Frisoni et al., 1995; Di Cagno et al., 2004) demonstrating the potential of wheat gluten with decreased gliadin levels as an alternative to a gluten-free diet in disease management.


Toward the development of wheat genotypes with reduced levels of gliadin proteins in its seeds, this research explores a transgenic approach based on a method of post-transcriptional gene regulation, RNA interference (RNAi), which targets α-gliadins for silencing. The aim of this project was addressed in two phases. The first phase involved the optimization of a biolistics-based wheat transformation system and the isolation of transgenic lines. For the optimization of transformation variables (bombardment pressure, particle amount, and particle size), this research used herbicide resistance (conferred by the bar gene) and a non-destructive assay based on a reporter gene, green fluorescent protein (GFP). The second phase involved phenotypic evaluations of the transgenic lines to determine the effectiveness of RNAi on decreasing gliadin levels and related seed storage proteins. For this component, plants were evaluated for expression of the selectable marker (herbicide resistance) and seed storage protein composition of gliadin fractions using reverse phase high pressure liquid chromatography (RP-HPLC). 

The specific objectives for this project were to:

a. Determine optimal parameters for wheat transformation using particle bombardment;

b. Evaluate the utility of a green fluorescent protein (GFP) reporter as a non-destructive measurement of transformation success;

c. Isolate transgenic lines of wheat expressing a RNAi construct targeting an α-gliadin gene of wheat; and 
d. Assess the protein content and composition of transgenic wheat lines.

3 Materials and Methods

3.1 Plant Material 

The common wheat variety Bobwhite S-26 was chosen for transformation given its established response to tissue culture (Pellegrineschi et al., 2002). Wheat plants were grown in the greenhouse under a 16-h photoperiod. Embryos from the first four spikes of each plant were collected 12-17 days post-anthesis (dpa). Seeds were surface sterilized in 70% ethanol for 5 min followed by a wash in 15% bleach solution for 15-20 min with gentle shaking. Seeds were rinsed three times with sterile water before embryo culture under laminar flow conditions. Immature embryos 0.7-1.5 mm in length were collected from sterilized seed (Fig. 1) and cultured. 
Fig. 1. Immature wheat seed and excised embryos.

Seeds were collected from wheat 12-17 days post-anthesis. A. Immature wheat seed with embryo exposed. The arrow indicates the position of the embryo. B. Excised embryo with the scutellum side up. C. Immature embryos evenly distributed on a plate after post-bombardment. Bars in A and B =1 mm
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3.2 Tissue Culture Media and Conditions
Murashige and Skoog (MS) basal salts (Murashige and Skoog, 1962) with vitamins were used in all culture media (PhytoTechnology Laboratories). Callus induction (CI) media consisted of MS supplemented with 3% sucrose, 0.25% Gelrite, and 9.04 µM 2,4-Dichlorophenoxy acetic acid (2,4-D). Regeneration and selection (RS) media replaced 2,4-D with 5 mg/L glufosinate-ammonium. Maltose media (M) was used as an osmoticum containing 15% maltose, 0.25% Gelrite, and the MS basal salts with vitamins.


Excised embryos (12 to 17 dpa) were cultured in the dark (27OC) on CI media up to five days before bombardment. Four hours before bombardment, explants were transferred to M media, scutella side up, to induce osmotic stress. Approximately 50 to 100 embryos were arranged radially from the center of a 100-mm diameter culture plate within 1 cm of the plate edge and bombarded with construct DNA-coated particles using the BioRad PDS-1000/He with the Hepta adapter (BioRad). After bombardment, explants were transferred and evenly spread on plates with fresh CI media to avoid competition. Embryo cultures were allowed to callus at 27OC in the dark for up to two weeks post bombardment before they were transferred to RS media. Callusing sectors were manually separated to ensure good contact with the selection medium and to remove dead tissue. Material in the selection medium was maintained at 27OC with a 16-h photoperiod to promote regeneration. Subculturing was performed every two to three weeks or as needed to ensure strong selection (Fig. 2).

Once roots were established and shoots reached 10 cm in height, plantlets were transferred to magenta boxes with RS media and allowed to grow until shoots grew to the top of the box. Regenerated material was transferred to 5-cm pots. Seedlings were covered with plastic tents for one week to create high humidity conditions upon transplantation (Fig. 3A). After a week, plastic tents were gradually removed to acclimate the material to the greenhouse and transferred into gallon pots (Fig. 3B). Once plants reached the four leaf stage, tissue was collect for molecular analysis. 

