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WELCOME 

The 10th International Gluten Conference 

Gérard BRANLARD 

 

It is my great pleasure to welcome you to the 10th International Workshop on Gluten Proteins. 
Since its inception at INRA Nantes, France, in 1980, the Gluten workshop has been an extraordinary 
opportunity to bring together researchers interested in gluten proteins from all over the world. 
Pierre Feillet and Bernard Godon originally had the idea of organizing a workshop to enable people to 
benefit from informal discussions on the many topics concerning gluten and wheat quality. Held every 
three years, the International Gluten Workshop is a success thanks not only to the organisers but also 
to the many participants who come from an increasing number of countries. In 1980, scientists from 
13 countries met in Nantes, and in 1984, scientists from 12 countries met in Wageningen (The 
Netherlands). The two most recent workshops brought together scientists from 30 countries in Viterbo 
(Italy) and from 20 countries in San Francisco (California, USA). 
 
Today we are pleased to welcome 150 participants from 30 countries. On behalf of the scientific 
committee, I would like to thank you all, especially those who have come a long way (this year we 
have participants from all five continents) to take part in the 10th International Gluten workshop.  
During the 30 years since is started, the workshop has increased not only in size but also in the depth 
of information exchanged. Progress in wheat quality has greatly benefited from the research reports 
presented at the Gluten workshop, which has regularly introduced new themes. Protein identification, 
extraction and fractionation, wheat gliadins, wheat glutenins, structure and properties, genetics and 
agronomy, characterization of gluten genes and subunits, gluten rheology and functionality, post 
translational modification of gluten proteins, biotechnology, transcriptomics and proteomics, 
nutritional aspects including intolerances and allergies, and non-food uses are just some of the topics 
on which scientists have presented papers and debated, attracting young researchers and providing 
productive information for the whole community. 
 
During the 10th International Gluten workshop, the six following topics will be covered:  

1- Biosynthesis and accumulation of storage proteins: mechanisms and the impact of 
environment; 

2- Gluten protein structure, aggregation and rheology relevant to the technological functionality 
of cereal dough and products; 

3- Adaptation of gluten quality to end-uses via genetics and biotechnology; 
4- Genetics and other approaches; 
5- Gluten proteins and health, allergy and celiac disease; 
6- Non-food uses: plastics and other applications. 

 
The present proceedings include most of the oral communications and poster presentations. In the case 
of some lectures and poster presentations, we were unable top obtain the full text, only the abstract is 
included. However, whatever the length of the paper, the reader will discover the wealth of topics 
covered at the 10th International Gluten Workshop which provides a unique picture of the present 
status of research in gluten proteins. 
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ABSTRACT 

The processing properties of wheat flour are largely determined by the structures and interactions of the 
grain storage proteins, or gluten proteins, whose synthesis, folding and deposition take place within the 
endomembrane system of the plant cell. The determination of the precise mechanisms and pathways of 
trafficking and accumulation of these classes of storage proteins, however, has been limited in the past by 
difficulty in developing monospecific antibodies. We have overcome this limitation by producing 
transgenic wheat lines expressing C-terminal epitope-tagged gluten proteins which can be identified in the 
cells of the developing grain using highly specific commercial antibodies. Immunolocalisation studies 
carried out on developing grains from these transgenic lines showed differential patterns of deposition for 
the main sub–classes of gluten protein, with HMW subunits being particularly abundant in the inner layer 
of the endosperm and less abundant in the subaleurone layer, which instead is rich in gliadins and LMW 
glutenin subunits. Furthermore, our studies suggest that segregation of gluten proteins occurs both 
between and within protein bodies. 
The specific distributions of gluten proteins within the endosperm and their segregation during deposition 
may affect the subunit composition and the assembly of the glutenin polymers and, consequently, have an 
impact on grain quality. 

INTRODUCTION 

The starchy endosperm is the largest tissue of the mature wheat grain, accounting for over 80% of the 
grain mass. It is also the most important tissue from the point of view of wheat grain processing quality, 
being formed by cells packed with starch and protein, mainly gluten proteins. Wheat gluten proteins are 
classically divided into two groups, corresponding to monomeric gliadins and polymeric glutenins, the 
latter being further classified into low molecular weight (LMW) and high molecular weight (HMW) 
glutenin subunits. 
Clear gradients exist in the amount and composition of protein, starch and cell wall polysaccharides in the 
starchy endosperm (Jones et al., 2008; Stöger et al., 2001; Tosi et al., 2009; Toole et al., 2007). 
Consequently, it is possible to isolate high protein flour fractions derived from cells in the outer layers of 
the starchy endosperm, and low protein flour fractions from cells in the central part of the endosperm. 
Furthermore, these fractions also differ in gluten protein composition, with the low protein sub-aleurone 
cells being rich in gliadins and the protein-poor central endosperm cells in the high molecular weight 
(HMW) subunits of glutenin. Consequently, it was anticipated that they would also differ in their 
functional properties. 
The functional properties of the gluten proteins depend on their assembly into polymers as well as on their 
amount and composition. Consequently it is important to understand their pathways and mechanisms of 
trafficking and deposition within the different cell types of the developing endosperm as well as their 
location in the tissue. Determination of the locations and trafficking of individual gluten proteins in 
developing wheat grain has been limited in the past by the complexity of the protein mixture with a high 
degree of sequence similarity between some components, making it difficult to develop monospecific 
antibodies. To overcome this limitation, we produced transgenic wheat lines expressing C-terminal 
epitope tagged gluten proteins which can be located in the cells of the developing grain using highly 
specific, commercial antibodies against the tags. 
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MATERIALS AND METHODS 

A series of 10 constructs encoding gluten proteins (a γ-gliadin, HMW subunit 1Ax1 and a B-type LMW 
glutenin subunit) with C-terminal epitope-tags under the control either of a LMW or a HMW gene 
promoter, were prepared as described in Shewry et al. (2007) and used to transform the bread wheat cv 
Cadenza using particle bombardment. Determination of transgene copy number and zygosity was carried 
out by IDna Genetics Ltd (Norwich, UK) using real-time polymerase chain reaction (RT-PCR) using the 
35S terminator sequence present on the backbone of the plasmid used for transformation as the target 
(GMO) and the barley Costans2 gene as an internal positive control (IPC). The cycle threshold (Ct) values 
for the GMO target and the IPC were measured in duplicate assays and the DeltaCT values (CtTarget-Ct 
IPC) were calculated.  
Selected transgenic homozygous lines were grown in the glasshouse and plants were tagged at anthesis. 
One ear from each plant was used to collect developing seeds that were fixed and embedded in resin for 
microscopy studies; the remaining ears were used for inter-line crossing. Plants selected as acceptors were 
emasculated and pollinated after about 48 hours using fresh pollen from donor plants. 
Wheat sections for immuno-microscopy were prepared and analysed as described in Tosi et al., (2009). 
Seeds from crosses were analysed by SDS-Page and western blotting as described in Tosi et al., (2005) but 
with the sequential use of two different anti-epitope tag antibodies to detect seeds expressing both 
trangenes. 

RESULTS AND DISCUSSION 

A total of 85 transgenic lines were produced, corresponding to a minimum of three independent lines for 
each of the constructs represented in Figure 1, and with some constructs being represented by as many as 
10 independent transgenic lines. 
RT-PCR analysis was used for rapid screening of the T1 generation and allowed the 85 lines to be grouped 
into three classes: transgenic lines showing Mendelian segregation, which is expected of plants with a 
single insertion site; transgenic lines only containing nulls, which presumably represented escapes from 
selection or were derived from chimaeric plants; and transgenic lines showing segregation typical of 
progeny derived from multiple insertion sites. Fifty of the lines showed segregation patterns consistent 
with a single trangene insertion and only seeds from these lines were multiplied for further analysis. The 
number of gene copies in these lines ranged from one to 24.  
 

 
Figure 1. Constructs used for transformation 
 

Six selected transgenic homozygous lines, representing each of the three gluten proteins tagged with 
different epitopes and under the control of the two different promoters were grown in the glasshouse. The 
lines were selected on the basis of their transgene expression levels, determined by using the anti-epitope 
antibodies in western blot experiments. Developing seeds were collected from these lines at 14, 21 and 28 
dpa and preliminary immunomicroscopy studies confirmed that fluorochrome-conjugated secondary 
antibodies could be used to detect the FLAG, Myc or HA epitope tags on transversal sections of the grain 
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and hence to localise transgenic proteins. They also showed that proteins expressed under the control of 
the HMW subunit gene promoter were expressed more strongly in the central part of the endosperm. 
Furthermore, the labelling pattern of the protein bodies indicated that segregation of the individual tagged 
gluten proteins into different populations of protein bodies occurred (see examples in Figure 2), as 
previously reported in transgenic durum wheat (see Tosi et al., 2009). This segregation is unlikely to be 
due to tagged proteins behaving differently to the equivalent untagged endogenous proteins as similar 
segregation was observed in non-transgenic wheat, using antibodies raised against specific subclasses of 
gluten proteins (authors’ unpublished data). Further immunolabeling studies are currently being carried 
out to determine the tissue distribution and pathways of intracellular trafficking and deposition of the three 
different types of gluten protein in relation to the promoter used to drive their expression. 
 

 

Fig 2: Immunolabeling of transgenic wheat expressing pHMWgliHA  
The fluorochromes conjugated to an antibody recognising the HA epitope labelled only some of the 
protein bodies in the same cell (see arrows). 
 

The ability to rapidly screen for homozygous transgenic plants also allowed us to start to cross lines 
expressing different transgenes. 
Six different combinations of crosses were carried out (see Figure 3), using each line both as male and 
female parent. Protein extracts of half seeds from the crosses pLMWlmwBmyc x pHMWAx1FLAG, 
pLMWgliHA x pLMWlmwBmyc and pHMWAx1FLAG x pLMWgliHA were analysed using the two 
different anti-epitope antibodies appropriate for each cross. Seeds expressing both tagged gluten proteins 
were identified for each cross and were grown in the glasshouse for multiplication and further analysis. 
Double immunolabelling of grain sections from these transgenic lines should allow us to follow the 
destiny of the two tagged proteins in the same tissues and cells, from their site of synthesis to their site of 
deposition. 
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Fig 3: Transgenic line crossing combinations 

CONCLUSIONS 

Expression of epitope tagged gluten proteins in wheat is a novel tool to follow their patterns of trafficking 
and deposition. 
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ABSTRACT 

The mechanisms leading to the assembly of wheat storage proteins in protein bodies within the 
endoplasmic reticulum (ER) of endosperm cells are still not well understood. In this work, physical 
chemistry parameters which could be involved in these processes were explored. The dynamic behavior of 
γ-gliadins inserted in lyotropic lamellar phases was studied using FRAP in order to model the confined 
environment of proteins within the ER. Changes in the diffusion coefficient as a function of lamellar 
periodicity enabled us to propose an interaction between γ-gliadins and membranes. The interaction was 
studied in more detail with the help of phospholipids (Langmuir monolayers). γ- and ω-gliadins were 
injected under DMPC and DMPG monolayers and the 2D systems were studied by Brewter Angle 
Microscopy (BAM), and surface tension measurements. Results showed that both gliadins adsorbed under 
monolayers and formed micrometer-sized domains at equilibrium. However, when probed by reflectance 
measurements, ω-gliadin aggregates displayed a constant thickness consistent with a monolayer, while the 
thickness of γ-gliadin aggregates increased with the quantity of protein injected. All these findings enabled 
us to propose a model for the self-assembly of gliadins via a membrane interface and to highlight the 
predominant role of the wheat prolamin repetitive domain in the membrane interaction. In the biological 
context, these results suggest that the repetitive domain could be an anchor for the interaction with the ER 
membrane and a nucleus point for the formation and growth of protein bodies. 

INTRODUCTION 

Wheat storage proteins (WSP) are very important for a range of technological applications from baking 
performance,1 to the elaboration of biomaterials,2 and the development of new drug delivery systems.3 

WSP display a very extensive polymorphism, but they present a common feature which is the presence of 
repetitive sequences in their primary structures. Prolamins are subdivided into monomeric gliadins and 
polymeric glutenins. In the biological context, WSP serve as a source of amino acids for germination, and 
are mainly stored within protein bodies (PB) in developing grains, before their maturity. PB are 
micrometer-sized organelles emerging from endoplasmic reticulum (ER) membranes, and may contain up 
to 80% of proteins4. An accumulation of proteins within the ER is suggested to explain the mechanism of 
PB formation. However, due to the absence of a retention signal in the sequence of these proteins, the 
sequestration and the accumulation processes of proteins in the lumen of the ER are unexplained. The aim 
of this study was to elucidate physical chemical parameters involved in the organization of WSP in the 
cellular context. In our study, the model WSP used were γ-gliadins and ω-gliadins. γ-gliadins are 
considered to be an ancestral form of storage proteins, and were shown to be able to alone form PB in 
heterologous systems.5 ω-gliadins were also used because their involvement in PB formation could differ 
due to their fully repetitive sequence. This assumption is supported by the different surface properties of γ- 
and ω-gliadins at the air-water interface.6 Furthermore, ω-gliadins should be considered as a model of the 
repetitive domain of γ-gliadins. First, lyotropic lamellar phases consisting of stacks of surfactant bilayers 
separated by aqueous layers were used as an ER model environment for gliadins. This 3D approach 
enabled us to study both the confinement effect on the protein assembly, and to suggest an interaction 
between gliadins and membranes. However, as the results obtained with this approach were not sufficient 
to firmly conclude on the gliadin-membrane interaction, we then used a 2D approach to look into protein 
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behavior at the water-lipid interface. In this case, DMPC and DMPG monolayers were used as ER model 
membranes. DMPC was chosen as it is the major phospholipid contained in plant ER membranes, while 
DMPG was selected to study the effect of the negative charges generally observed in biological 
membranes. 