Fig. 2. Tissue cultures under herbicide selection. 
A. The plantlet on the lower right of the plate shows vigorous growth and extensive development of roots and root hairs suggesting resistance to the glufosinate (5 mg/L) in the growth medium. B. Material growing in magenta boxes under herbicide selection. Note the yellowing and necrosis that the chimeric plant (front, left) shows while the other section is still green. The majority of other cultured material in this plate showed slow or stunted development and necrosis suggesting susceptibility to the herbicide.
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Fig. 3. Acclimation of regenerated seedlings to the greenhouse environment. 

A. Seedlings transplanted into wet soil and covered with a plastic tent to create high-humidity conditions. Over a period of 10 days, the plastic tent was removed and seedlings were transplanted into larger pots. B. Established transgenics growing under greenhouse conditions.
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3.3 Plasmid Design and Preparation 
The plasmid encoding GFP (pGFP), pAHC17|sGFP-SK, was kindly provided by Dr. Heidi Kaeppler (University of Wisconsin) (Kaeppler et al., 2001) (Fig. 4B). The RNAi plasmid construct (pMCG161|irGLI or pGLI) was created in-house using the maize binary vector, pMCG161, provided by Dr. Vicki Chandler (University of Arizona). This binary vector contains a phosphinothricin acetyl tranferase (Basta Resistance or bar) gene driven by a maize (Zea mays L.) ubiquitin promoter and intron. Expression of this gene confers resistance to phosphinothricin, bialaphos, and glufosinate herbicides. pMCG161 also has a cassette designed for the construction of inverted repeat transcripts of a given gene using an intron spacer [rice (Oryza sativa L.) waxy-a intron] internal to the inverted repeat. Upon transcription this should yield a double-stranded RNA hairpin as the intron is processed. Transcription of the inverted repeat is driven by the 35S promoter followed by the maize Adh1 intron. An 800-bp segment from an α gliadin was cloned in the sense orientation between restriction sites AscI-AvrII and in the anti-sense orientation between restriction sites SacI-XmaI (Fig. 4A). The cloned region included a 764-bp fragment amplified from wheat cultivar Daws that is homologous to 773 bp (+55 to +828) of the alpha gliadin sequence accession AJ133612. 
Ampicillin (50 mg/L) was used to select for bacterial strains with the pGFP plasmid and chloramphenicol (25 mg/L) was used to select those with pGLI. Plasmid stocks maintained in E. coli were isolated using the QIAGEN Plasmid MIDI prep kits and stored in a Tris-EDTA (TE) solution (pH 8) at -20OC. Plasmid DNA was quantified using gel electrophoresis. 
Fig. 4. Schematics of plasmids used in transformation experiments.
A: pGLI (pMCG161|irGLI) is a 15.6-kb binary plasmid containing a phosphinothricin acetyl transferase (bar) gene for herbicide resistance driven by the maize ubiquitin promoter (UBI) with the nopaline synthase terminator (NOS). The gliadin inverted repeat is driven by the cauliflower mosaic virus (35S) promoter with the octopine sythase terminator (OCS). The rice waxy intron is used as a spacer between inverted repeats to help mediate the formation of the dsRNA as it is being processed. B: pGFP (pAHC17|sGFP-SK) is a 5.7-kb plasmid containing the green fluorescent protein (GFP) driven by the ubiquitin promoter (UBI) and uses the nopaline synthase terminator (NOS). 
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3.4 Microjectile Preparation

Gold microprojectiles of 1.0 and 0.6 (m in diameter purchased from BioRad were used for various experiments. Two microprojectile preparation methods based on Klein et al. (1988) and Barcelo and Lazzeri (1995) were tested. The key difference between these methods was the amount of microprojectile used in each bombardment. The method described by Klein et al. (1988) results in an application of 0.5 mg of microparticles per macrocarrier whereas the method of Barcelo and Lazzeri (1995) results in the application of 0.14 mg per macrocarrier. 

3.4.1 Method 1 (Klein et al. 1988)

In a 1.5-mL microfuge tube, 60 mg of microprojectiles were washed in one mL of 100% ethanol by vortexing for one minute. Ethanol was decanted and the washes were repeated three times. After the last wash, one mL of sterile distilled water was added and the microprojectile pellets were resuspended by vigorous vortexing. Particles were aliquoted into 50 µl units, while vortexing, and stored at 4OC until used. 

For the precipitation of DNA onto microprojectiles, 50 (l aliquots were vortexed gently to resuspend gold particles. While vortexing, 2.5 (g of both pGFP and pGLI were added along with 50 (l of 2.5 M CaCl2 (autoclaved) and 20 (l 0.1 M spermidine (filter sterilized). Vortexing continued for 3 min longer to ensure solution was well mixed then spun briefly to remove supernatant. Microprojectiles were washed with 250 (l of 100% isopropanol, briefly spun, and supernatant removed. Later, 60 (l of 100% isopropanol was added and the solution was stored at 4OC until use. Final microprojectile concentration was ~3 mg particle per 60 (l aliquot.

3.4.2 Method 2 (Barcelo and Lazzeri, 1995)

In a 1.5-mL microfuge tube, 40 mg microprojectiles were washed by vortexing in one mL of 100% ethanol for one min. Ethanol was decanted and the washes were repeated three times. Two additional washes with one mL of sterile distilled water were used to remove all traces of ethanol. Later, one mL of sterile water was added and the microprojectile pellet was vigorously vortexed to resuspend particles. Particles were then dispensed into 50 (l aliquots, while vortexing, and stored at 4OC.

For precipitation of DNA onto microprojectiles, 50 (l aliquots were vortexed gently to resuspend particles. While vortexing, 2.5 (g of both pGFP and pGLI were added along with 50 (l of 2.5 M CaCl2 (autoclaved) and 20 (l 0.1M spermidine (filter sterilized). Vortexing continued for 3 min longer ensuring solution was well mixed then the tubes were spun briefly and supernatant removed. Aliquots were washed with 250 (l of 100% ethanol, spun to pellet and supernatant decanted. To resuspend particles, 85 (l of 100% ethanol was added and the preparation was stored at 4OC until use. Final microprojectile concentration was ~2 mg particle per 85 (l aliquot.

3.5 Particle Bombardment

All bombardments and preparations were carried out under aseptic conditions using a laminar flow hood. The bombardment chamber was sterilized using 70% ethanol prior to each use. The Hepta adapter and stopping screens were sterilized by autoclaving before each bombardment. Macrocarriers and rupture disks were dipped into 80% isopropanol for sterilization. Macrocarriers were fitted into holders to dry before microprojectiles were added, as per manufacture directions (BioRad). For method 1, 10 (l of the microcarrier suspension was added to the center of each macrocarrier (approximately 0.5 mg of microprojectiles). Method 2 used 6 (l of the microprojectile solution (approximately 0.14 mg of microparticles). Bombardments were carried out per manufacture directions using 28 Hg vacuum. 

3.6 Post-Bombardment GFP analysis

Bombarded explant material was scored two days post-bombardment for GFP expression. A Leica stereo-fluorescence microscope with a FLUO III filter system and a mercury-vapor lamp was used to visualize GFP expression using the GFP Plus filter (excitation 480/40 nm, barrier 510 nm) (Fig. 5). The area of GFP expression was scored using a 0 to 10 scale for each explant where 0 = 0% coverage and 10 = 100% coverage (Fig. 6). The method for determining area of expression is based on a previous report that used the (-glucuronidase reporter to optimize particle bombardment (Rasco-Gaunt et al., 1999). Transient GFP expression was observed to decline rapidly after initial scoring (Fig. 7).
Fig. 5. Bombarded explant showing transient GFP expression. 

A. Bombarded explant two days post-bombardment showing transient GFP expression using the GFP 2 filter of a Leica stereo-fluorescence microscope with a FLUO III filter system. B. Same explant as in A under normal light. 
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Fig. 6. Bombarded scutella of immature embryos of wheat showing transient GFP expression. 

A. Scutellum bombarded with 0.5 mg of 1.0-µm gold particles using a pressure of 1550 PSI. The limited area of fluorescence received a score of 1. B. Scutellum bombarded with 0.14 mg of 1.0-µm particles at 1100 PSI. The more extensive area and uniform level of fluorescence received a score of 9.
[image: image20.jpg]



Fig. 7. Transient GFP expression over time.

A. GFP expression two days post bombardment. Note the high intensities and the clear points of fluorescence. B. Same explant one week later (9 days post- bombardment). Intensity of GFP expression has faded considerably in intensity and number of foci. C. Explant 45 days post-bombardment. GFP fluorescence is significantly reduced and the majority of tissue is succumbing to herbicide exposure.
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3.7 Swipe Tests and Herbicide Sprays

Leaves of regenerated plants (T0 generation) were challenged with herbicide as soon as plants reached the four leaf stage. Initial screens at 1.2, 2.4, 6, and 12 mM of glufosinate-ammonium (Rely® herbicide) were tested to determine the acceptable dosage. A concentration of 3 mM or higher glufosinate was deemed to be appropriate. A strip of glufosinate was applied mid-leaf and leaf tissue senescence was scored one week after treatment and again at three weeks post-application. Leaf senescence was scored on a scale of 0 to 5 based on the degree of susceptibility to the herbicide with 0 showing no susceptibility and 5 showing complete necrosis (Fig. 8). Self-pollinated derivatives of T0 plants (T1) and subsequent generations were sprayed with glufosinate at the three leaf stage using 2x the field rate (1.1 kg/hectare) in an enclosed chamber (Fig. 9). Plants showing resistance after treatment were again screened using the swipe test to confirm resistance.
Fig. 8. Herbicide (glufosinate) leaf swipe test of putative transgenics. 