MATERIALS AND METHODS 

Samples. γ- and ω-gliadins were purified according to the procedure of Banc et al.6. γ-gliadin was labeled 
with tetramethylrhodamine isothiocyanate (TRITC). The lamellar phase system was spontaneously formed 
with the nonionic n-pentaethyleneglycol monododecylether surfactant C12E5 (Nikko), hexanol and water. 
The hexanol/C12E5 weight ratio used was 0.29, and the water content varied from 40 to 90 wt% (i.e. repeat 
distances d from 50 to 180 Å). Three different probes were mixed with the lyotropic lamellar formulations 
at constant concentration [0.08% (w/w)]: rhodamine-labeled γ-gliadin (γ-gliadin-TRITC), rhodamine dye 
TRITC (mixed isomers, Aldrich) and hydrophobic probe, rhodamine 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine (DHPE-TRITC, Invitrogen-Molecular Probes). After mixing, samples were left for 
several days to reach equilibrium. 
Determination of Diffusion Coefficients Using Fluorescence Recovery After Photobleaching (FRAP) 
Measurements. FRAP measurements were performed using a confocal laser scanning microscope 
(CLSM) that gives high spatial resolution and allows surgical bleaching. To measure the translational 
diffusion coefficient parallel to the layers (D┴ i.e. perpendicular to the optical axis), homeotropically 
oriented lamellar phases were used. In flat capillaries, the lamellar phase naturally adopted homeotropic 
anchoring (stacking axis perpendicular to the walls) and well-oriented monodomains were thus obtained. 
Bleaching and imaging were performed on a Leica SP2 confocal microscope with an oil immersion 363 
objective lens. Data were analyzed using the Moreau et al. method.7 
Measurement of Langmuir films. Experiments were conducted in a circular Teflon® trough with a 51-
mm radius, filled with 8 mL of subphase. The subphase comprised a 50 mM pH 7.2 phosphate buffer 
previously filtered through a glass microfibre filter (GF/F, Whatman). Phospholipid monolayers were 
prepared with 1,2-Dimyristoyl-sn-Glycero-3-Phosphocholine (DMPC) or 1,2-Dimyristoyl-sn-Glycero-3-
[Phospho-rac-(1-glycerol)] (DMPG) (Avanti Polar Lipids). Phospholipids were previously dissolved in 
chloroform (for DMPC), or chloroform:ethanol 4:1 (v/v) (for DMPG) at 0.5 mg/ml, and spread at the air-
water interface using a Hamilton microsyringe. The volume injected was adjusted to obtain the required 
monolayer pressure. Freeze-dried proteins were dissolved in a 48:52 (v/v) water:ethanol mixture at a 
concentration C = 1 mg/mL, and filtered through a 0.45-µm porosity filter (Millipore). After equilibration 
of the phospholipid monolayer, protein solutions were injected into the subphase using a Hamilton 
microsyringe. The surface pressure (π) was monitored with a Wilhelmy surface balance using a filter 
paper plate (Whatman). 
Brewster Angle Microscopy. The surfaces of the films were observed with a Brewster angle microscope 
BAM2 plus (NFT, Göttingen, Germany) equipped with a frequency doubled Nd:YAG laser with a 
wavelength of 532 nm and a charge-coupled device (CCD) camera with a x10 magnification lens. 
Depending on the image luminosity, exposure time (ET) was adjusted from 20 to 0.5 ms to avoid 
saturation of the camera. The spatial lateral resolution of the Brewster angle microscope was 2 µm, and 
the image size was 400 x 650 µm². The BAM images were coded in grey level and reflectance intensity 
versus thickness relationship was established.8 

RESULTS AND DISCUSSION 

3D approach: dynamic within the lamellar phases. Using FRAP experiments, the diffusion coefficient 
D┴ of each probe was measured as a function of the water layer thickness dw of the C12E5/hexanol/water 
lamellar phase. The results obtained for the two probes (TRITC and DHPE-TRITC) and the protein (γ-
gliadin-TRITC) are shown in Figure 1. 
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Figure 1: Diffusion coefficients D┴ derived from FRAP experiments as a function of the water layer 
thickness dw for three different doped C12E5/hexanol/water lamellar phases: free TRITC (empty circles), γ-
gliadin-TRITC (filled diamonds) and DHPE-TRITC (empty squares). The vertical solid line corresponds 
to dw = 47 Å. 
 
With the TRITC dye, the diffusion coefficient values were constant but the diluted – concentrated (or 
confined) transition occurred at a higher dw value (47 Å, vertical full line in Fig. 1) than the expected 
hydrodynamic diameter of the TRITC dye (ca. 5 Å). TRITC could thus be present in an aggregated form 
within the aqueous layer of the lamellar phase. TRITC aggregation in water could also explain the large 
error bars obtained for diffusion coefficient from FRAP measurements. With the DHPE-TRITC probe, the 
diffusion coefficient was mostly independent of swelling (Fig. 1, empty squares). The values were low 
(20.10-12 m2/s) and did not vary with confinement, behavior which is consistent diffusion of the 
amphiphilic probes along the bilayers. Interestingly, the same behavior was observed for the γ-gliadin-
TRITC protein (Fig. 1, filled diamonds) encapsulated within the C12E5/hexanol/water lamellar phase. The 
diffusion coefficient value did not vary with dw, and was equal to 30.10-12 m2/s, again a low value. This 
invariance of the diffusion coefficient clearly showed that γ-gliadin did not freely diffuse in the water 
layer of the lamellar structure. Either the proteins were in interaction with the bilayers, or they formed 
large objects soluble in the aqueous medium which remained geometrically confined by adjacent bilayers 
in the whole range of dw studied. In order to confirm and decipher a potential membrane-gliadin 
interaction, a complementary 2D approach was applied using different kinds of gliadins (γ- and ω-
gliadins) and phospholipids (DMPC and DMPG). 
 
2D approach: towards confirmation of membrane-gliadin interaction and consecutive gliadin self-
assembly via the membrane interface. 2D experiments were carried out using DMPC or DMPG 
monolayers at the air-water interface, as model membranes. Figure 2 shows changes in interfacial pressure 
as a function of time with the injection of γ-gliadin solution under the DMPC monolayer. When the 
phospholipid monolayer had an initial pressure of 20 mN/m, injection of γ-gliadin caused an abrupt 
increase in interfacial pressure followed by stabilization at about 25 mN/m. This increase in pressure was 
ascribed to insertion of gliadins in the monolayer. When the DMPC monolayer had an initial pressure of 
35 mN/m, even if a perturbation was initially observed, the surface pressure finally remained unchanged 
after a short equilibration period. At this higher pressure, γ-gliadins could not penetrate the DMPC 
monolayer. The same behavior was observed with the DMPG monolayer. Because the biological 
membrane pressure considered ranged from 25 to 35 mN/m,9 we suppose that γ-gliadins did not penetrate 
the biological membranes. In this range of surface pressures, ω-gliadins exhibited the same behavior as γ-
gliadins. Only the system with a 35 mN/m initial pressure was further characterized because our study 
focused on the behavior of gliadins in the ER lumen. 
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Figure 2: Changes in interfacial pressure 
P (mN/m) as a function of time (s) with the 
injection of γ-gliadin (arrow) under the DMPC 
monolayer at 20 mN/m (thin curve) and 35 mN/m 
(thick curve)  

Figure 3: Thickness of gliadin objects (nm) as a 
function of gliadin quantity injected (µg).  
γ-gliadin (circles), ω-gliadins (triangles). 