A. Leaf of putative transgenic showing no sings of herbicide damage (swipe score = 0). B. Leaf of putative transgenic with some necrosis (score = 4). C. Leaf of putative transgenic showing a necrotic band with wilting of tissue (score = 5). D. Leaf of untransformed Bobwhite (wild type control) showing generalized senescence (score = 5). The permanent maker spot indicates the treatment area. 


Fig. 9. Response of the untransformed Bobwhite S-26 genotype as well as T1 derivatives of putative trangenics to glufosinate (1.1 kg/ha Rely ®) applied in a enclosed herbicide spray chamber. 

A. The first four seedlings from the left are untransformed Bobwhite S-26 controls showing complete susceptibility to the herbicide. The fifth seedling from the left is an unsprayed untransformed Bobwhite S-26 plant control. B. T1 plants derived from a T0 line (GEW:0090).  This T1 family segregated for resistance to the herbicide.  Five plants were resistant whereas two were susceptible.  This segregating pattern approximates a 3 resistant :1 susceptible expected in cases of a single hemizygous insertion event in the previous generation.
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3.8 Molecular Analysis

The presence of components of the pGLI plasmid was assessed using a variety of PCR primers (Fig. 10). Primers RI_ANTI F (5’ CAAATTCTAATCCCCAATCCAA 3’) and RI_ANTI R (5’ GGCGGTAAGGATCTGAGCTA 3’) generated a 1000-bp product whereas primers RI_SENSE F (5’ GTTGAGTGGCCCTGTTTCTC 3’), and RI_SENSE R (5’ CATTGATCAGCCTAACCAAACA 3’) generated an 1100-bp product when pGLI was used as the DNA template. The 1000 and 1100-bp products contained the cloned wheat gliadin fragment in the antisense and sense orientations, respectively as well as bordering plasmid. The primers 2INT F (5’ AAGTCCTTATAAGCACATATGGCATTG 3’) and GLI F (5’ CCACAAGAGCAAGTTCCATTG 3’) amplified across the rice waxy intron and the inverted gliadin insert generating a 1000-bp product. The primers SSU 1F (5’ ATTATGGCATTGGGAAAACTGT 3’) and SSU 3R (5’ CATGTTGTCAATCAATTGGCAA 3’) amplified a 550-bp region of the small ribosomal subunit RNA (SSU 3’) feature on the pGLI plasmid. Figure 11 depicts a typical gel of the PCR products used to score lines.
Fig. 10. Linear schematic of a portion of pGLI showing the location of primers used for PCR detection of components of this plasmid in putative transgenics.

The SSU 1F and SSU 3R primers were used to amplify 550 bp of the small ribosomal RNA subunit 3’ end (SSU 3’). The primers RI_SENSE F and RI_SENSE R and RI_ANTI F and RI_ANTI R were used to amplify sections of the plasmid with the cloned wheat gliadin sequence in sense and antisense orientations, respectively. The primers 2INT F and GLI 1F amplified the junction between the rice waxy intron and the wheat gliadin segment in the antisense orientation.


Fig. 11.  PCR-based screening of putative transgenic lines.

Agarose gel showing the 550 bp products generated using the SSU 1F/3R primers. 



3.9 Protein Analysis

Protein was extracted from the distal half (without the embryo) of seeds (T1 or T2 seed). Approximately 20 mg of endosperm was ground and added to a 1.5-mL microfuge tube. The gliadin fraction was extracted in 300 (l of 60% ethanol by vortexing vigorously for 30 min followed by a 20 min centrifugation at 130,000 rcf. Supernatant was filtered using 0.25 (m syringe filter into a high pressure liquid chromatography (HPLC) sampling tube.

Reverse-phase high pressure liquid chromatography (RP-HPLC) was carried out using a Waters 2695 HPLC unit equipped with Waters 2996 Photodiode array detector and column heater. A Zorbax 300SB-C8 (4.6 mm i.d. x 150 mm) RP-HPLC column with a 4.6 x 12.5 guard column (Agilent Technologies, New Castle, DE) was chosen based on the described methods for gliadin separation (Huebner et al., 1997; Marchylo et al., 1992). About 50 µl were taken from the half-seed extractions for analysis. The HPLC column was heated to 60oC using a column heater. Sample flow rates were set to one mL/min with the following gradient for separation: 77% to 52% acetonitrile (ACN) for 50 min, 5 min restore to 77% ACN and 5 min column regeneration (0.1% trifluoroacetic acid in both water and ACN solutions). Sample loading and analysis was carried out using Empower software (Waters Corporation).

3.10  Statistical analysis

Statistical analysis of transformation frequency and transient GFP expression data was performed using Statistical Analysis Software (SAS, v8).  The effect of pressure (900, 1100, 1350, and 1550-PSI), particle size (1.0 and 0.6-(m), and method of particle preparation on the initial area of the explant with GFP expression, the initial number of explants expressing GFP, and the success of transformation (seedling herbicide resistance) was evaluated using a factorial analysis. Transformation success was calculated as the total number of independent transformed plants showing herbicide resistance scores of two or less divided by the total number of explants bombarded in a set. Initial GFP was calculated as the total number of explants in a set expressing GFP, two days after bombardment, divided by the total number of explants in that set. Area of GFP was calculated as the proportion of explant area showing GFP expression, two days after bombardment, in a given set. Each bombardment, or set, was treated as a replication.

The three dependent variables (transformation success, initial GFP, and area of GFP) yielded proportions or categorical data that were not expected to be normally distributed. Thus, these values were transformed using the arcsine-root transformation (Hopkins, 2000). Data was modeled as a factorial experiment using a general linear model with class variables of bombardment pressure, preparation method, and particle size. Bombardment parameters were tested for their effect on the initial percent of explants expressing GFP (INITIAL), the average initial area of GFP expression for the set (AREA), and the transformation frequency (SUCCESS). Tukey’s multiple mean comparison test was used in cases where there was a significant treatment effect (α = 0.05).
4 Results

4.1 Transformation

Data was collected on 11,962 immature embryos (Table 1) bombarded over a period of nine months. Unequal sample sizes were due to a combination of factors including tissue culture contamination, low responses to some of the parameters (specifically 900-PSI), limited space and other resources. The bombardment of 11,962 immature embryos followed by tissue culture selection with glufosinate yielded 239 T0 regenerates. Molecular analysis of the 239 T0 putative transgenics revealed 189 independent-transformed lines. Herbicide screening of seedlings reduced the number of lines to 102 (herbicide score of 2 or less) that appear to be expressing the bar transgene (Fig. 8, 9). Molecular analyses showing the presence or absence of assayed regions of the RNAi construct for these 102 herbicide-resistant lines are shown in Table 2.

Table 1. Number of immature embryos bombarded a using various parameters

	
	Prep 1

(3.5 mg gold/shot)
	
	Prep 2

(0.98 mg gold/shot)

	
	
	
	

	
	
	Particle diameter 


	

	Pressure (PSI) b
	1.0-µm
	0.6-µm
	
	1.0-µm
	0.6-µm

	900
	320 (2)
	118 (1)
	
	416 (3)
	N.D.c

	1100
	1114 (5)
	723 (5)
	
	2321 (12)
	1220 (8)

	1350
	305 (2)
	261 (2)
	
	417 (4)
	1017 (4)

	1550
	2585 (6)
	459 (3)
	
	368 (3)
	318 (2)


a Numbers in brackets () represent the number of sets or replications for each treatment combination

b PSI = Pounds per square inch

c N.D. = Not determined
Table 2. Classification of 102 independent herbicide-resistant transformants based on the presence or absence assayed regions of the RNAi construct (pGLI) 
	
	
	Gliadin fragment in the sense orientation a
	

	
	
	Present
	
	Absent
	

	
	
	Gliadin fragment in the antisense orientation b
	

	SSUc
	
	Present
	Absent
	
	Present
	Absent
	Total

	Present
	
	47
	8
	
	9
	12
	76

	Absent
	
	6
	3
	
	1
	16
	26

	Total
	
	53
	11
	
	10
	28
	102


a A 1-kb segment of a cloned wheat gliadin in the sense orientation of the pGLI construct was detected using the RI_SENSE F and RI_SENSE R primers.

b The 1.1-kb segment of a cloned gliadin fragment in the antisense orientation of the pGLI construct was detected using two primer pairs: RI_ANTI F and RI_ANTI R; and 2INT F and GLI F.

c  A 550-bp region of the small ribosomal subunit RNA (SSU 3’) feature of pGLI was detected using the primers SSU 1F and SSU 3R.