 
The effect of the injection of gliadins under the DMPC monolayer was observed by Brewster Angle 
Microscopy. At 35 mN/m, after the injection of gliadins under the DMPC monolayer, luminous dots 
appeared and disappeared, like blinking. This phenomenon was attributed to adsorption-desorption cycles 
of gliadins under the monolayer. After an equilibration period, the stabilized system displayed bright dots. 
Moreover, observation of the stabilized system by BAM with crossed polarizer and analyzer showed a 
dark picture, in accordance with the flat and smooth aspect of gliadin dots. When the quantities of protein 
injected were low, both γ- and ω-gliadins systems presented similar pictures, characterized by luminous 
dots with a micrometric radius. With higher quantities of gliadin, the γ-gliadin-DMPC monolayer system 
displayed more numerous larger and brighter dots than the ω-gliadin-DMPC monolayer system. Through 
the reflectance intensity of the dots – thickness relationship, we observed that the thickness of the γ-gliadin 
objects increased with the quantity of protein injected, whereas the thickness of the ω-gliadin objects 
remained constant (Figure 3). The average thicknesses corresponding to the dots reflectance ranged 
between 8 and 20 nm in the presence of γ-gliadins and were about 6 nm in the presence of ω-gliadins. 
Considering the thickness (2.2 nm) of the DMPC monolayer, the thickness of the γ-gliadin aggregates 
increased from approximately 6 to 18 nm with the addition of proteins, whereas the thickness of the ω-
gliadins aggregates remained constant at approximately 4 nm. With low quantities of γ- and ω-gliadins 
injected, the thickness of the aggregates suggested gliadin monolayers adsorbed under the DMPC 
monolayer. With high quantities of γ-gliadins injected, but not ω-gliadins, the calculated thickness 
suggested a multilayer structure of the protein aggregates. BAM observations of systems made with 
DMPG monolayers were qualitatively the same as those performed using DMPC monolayers. We also 
observed the formation of flat, circular, micrometric gliadin aggregates under the lipidic monolayer. 
BAM observations indicated that both γ and ω-gliadins locally adsorbed under lipid monolayers to form 
small domains with limited lateral expansion. This behavior suggested a nucleation-growth mechanism for 
the formation of gliadin aggregates under the membrane. The limited lateral growth was attributed to an 
important line tension between the adsorbed gliadin aggregates and the subphase molecules in interaction 
with polar heads of phospholipids. The thickness of these domains differed depending on the type of 
gliadin. Initially, γ- and ω-gliadins adsorbed as monolayers under the lipidic monolayer. With increasing 
quantities of gliadins injected into the subphase, the γ-gliadins aggregate thickness increased whereas with 
ω-gliadins, aggregate thickness remained constant. Considering that γ-gliadins displayed an amphiphilic 
structure comprising a hydrophobic, non-repetitive domain, and a more hydrophilic, repetitive domain, 
and that ω-gliadins were mainly composed of a repetitive domain, we propose a model to explain our 
experimental observations (Figure 4). The interaction between protein and membrane, observed using both 
γ- and ω-gliadins, could be ascribed to an interaction between polar heads of phospholipids and the 
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repetitive domain of gliadins through the establishment of intermolecular H bonds between lipid bilayers 
and gliadins. 
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Figure 4: Model of gliadin self-assembly via a lipidic membrane interface. The formation of a multilayer 
structure of γ-gliadins under the lipid membrane would occur through mainly hydrophobic interactions 
(through non-repetitive domains) while the formation of a ω-gliadin multilayer under the lipid membrane 
would be inhibited due to the absence of hydrophobic domains within the sequence. 

CONCLUSIONS 

The demonstration of γ- and ω-gliadin-membrane interaction, using a combined 3D approach using 
lamellar phases and a 2D approach using Langmuir phospholipid films, could explain the initiation of 
prolamin assembly within the endoplasmic reticulum of wheat endosperm cells. Moreover, the increase in 
aggregate thickness observed in our prolamin-membrane model systems could be a mechanism in the 
accumulation process that occurs in the biological context. A model of the accumulation process based on 
the amphiphilic nature of γ-gliadins is proposed (Figure 4). Further studies will be needed to confirm this 
hypothetical model of prolamin accumulation from a membrane, and in particular by better 
characterization of gliadin aggregates using techniques that provide local information such as AFM and 
microspectroscopy. 
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Role of glutathione in the early stages of low-molecular-
weight subunit assembly 

A. LOMBARDI  1, C.L. CASTELLAZZI 1, A. BARBANTE 1, S. MASCI 2 and A. CERIOTTI 1 
1CNR-IBBA via Bassini 15, 20133 Milano, Italy. 2Università della Tuscia, Viterbo, Italy 

ABSTRACT 

The endoplasmic reticulum (ER) contains a set of enzymes that mediate efficient disulphide bond 
formation and reshuffling, protein folding and protein degradation. While homologues of the thiol oxidase 
enzyme Ero1p generate disulphides de novo in the ER, glutathione has been proposed to act as a reducing 
agent, maintaining oxidoreductases in a reduced state. When expressed in tobacco (Nicotiana tabacum) 
protoplasts, the polymerization of a low-molecular-weight glutenin subunit (LMW-GS) was found to start 
in the ER. Here we show that the polymerization pattern is influenced by treatments that can potentially 
affect redox reactions within the ER. Treatment with a reducing agent caused the accumulation of LMW-
GS monomers, and the effect was easily reverted by restoring oxidizing conditions. Conversely, treatment 
with an oxidizing agent promoted polymer formation. To assess the role of cytosolic glutathione in the 
control of LMW-GS assembly, we analyzed the polymerization state of a LMW-GS in microsomes 
isolated from tobacco leaf protoplasts. While cytosol removal stimulated LMW-GS polymerization, 
addition of reduced glutathione was sufficient to restore the initial polymerization pattern. In addition, 
glutathione depletion in vivo favoured the formation of interchain disulphide bonds between LMW-GS. 
These results indicate that a flux of reducing equivalents from the cytosol, possibly in the form of reduced 
glutathione, contributes to setting the initial polymerization pattern of LMW-GS in the ER. 
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Accumulation of polymeric proteins in developing grains of 
hexaploid wheats in relation with changes in glutathione 

thiol-disulfide status 
T. AUSSENAC and L. RHAZI 

Institut Polytechnique LaSalle Beauvais, 19 rue Pierre Waguet, 60026 Beauvais, France 

ABSTRACT  

It has long been known that the properties of hydrated gluten or wheat flour dough depend on two main 
types of protein: glutenins and gliadins. Among these storage proteins, glutenins (polymeric proteins), 
which are multiple chain polymers in which the individual polypeptides or subunits (HMW-GS and 
LMW-GS) are linked by disulfide bonds, have been shown to play a major role in determining rheological 
properties. Both the amount (TPP) and size distribution of polymeric protein (PPP) have been shown to be 
important and their contribution to baking performance has been extensively studied and documented 
throughout the world (1-4). Moreover, a certain amount of these polymers remains unextractable (UPP) in 
various extracting systems (e.g. acetic acid solution or SDS phosphate buffer) and the proportion of this 
unextractable polymeric protein (UPP) fraction (among polymeric proteins) (i.e. polymerization index) is 
reported to be related to the technological response (5). Given the importance of the UPP fraction in 
bread-making quality, it is very important to study its accumulation in the kernel during grain filling. The 
aim of the present study was to understand more precisely the function of glutathione in the developing 
wheat kernel in the formation of UPP. Glutathione (c-glutamyl-cysteinyl-glycine), which is the 
predominant non-protein thiol in plants, may occur endogenously in wheat flour in the free form as well as 
in the form of protein-glutathione mixed disulfides (PSSG), and the highest PSSG content in the different 
flour protein fractions was observed in the fraction containing mainly PP (6). 
The major wheat glutenin subunits residing in the protein body underwent redox change during grain 
development and maturation. During cell division and cell enlargement, glutenin subunits and particularly 
LMW-GS contained large quantities of free SH groups and became oxidized during grain dehydration, 
which coincided with the formation of UPP. Moreover, during this important stage (after 33 DAA), 
glutathione reductase (GR) activity declined, the ratio of GSSG to GSH increased and PSSG occurred. 
Approximately 85% of PSSG in mature wheat grains was represented by polymeric protein conjugated to 
glutathione (PP-S-S-G). As shown by asymmetrical flow field flow fractionation-multi-angle laser light 
scattering (AFFFF–MALLS) analysis, PP-S-S-G formation during grain desiccation can increase SDS 
solubility of the polymeric protein by reducing both their molecular weight distribution and the branching 
of these aggregates. Based on our results, we speculate that glutathione may play a crucial role in 
controlling the degree of polymerisation of the polymeric protein, which has been shown to play an 
extremely important role in determining baking performance.  
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How are gluten polymers assembled during grain filling in 
durum wheat? 