4.2 Statistical Analysis

Analyses of the effect of pressure (900, 1100, 1350, and 1550-PSI), particle size (1.0 and 0.6 (m), and method of particle preparation on the initial area of the explant with GFP expression, the initial number of explants expressing GFP, and the success of transformation (seedling herbicide resistance) are shown in Tables 4, 5, and 6, respectively. A summary of treatment means is shown in Table 3. 
In each case, particle size was found to have a significant effect (p < 0.005). While the use of 0.6-µm microprojectiles resulted in a significantly higher number of successful transformations, the use of 1.0-µm particles resulted in a greater fraction of explants showing GFP expression as well as a greater explant area with GFP expression two days after bombardment (Table 7).

In the analysis of the effects of pressure, particle size, and preparation method on transformation success, the pressure by particle size interaction was also significant (p = 0.02) (Table 6). Inspection of treatment means (Table 3) showed that the pressure by particle size interaction resulted from variable responses to pressure when the 0.6-µm particles were used. Consequently, an analysis of variance was performed on experiments where the 0.6-µm particle had been used to look at the impact of pressure and preparation method on transformation success (Table 8). This analysis showed a significant pressure treatment effect (p = 0.046). The Tukey’s multiple means comparison test for the impact of bombardment pressure on the transformation success showed that a pressure 1350-PSI gave the highest mean and both 1100-PSI and 1350-PSI were significantly better than 1550-PSI (Table 9).

Table 3. Treatment means for the number of explants with transient GFP expression, explant area with transient GFP expression, and transformation success
	Bombard-ment pressure (PSI)
	Particle diameter (µm)
	Method of particle
preparation a
	Initial GFP

Mean b
	Area of GFP Mean c
	Transformation success

Mean d

	900
	0.6
	1
	0.725
	N.D.
	0.000

	900
	1
	1
	1.047
	0.448
	0.00

	900
	1
	2
	1.069
	0.411
	0.025

	1100
	0.6
	1
	0.865
	0.291
	0.000

	1100
	0.6
	2
	0.762
	0.255
	0.162

	1100
	1
	1
	1.114
	0.400
	0.016

	1100
	1
	2
	1.112
	0.400
	0.027

	1350
	0.6
	1
	1.018
	0.451
	0.256

	1350
	0.6
	2
	0.991
	0.351
	0.179

	1350
	1
	1
	1.077
	0.462
	0.000

	1350
	1
	2
	1.113
	0.387
	0.000

	1550
	0.6
	1
	0.741
	0.241
	0.022

	1550
	0.6
	2
	0.981
	0.304
	0.084

	1550
	1
	1
	1.233
	N.D.
	0.000

	1550
	1
	2
	1.247
	0.510
	0.038


a Particle preparation method 1 was based on Klein et al. (1988) and resulted in 3.5 mg gold per bombardment. Method 2 is based on Barcelo and Lazzeri (1995) and resulted in 0.98 mg gold per bombarbment.  
b Initial GFP represents the fraction of explants showing GFP two days after bombardment.

c Area of GFP represents the explant area showing GFP expression. 

d Transformation success is the fraction of bombarded explants that yielded a transgenic line.
Table 4. Analysis of variance table showing the effect of bombardment parameters on the initial number of explants expressing GFP a  

	Source
	DF
	SS b
	Mean square
	F Value
	Pr > F

	pressure
	3
	0.121
	0.040
	2.10
	0.115

	size
	1
	0.572
	0.572
	29.89
	<.0001

	pressure*size
	3
	0.114
	0.038
	1.98
	0.132

	prep
	1
	0.007
	0.007
	0.36
	0.551

	pressure*prep
	3
	0.063
	0.021
	1.10
	0.358

	size*prep
	1
	0.001
	0.001
	0.05
	0.820

	pressure*size*prep
	2
	0.056
	0.028
	1.45
	0.245

	Error
	41
	0.784
	0.019
	
	

	Corrected Total
	55
	2.232
	
	
	


a Model R2 = 0.649, coefficient of variation cv = 13.457
b SS stands for type III sum of squares.

Table 5. Analysis of variance table showing the effect of bombardment parameters on initial area of GFP expression a

	Source
	DF
	SS b
	Mean square
	F Value
	Pr > F

	pressure
	3
	0.034
	0.011
	1.56
	0.219

	size
	1
	0.068
	0.068
	9.24
	0.005

	pressure*size
	2
	0.024
	0.012
	1.67
	0.205

	prep
	1
	0.004
	0.004
	0.57
	0.456

	pressure*prep
	3
	0.017
	0.006
	0.78
	0.512

	size*prep
	1
	0.001
	0.001
	0.18
	0.674

	pressure*size*prep
	1
	0.000
	0.000
	0.01
	0.939

	Error
	31
	0.227
	0.007
	
	

	Corrected Total
	43
	0.493
	
	
	


a Model R2=0.533, coefficient of variation= 23.085 
b SS stands for type III sum of squares.

Table 6. Analysis of variance table showing the effect of bombardment parameters on transformation success a

	Source
	DF
	SS b
	Mean Square
	F Value
	Pr > F

	pressure
	3
	0.038
	0.013
	2.35
	0.084

	size
	1
	0.064
	0.064
	11.91
	0.001

	pressure*size
	3
	0.061
	0.020
	3.80
	0.016

	prep
	1
	0.012
	0.012
	2.18
	0.147

	pressure*prep
	3
	0.030
	0.010
	1.86
	0.150

	size*prep
	1
	0.003
	0.003
	0.52
	0.472

	pressure*size*prep
	2
	0.027
	0.013
	2.50
	0.093

	Error
	47
	0.251
	0.005
	
	

	Corrected Total
	61
	0.571
	
	
	


a Model R2=0.560, coefficient of variation = 135.089 

b SS = type III sum of squares

Table 7. Multiple comparison test a showing means for particle size on transformation success, initial GFP expression, and area of GFP expression
	
	
	1.0-µm
	0.6-µm
	

	
	Success
	0.016 B
	0.110 A
	

	
	Initial GFP
	1.135 A
	0.849 B
	

	
	Area GFP
	0.421 A
	0.299 B
	


a Tukey’s multiple comparison test was used. Values within a row that are followed by the same letter are not significantly different (p < 0.05). 

Table 8. Analysis of variance table showing the effect of bombardment parameters on transformation success using 0.6-µm microprojectiles a
	Source
	DF
	SS b
	Mean Square
	F Value
	Pr > F

	pressure
	2
	0.088
	0.044
	3.67
	0.046

	prep
	1
	0.011
	0.011
	0.96
	0.341

	pressure*prep
	2
	0.054
	0.027
	2.25
	0.135

	Model
	5
	0.168
	0.034
	2.82
	0.048

	Error
	18
	0.215
	0.012
	
	

	Corrected Total
	23
	0.383
	
	
	


a Model R2 = 0.439, coefficient of variation =  95.107

b SS = type III sum of squares.

Table 9. Tukey’s multiple comparison test a for the effect of pressure on transformation success, 0.6-µm data
	
	Pressure (PSI)
	Success Mean
	

	
	1350
	0.205 A
	

	
	1100
	0.100 A,B
	

	
	1550
	0.047 B
	


a Tukey’s multiple comparison test was used. Values followed by the same letter are not significantly different (p < 0.05).
4.3 Protein Analysis

An analysis of seed gliadin composition using RP-HPLC of 69 T1 individuals derived by self-pollination of 13 T0 and 48 T2 individuals that traced back to seven of theseT0 plants was performed. Two control samples of untransformed Bobwhite S-26 were included in each run. Chromatograms of all runs showed the different gliadin fractions resolved as expected (Huebner et al., 1997) (Fig. 12). Comparisons between transformed lines and the controls showed no difference in terms of relative fraction peak height (taking into account differences in protein concentration of the sample) or overall gliadin fraction composition patterns. Thus, this preliminary analysis did not show a significant change in gliadin composition between the untransformed control and the transgenic lines tested.
Fig. 12. RP-HPLC chromatograms of half-seed samples showing characteristic gliadin elution profiles.
Chromatograms of a sample from the untransformed Bobwhite S-26 control (A) and a T1 derivative (PG05:0011) of GEW:0090 (B). PG05:0011 showed strong herbicide resistance and contained all of the assayed segments of pGLI based on PCR. Chromatograms of the Bobwhite S-26 control (C) and a T2 derivative (PG06:0002) of GEW:0090 (D).  PG06:0002 descended from PG05:0011. The injection peak for A and B was high and altered the absorbance unit scale. Omega gliadin fractions eluted 10 – 25 min after injection followed by alpha/beta fractions 25 – 35 min and the gamma doublet between 35 - 40 min. A decrease or elimination of peaks between 25 and 30 min was expected in the transgenic lines that were assayed (B and D). There were no qualitative differences in gliadin composition between transgenic and untransformed controls.