M.S.L. FERREIRA, J. BONICEL, N.N. ROSA, M.F. SAMSON and M.H. MOREL 
INRA, UMR 1208 Ingénierie des Agropolymères et Technologies Emergentes 

CIRAD- INRA- UM2- SupAgro, Montpellier, France 

ABSTRACT 

The way glutenin subunits are assembled in insoluble polymers is not yet fully understood. In this study, 
changes in protein thiol status, in glutenin polymer composition and size distribution were monitored in 
developing durum wheat kernels. After labelling reduced SH groups with a fluorescent dye, protein was 
sequentially extracted and analysed by SE-HPLC and SDS-PAGE under reducing and non-reducing 
conditions. For both fractionation methods, dual detection (UV and fluorescence) was performed. SE-
HPLC analysis revealed that fluorescence was associated with the tris-HCl buffer, EtOH and first SDS 
extracts. SE-HPLC profiles (SDS and EtOH extracts) appeared brightly fluorescent until 473 °CDAF. 
After this date, fluorescence declined dramatically and the amount of polymeric protein increased, 
demonstrating that the formation of glutenin polymers coincided with oxidation of free protein SH groups. 
The same extracts were analysed by SDS-PAGE. Up to 473 °CDAF, LMW-GS and HMW-GS mainly 
accumulated as monomers carrying SH groups, in ETOH and in the first SDS extracts, respectively. The 
minor polymeric fraction extracted from SDS showed a higher proportion of HMW-GS than of LMW-GS, 
whereas EtOH extractable polymers consisted mainly of LMW-GS. After 473 °CDAF, monomers 
disappeared to the advantage of polymeric fractions, which still carried some SH groups. We postulate 
that as they are synthesized, LMW-GS and HMW-GS tend to assemble in homopolymers still carrying 
reduced SH. At the onset of desiccation (after 473 °CDAF) oligomers of LMW-GS combined with HMW 
polymer backbones to form almost fully oxidized polymers. During desiccation, there was an increase in 
the size of the polymers and total extinction of SH groups.  

INTRODUCTION 

Wheat storage proteins play an important role in bread and pasta making technologies. These proteins 
represent 85% of total kernel proteins and can be divided into monomers (i.e. gliadin) and polymers (i.e. 
glutenin). Gliadin contains only intra-chain disulfide bonds. Glutenin polymers result from the assembly 
of glutenin subunits by inter-chain disulfide bonds and their molecular weight can reach several million 
mol/g. A certain amount of wheat glutenin polymers remain insoluble even in denaturing buffers such as 
SDS phosphate buffer.  
Until now, very little has been reported on the dynamics of gluten protein accumulation during the 
formation of T. durum kernels. According to previous studies in common wheat, the synthesis of high 
molecular weight glutenin subunits (HMW-GS) starts after that of the other storage proteins (Shewry et 
al., 2009) and the formation of unextractable polymeric proteins begins at the onset of grain dehydration 
(Rhazi et al., 2003). Several hypotheses have been proposed to explain this late loss of solubility. 
However, the way glutenin subunits are assembled within insoluble polymeric structures is not yet fully 
understood. The present work was undertaken to investigate how polymeric proteins accumulate in 
developing caryopses of durum wheat. 

MATERIALS AND METHODS 

Wheat samples 
Triticum durum (cv. Orlu) possessing HMW-GS 20x+20y was grown in INRA experimental fields 
(Mauguio, Southern France) in 2008. Ears were hand collected from 291 thermal time after flowering 
(°CDAF) (early milky phase) to 884 °CDAF (complete kernel development) at variable intervals. For 
analysis, only kernels from the middle of ears were used. The kernels were freeze-dried, ground with a 
ball mill under liquid N2 and stored at 5 °C in sealed bottles until further analysis. Total protein content of 
the samples was found to be similar from 291 to 884 °CDAF (10.22 ± 0.34, n=11 samples). 
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SH content and labelling 
Thiol content of ground samples was measured with Ellman’s reagent (Morel and Bonicel, 1996). Based 
on this dosage, reduced SH groups were stoichiometrically labelled by a specific maleimide-fluorochrome 
(Flucka). Each sample (40 mg) was incubated with 80 mM Tris-HCl buffer, pH 6.5 containing the 
fluorescent-maleimide reagent (1.5 fold SH content) at room temperature (RT) for 10 minutes and 
incubated in dark for 90 minutes without agitation. Samples were then centrifuged at 3,800 x g at 20 °C 
for 10 minutes. 
 

Protein extraction procedures 
Labelled samples were sequentially extracted. Albumin and globulin were extracted in 80 mM Tris-HCl 
buffer, pH 6.5 at 20 °C for 10 minutes. Gliadin was extracted from the pellet with 70% (v/v) ethanol 
(EtOH) for 15 minutes at RT. The pellet was re-extracted with 2% (w/v) SDS to solubilize glutenin for 1 h 
at RT. The last pellet was reduced with 20 mM DTE in 2% (w/v) SDS solution for 30 minutes at 60 °C 
and sonicated to obtain insoluble glutenin polymers.  
 

Analysis of the protein fractions  
All four extracts were fractionated by SE-HPLC on a size exclusion TSK column in order to classify them 
into five size distribution classes (F1-F5) (Morel et al., 2000). Fluorescent and UV (214 nm) detection was 
used. SE-HPLC areas of the different extracts were adjusted to the same mass/solvent extraction ratio to 
allow direct comparison of the sequential extracts. Samples were also analysed by SDS PAGE in reducing 
and non-reducing conditions.  

RESULTS AND DISCUSSION 

The research reported here investigated the relationship between the status of storage protein sulfhydryls 
and the dynamics of glutenin polymer assembly. To this end, the total thiol content of ground kernels was 
determined and free protein SH groups were labelled using a fluorescent reagent. After sequential 
extraction, samples were fractionated by SE-HPLC and analysed by SDS-PAGE using dual detection to 
reveal total and fluorescent (reduced) proteins throughout the filling period. Fluorescent labelling was 
mainly found in tris-HCl buffer, EtOH and the first SDS extracts. Here only the results from the ethanolic 
(EtOH) extracts and the first SDS extracts are presented and discussed. 
 