5 Conclusions and Discussion

Bombardment results showed that the use of gold particles with a diameter of 0.6-µm resulted in the highest transformation frequencies using the BioRad PDS-1000/ He with the Hepta adapter. The highest transformation frequency achieved with 0.6-µm-gold particles was 14% (1100-PSI, 0.14 mg gold), with an overall average of 1.95% compared to the overall average of 0.14% using 1.0-µm particles. The overall transformation frequency when 0.6-µm particles were bombarded with a pressure of 1350-PSI was 2.5%. As neither microcarrier preparation method showed a significant impact on transformation success, the second method by Barcelo and Lazzeri (1995) is suggested as it uses less gold per bombardment (0.14 mg/macrocarrier vs 0.5 mg/macrocarrier). Based on this study, the optimum parameters for wheat transformation via immature embryo bombardment using the Hepta adapter are 0.6-µm gold carriers at 0.14 mg/macrocarrier delivered with a 1350-PSI rupture disk.

In the evaluation of GFP as a predictor of success for parameter optimization, transient expression of GFP two days after bombardment did not show the same trends as transformation success. The statistical analysis of the bombardment parameters and their effect on the fraction of GFP expressing explants and the greatest area of GFP expression revealed that the most significant parameter was microcarrier size. However, the use of gold particles with a diameter of 1.0-µm resulted in greater GFP expression compared to the use of 0.6-µm particles. Previous reports using GFP to optimize bombardment parameters (Jordan, 2000) relied on GFP assays performed up to three weeks after bombardment. Thus, we presume that assessment of GFP expression only two days after bombardment might have been premature and confounded with tissue culture wounding autofluorescence. A rapid decline in GFP transient expression was observed one week after bombardment suggesting that the majority of cells with high levels of initial transient GFP expression had not been stably transformed (Fig. 7). Thus, initial transient GFP expression levels would be misleading when trying to predict rates of stable transformation. Despite these findings, the smaller 0.6-µm particle should have a smaller footprint and higher surface area to volume ratio than the 1.0-µm particles. Thus, the use of 0.6-µm particles was associated with reduced clumping of GFP foci on explants. These features suggest that the 0.6-µm particle should result in higher transformation success, as was observed in this study, and should also result in a higher area of transient GFP expression if we had analyzed material two to three weeks after bombardment. Additional experiments are needed to clarify this situation.

When tissue cultures were bombarded with 0.6-µm microprojectiles, pressure emerged as a significant factor in transformation success. Bombardments with 1100 and 1350-PSI had the highest mean transformation levels. This is consistent with published protocols for the standard setup of the PDS 1000/He biolistics gun (Rasco-Gaunt et al., 1999). An inspection of Table 3 showed that treatments with 1350-PSI produced consistent values for initial percent GFP expressing explants and the area of GFP expression whereas treatments with 1550-PSI were more variable and erratic. 
Based on the molecular marker constitution of 239 T0 putative transgenics, 189 were deemed to be derived from independent-transformation events. Of the 189 independent lines, 56 were susceptible to the glufosinate herbicide although they were expected to be resistant based on presence of all or part of the pGLI construct (Table 2). These individuals may represent cases where the level of the bar transgene expression was sufficient for survival in vitro but was insufficient to confer resistance at the seedling or adult-plant levels. There were also instances (17) where some lines showed high levels of herbicide resistance yet molecular marker analysis based on PCR failed to reveal the presence of any features of pGLI. These instances were likely due to PCR failures. Overall, there was good agreement between herbicide resistance and the detection of all or parts of pGLI by PCR. Still, a characterization of putative transgenic lines with a more robust assay that is less prone to false negative results such as Southern blot hybridization should be carried out to clarify any inconsistencies. 
The gliadin make up of a minimum of eight T1 plants derived from a given T0 were examined by RP-HPLC. The lines that were sampled were also lines that not only showed strong herbicide resistance but also contained the gliadin inverted repeats based on PCR. However, in no case did we see a qualitative change in gliadin composition when transgenic derivatives were compared to the untransformed control. Since gliadin silencing should be a dominant trait, a reduction in the α gliadin peak height and/or area with possible effects on the β and γ gliadin was expected in some of the lines analyzed even though segregation for the pertinent transgene was also expected. This lack of a phenotype (gliadin silencing) could be a result of multiple factors. If the silencing was quantitative rather than qualitative, a more quantitative assessment (portion of gliadin proteins to total proteins) would be warranted in subsequent generations when homozygosis lines and larger amounts of seed are available. Alternatively, there may be instances where a construct was incapacitated due to rearrangements during biolistics transformation or by the plant’s innate defense mechanisms. The RNAi construct used in this study is large and has features reminiscent of a transposon (inverted repeat) making it a good target for endogenous silencing. Additional analyses examining whether or not siRNAs with homology to our transgene are being generated, the structure of integrated transgenes, and the status (methylation or heterochromatin context) of integrated sequences will need to be evaluated further to ascertain the reason for the lack of a phenotype. 
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