SE-HPLC analysis 
As can be expected, SE-HPLC analysis revealed that polymeric protein (F1 and F2 peaks) was mostly 
recovered in the SDS extract whereas monomeric protein (F3 to F5 peaks) formed the main part of the 
ethanolic extracts (Fig. 1 C-D versus A-B).  
SE-HPLC profiles from EtOH and SDS extracts appeared brightly fluorescent until 473 °CDAF (Fig. 1A 
and 1C). After this date, the fluorescent profiles declined dramatically and UV profiles increased slightly 
(at the expense of soluble proteins in the tris-HCl buffer) (Fig. 1B and 1D). Furthermore, in both extracts, 
the amount of polymeric protein increased. These results show that the decrease in protein SH groups 
coincides with glutenin polymerisation. 
Concerning the EtOH extracts (Fig. 1A), kernel samples at 473 °CDAF presented an unusual double 
(shouldered) peak (F4) in the UV signal (arrow 1) which was strongly reduced at 600 °CDAF (Fig. 1B). 
Furthermore, until 473 °CDAF, fluorescence was mainly associated with the shoulder of the F4 peak 
(arrow 2) and with peak F3. These two fractions included protein ranging from 35,000 g/mol up to 80,000 
g/mol. Therefore, fluorescence in the shoulder of peak F4 can be assigned to individual LMW-GS, 
whereas peak F3 may include individual HMW-GS or small oligomers of LMW-GS. 
In SDS-extracts (Fig. 1C) fluorescence was associated with peaks F3 and F4 but also with proteins eluting 
before 13 min, corresponding to glutenin polymers. Most of the fluorescence decay occurred between 473 
and 600 °CDAF and went on decreasing slowly until 821 °CDAF (Fig. 1C, 1D and 1E). From 600 to 821 
°CDAF, the proportion of large polymeric fractions (F1, F2) increased significantly, these polymers were 
formed to the detriment of the EtOH polymers (not shown).  
To summarise, three phases occurred: (i) before 473 °CDAF proteins accumulated mainly as monomers 
carrying SH groups, but oligomers were also present, (ii) from 473 to 600 °CDAF, oxidation of glutenin-
subunits occurred and polymers were assembled, (iii) after 600 °CDAF, the average size of polymers 
increased while their last SH groups became involved with inter-polymer SS bonds.  
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Figure 1: SE-HPLC elution patterns of EtOH (A and B) and SDS (C, D and E) extracts after labelling of free protein 
SH groups with maleimide. (A) and (C) grains harvested at 473 °CDAF; (B) and (D) grains harvested at 600 °CDAF; 
(E) grains harvested at 821 °CDAF. Bold line: UV response, dotted line: fluorescence response. Arrows indicate 
double peak F4 (1) UV and (2) fluorescence response. 
 

SDS-PAGE analysis 
To identify proteins carrying the fluorescent probe, the extracts were analysed by SDS-PAGE. As for the 
SE-HPLC profiles, bands appeared brightly fluorescent at the beginning of grain filling and until 473 
°CDAF. After this date, no significant labelling of protein SH groups was detected. 
EtOH extracts 
When EtOH extracts were analysed in non-reducing conditions, fluorescence was mainly associated with 
three bands migrating between 60,000 and 30,000 g/mol (Fig. 2A). These bands were within the range of 
the LMW-GS of type 2 (Fig. 2A and 2B, arrows). They tended to disappear after 600 °CDAF. In the 
corresponding gel stained with Coomassie blue, they were no longer detected after 600 °CDAF (Fig 2B). 
In both gels and after 473 °CDAF, smears and faint multiple bands appeared in the upper part of the gel, 
indicating the presence of badly resolved protein assemblies (arrowheads). The faint multiple bands were 
fluorescent until 681 °CDAF. 

Protein reduction before electrophoresis did not dramatically change the pattern of fluorescence. The 
smears and faint bands disappeared and after 473 °CDAF, a new faint band corresponding to the 
overlapped HMW-GS 20x+20y was detected (Fig. 2C and 2D, arrowhead). With Coomassie blue staining, 
more LMW-GS were detected irrespective of the sampling date and until maturity. A band migrating 
around 70,000 g/mol was detected but showed no fluorescence at any time. With reduction, this band 
became more pronounced and could be assimilated with a ω-gliadin strongly interacting with the glutenin 
polymers.  
Taken together, these results allow us to suggest that, at the beginning of grain filling and until 473 °C 
DAF, the LMW-GS mainly accumulate as monomers carrying SH groups. After this date, monomers 
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disappear and form oligomers which include some HMW-GS in their structure. Even in the newly formed 
polymers, the glutenin subunits still carried some reduced SH groups.  
 

 
 
Figure 2: SDS-PAGE patterns of proteins extracted with EtOH from grains harvested at different thermal times after 
flowering (°CDAF). Fluorescent detection (A and C) on the left and Coomassie blue staining (B and D) on the right. 
(A) and (B) unreduced, (C) and (D) reduced gel. On the right, protein standards (Mr: 97,000- 66,000- 45,000- 
30,000- 20,000- 14,000 mol/g). 
 
SDS extracts 
For the SDS extracts and before 473 °CDAF, a faint band with Mr 97,000 mol/g corresponding to the 
overlapped HMW-GS 20x+20y was detected in Coomassie and fluorescent non-reduced gels (Fig. 3A and 
3B). This result proves that HMW-GS can be present as free monomers at the beginning of grain filling. 
Reduction allowed more HMW-GS to be detected in both gels. At the same time, only a small amount of 
LMW-GS was liberated. Thus, before 473 °CDAF, HMW-GS existed as free subunits or oligomers almost 
devoid of LMW-GS. The size of those oligomers appeared to be larger than the ones formed by only 
LMW-GS in EtOH extracts (compare the smears in gels 2B and 3B). 
After 473 °CDAF, Coomassie blue staining showed that SS reduction also allowed a large amount of 
LMW-GS and HMW-GS to enter the gel. These subunits arose from the reduction of the soluble polymers 
detected by SE-HPLC (Fig. 1D). Compared with the EtOH extract, there was a larger proportion of 
HMW-GS than LMW-GS. After 600 °CDAF, no more fluorescent protein was detected in either reduced 
or non-reduced gels. Reduction only enabled the appearance of a faint fluorescent band that could be 
assimilated to a β-amylase.  
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Figure 3: SDS-PAGE patterns of proteins extracted with SDS buffer from grains harvested at different thermal times 
after flowering (°CDAF). Fluorescent detection (A and C) on the left and Coomassie blue staining (B and D) on the 
right. (A) and (B) unreduced, (C) and (D) reduced gel. On the right, protein standards (Mr: 97,000- 66,000- 45,000- 
30,000- 20,000- 14,000 mol/g). 

CONCLUSIONS 

Based on these results, we postulate that as they are synthesized, LMW-GS and HMW-GS are assembled 
into homopolymers still carrying reduced SH groups. The former are soluble in EtOH, in contrast with the 
latter, which are soluble in SDS buffer. Both types of homopolymers co-existed with free and partly 
reduced subunits. After 473 °CDAF, a dramatic change occurred and mixed polymers appeared. Those 
which remained soluble in EtOH mainly included LMW-GS. We propose that at the onset of desiccation, 
LMW-GS become associated with the HMW polymer backbone to form fully oxidized polymers. The 
solubility of the polymers in EtOH or SDS buffer thus depends on their HMW-GS and LMW-GS ratio. 
Further studies will be conducted to identify the cysteine residues available on glutenin subunits to form 
disulfide bonds. 
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Variations in polymorphism within genes coding for the 
transcriptional factor SPA might influence wheat storage 

proteins and quality 
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INRA UMR1095, Genetic, Diversity and Ecophysiology of Cereals, 234 avenue du Brézet,  
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ABSTRACT 

Proteins are major components of wheat (Triticum aestivum L.) grains. Variations in both protein content 
and composition significantly influence flour properties and bread-making quality. Seed storage proteins 
are directly produced by genes which are mainly controlled by transcriptional factors. Storage Protein 
Activator (SPA) is a key activator of seed storage protein genes in wheat. We analysed sequence 
polymorphisms within the three homoeolog copies of Spa and used these polymorphisms to study the 
impact of these genes on quality traits (grain protein content, the total amount of grain nitrogen, grain 
hardness and dough viscoelasticity parameters i.e. strength, tenacity, and extensibility) by association in a 
worldwide core collection of 372 lines of wheat.  
 The level of polymorphism in the three copies of Spa was high, particularly in the promoter 
regions. Translation of the coding sequences showed a high level of similarity between proteins of each 
homoeolog and haplotype (>93%). Polymorphisms defined two major haplotypes for each copy. One 
marker per gene was genotyped in the entire core collection. A and D homoeologs were significantly 
associated with dough viscoelasticity parameters and grain hardness. Except for the A homoeolog, these 
associations were explained by differences in grain hardness. No association was found between Spa 
markers and average single grain dry mass or grain protein concentration. The association between Spa 
and dough viscoelasticity suggests the A copy of Spa may impact end-use quality by modifying storage 
protein composition or folding.  

INTRODUCTION 

Proteins are major components of wheat (Triticum aestivum L.) grains and determine its end-use value. 
Variations in both protein content and composition significantly influence flour properties and bread-
making quality. The most abundant seed storage proteins (SSPs) in wheat are gliadins and glutenins 
accounting for 60% to 80% of total grain proteins. Gliadins are a mixture of monomeric proteins. 
Glutenins are composed of high-molecular weight (HMW-GS) and low-molecular weight (LMW-GS) 
subunits, which, during the grain-desiccation period, form very large macropolymers. It is generally 
accepted that glutenins play a prominent role in the strengthening of wheat dough, conferring elasticity, 
while gliadins contribute to the viscous properties of dough, conferring extensibility. 
 Due to the determining role of SSPs in dough processing properties, the loci coding for these 
proteins have been extensively studied. Analysis of allelic diversity at the 12 main SSP loci revealed a 
high level of genetic and biochemical diversity (Anderson and Greene, 1997; Zhang et al., 2003; 2004). 
Direct relations have been reported between allelic variations (i.e. qualitative changes in protein 
composition) at the HMW-GS, LMW-GS and gliadin loci and dough processing properties. However, 
significant quantitative genetic variations in protein composition (i.e. the relative amount of each protein 
fraction) have been reported in wheat (Graybosch et al., 1996; Huebner et al., 1997).  
 SSPs are directly produced by genes that are primarily controlled at the transcriptional level 
through a network of interacting transcription factors (TFs) (Verdier and Thompson, 2008). Analysis of 
the promoter regions of the SSP genes revealed important conserved cis-motifs in SSP promoters from 
wheat, barley and rice such as the GCN4-like motif (GLM) and the prolamin box (PB) (Colot et al., 1989). 
The GLM motif is recognized by basic leucine zipper (bZIP) TFs of the Opaque2 subfamily, called SPA 
(Storage Protein Activator) in wheat (Albani et al., 1997). However, in barley, full activation of SSP genes 
is achieved by the synergetic effect of several TFs, suggesting that they are part of a regulatory network 
(Rubio-Samoza et al, 2006). In maize, Opaque2 has a strong pleiotropic effect on grain size and 
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composition and is thought to play a pivotal role in the allocation of carbon and amino acid synthesis 
(Hunter et al., 2002; Manicacci et al., 2009). In wheat, the regulation of SSP gene expression by SPA has 
only been established for a LMW-GS gene (Conlan et al., 1999). Norre et al. (2002) suggested that SPA 
may interact with the promoter of Glu-D1-1 (coding for a HMW-GS). Therefore it is possible that SPA 
also regulates the expression of other wheat SSP genes.  
 Grain protein composition was one of the first targets for wheat genetic modification in the late 
1990s and focused on the overexpression of HMW-GS and LMW-GS. Another strategy to modify grain 
protein composition would be to act on the transcriptional network that regulates SSP gene expression. 
However, whether variations in SSP transcriptional activators affect SSP composition and dough 
viscoelasticity remains to be demonstrated. In this study, we tested this hypothesis by investigating the 
nucleotide polymorphism of the three homoeologous copies of Spa. The relationships between Spa 
haplotypes and SSP composition were analyzed. Finally a genetic association study was carried out to 
assess the genetic relationship between Spa and dough viscoelastic properties. There are considerable 
interactions between SSP composition, grain hardness and dough physical properties (Eagles et al., 2006). 
Moreover, the soft texture of the grain of opaque2 maize mutants and of the floury parts of wild-type 
endosperms have been associated with their low zein content (Landry et al., 2004). Consequently, we also 
analyzed the associations between Spa polymorphisms and grain hardness. 

MATERIALS AND METHODS 

 Materials 
We used the INRA worldwide core collection of hexaploid wheat consisting of 372 accessions (Balfourier 
et al., 2007). The population structure of this collection is characterized by five ancestor groups (Horvath 
et al., 2009). The whole core collection has been phenotyped for several quality traits (Bordes et al., 
2008). Wholemeal flour protein concentration (mg protein g-1 DM; determined by near infra-red 
spectroscopy), the total quantity of protein per grain (mg N grain-1; calculated from average single grain 
dry mass and wholemeal flour protein concentration), grain hardness (dimensionless; determined by near 
infra-red spectroscopy), and dough strength (W, 10-4 J), tenacity (P, mm H2O), and extensibility (L, mm; 
determined using Chopin alveograph) were used in this work for genetic association analysis. 
To study the nucleotide diversity of Spa genes, a subset of 42 lines from different origins and ancestor 
groups was sampled from the core collection as explained in Haseneyer et al, (2008). Grain protein 
composition was analyzed in 20 accessions of the core collection. These accessions represented the 
different combinations of Spa haplotypes and were grown in the field during the 2004-2005 and 2005-
2006 growing seasons at Clermont-Ferrand, France. 
 
 Methods 
For each gene, several overlapping fragments were amplified and sequenced. Genotyping was based on a 
protocol adapted from Nicot et al. (2004). For SSP analysis, mature grains were ground to wholemeal 
flour. The non-prolamin, gliadin, and glutenin protein fractions were sequentially extracted from 100 mg 
of wholemeal flour as explained in Triboi et al. (2003). Two independent flour samples were extracted in 
duplicate for each accession and growing year. Each extract was analyzed in duplicate. 
The nucleotide diversity (π) within each Spa homoeolog was computed with regard to the different 
regions (promoter, introns and coding region). The LD for pairs of polymorphic sites with minor allele 
frequencies over 5% was estimated using squared allele-frequency correlations (r2). For association 
purposes, the analyses were performed with the general linear model procedure of the SAS software. To 
reduce the rate of false positives, the structure components (i.e. the contribution of each line to the five 
ancestor groups) of the core collection (Horvath et al., 2009) were used as covariates (Model I). Since 
grain hardness is known to modify dough viscoelasticity (Eagles et al., 2006), the effects of Spa markers 
were then tested by introducing grain hardness in the model I as covariate (Model II). Significant genetic 
associations were tested at the 1% risk level. Differences in grain nitrogen allocation were analyzed in 
spreadsheets by reduced major axis regression analysis. 
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RESULTS AND DISCUSSION 

The Spa genes from 42 wheat lines were amplified and sequenced. The length of the consensus sequences 
obtained for Spa-A, -B and -D was 5478, 4708 and 6750 bp, respectively. For Spa-A, -B and -D (the A, B 
and D homoeolog, respectively), these sequences started 2217, 1009 and 2382 nucleotides upstream of the 
start codon, respectively. Only the Spa-D sequence contained the entire coding sequence. For Spa-A, we 
detected 41 single nucleotide polymorphisms (SNPs) representing on average of one mutation every 
134 bp. We also detected six insertion-deletion polymorphisms (indels), none of which were in coding 
regions. We found 40 SNPs for Spa-B, i.e. an average of one SNP every 118 bp. Four SNPs out of six 
SNPs located in exons were non-synonymous. For the protein, the most important change might be a G/C 
change in exon 1 leading to a stop codon (Guillaumie et al., 2004). We observed four indels, all in non 
coding regions. Spa-D contained 106 mutations, i.e. an average of one SNP every 64 bp. About half of the 
SNPs (44%) were in the 5’flanking region. We found 14 indels. All but one were located in non-coding 
regions. The nucleotide diversity (π) averaged 0.00183 and it was 1.5- and 1.8-fold higher for Spa-D than 
for Spa-A and -B, respectively. Compared with that of Spa-B and Spa-A, the nucleotide diversity of Spa-D 
was particularly high even in the coding region. It is generally observed that the level of diversity of the D 
genome is lower than that of the A and B genomes (e.g. Ravel et al., 2006). The highest π values were 
observed in the promoter with a mean value of 0.0031. The bZIP domain, which spanned exon 3 to 6, was 
highly conserved. The diversity values observed here are higher than those reported by Ravel et al. (2006) 
confirming the high level of polymorphism of Spa genes. Similarly, the Spa-ortholog in maize, Opaque-2 
(O2) also shows a high level of polymorphism (Henry et al. 2005). However, translating the coding 
sequences of Spa revealed few differences in amino acids between homoeologs and haplotypes. The 
nucleotide diversity in Spa genes was twice as high in the promoter region than in the coding region. The 
DNA-binding domains were almost completely conserved. Such modular structures have previously been 
reported for other TFs (e.g. Henry et al., 2005).  
The three homoeologous Spa copies showed a high level of intragenic LD (on average, R²=0.73, 0.72 and 
0.99). For each homoeolog, we observed two main haplotypic groups of unequal size. For Spa-A 
especially, these two groups reflected the differences between the European and Asian accessions. For 
Spa-A, the European haplotypic group was subdivided into two main haplotypic groups with balanced 
frequencies. These results indicate that analysis of one polymorphic site per gene can be used to 
distinguish the main haplotypic groups. Thus, we defined a single site per homoeolog to genotype the 
entire core collection (indel for A and D copies and G/C change for the B copy). However, it is worth 
noting that an additional SNP could be used to distinguish the haplotype of Spa-A, which is the largest 
haplotypic group.  
 
The three markers were genotyped for the 372 accessions of the core collection to study their effects on 
grain protein content and concentration, dough viscoelasticity, and grain hardness. The association results 
showed that none of the markers defined was associated with grain protein content or with the total 
amount of grain nitrogen. We found significant associations at 1% with the markers and the alveograph 
parameters (Table1, Model I). For Spa-A, significant associations were detected with dough tenacity (P), 
extensibility (L) and grain hardness. In haplotype 1, we observed a significantly higher value of L and 
opposite effect on P, in contrast to haplotype 2. Thus, we observed no significant effect of this 
polymorphism on dough strength (W). The strongest association was observed for Spa-D. One allele 
significantly increased P leading to an increase in W. We then introduced grain hardness in the model as 
covariate (Table 1, Model II). This analysis confirmed only the significant effect of Spa-A on L. This 
result suggests that Spa-A may influence SSP composition. 
The analysis of SSP composition in 20 accessions clearly showed compensatory changes in grain nitrogen 
allocation to the non-prolamin versus gliadin protein fractions associated with Spa-A. Such compensatory 
mechanisms have also been reported in maize (Hunter et al., 2002). As numerous studies have shown that 
dough extensibility increases with the gliadin-to-glutenin ratio (e.g. Wieser and Kieffer, 2001), it is 
surprising that the allocation of grain nitrogen to the gliadin protein fraction increased in haplotype 2, 
which is characterized by the lowest value of L. There was no significant effect of Spa-B and Spa-D 
haplotypes on the relationship between the quantity of each protein fraction and the total quantity of 
nitrogen per grain or on the gliadin-to-glutenin ratio.  
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Table 1. Least square mean, P-value, and percent of phenotypic variance explained by the polymorphism 
in Spa genes for the total quantity of protein per grain, grain protein concentration, dough tenacity (P), 
extensibility (L), and strength (W), and grain hardness  
The general linear model I (Model I) comprised Spa markers as main effects and five ancestor groups as 
covariates. Model II was similar to Model I, but grain hardness was introduced as covariate. 
 
Model I 

    Spa-A   Spa-B   Spa-D 

   
Least square 

mean r2    
Least square 

mean r2    
Least square 

mean r2   

   H1(del) H2(ins) % 
P-

value  H(G) H(C) % P-value  H1(del) H2(ins) % P-value 
Total quantity of protein 
 per grain  1.003 1.056 0.4 0.1957  1.012 1.017 0.1 0.8237  1.015 1.020 0.1 0.466 

Grain protein concentration  14.460 14.66 0.1 0.6102  14.30 14.53 0.4 0.1850  14.45 14.34 0.1 0.093 

P  54.41 69.63 2.0 0.0050  55.88 60.43 0.9 0.0708  55.41 67.90 3.1 0.0001 

L  128.41 98.95 2.0 0.0060  120.86 124.54 0.2 0.4551  123.98 118.62 0.1 0.495 

W  185.15 189.52 0.1 0.8639  177.01 202.15 1.2 0.0310  177.94 239.12 1.3 0.0002 

Grain hardness   47.15 70.59 2.8 0.0005   49.92 55.48 0.8 0.0689   49.56 63.85 1.7 0.0017 

 
Model II 

    Spa-A   Spa-B   Spa-D 

   
Least square 

mean r2    
Least square 

mean r2    
Least square 

mean r2   

   H1(del) H2(ins) % 
P-

value  H(G) H(C) % P-value  H1(del) H2(ins) % P-value 
Total quantity of protein 
 per grain  1.012 1.033 0.1 0.6286  1.016 1.010 0.1 0.8068  1.017 1.004 0.1 0.5566 

Grain protein concentration  14.54 14.32 0.1 0.5530  14.56 14.22 0.9 0.0415  14.18 14.11 0.4 0.1546 

P  56.62 59.95 0.1 0.4368  56.65 58.34 0.1 0.3926  56.18 61.56 0.5 0.0621 

L  129.14 95.77 2.5 0.0022  120.98 124.22 0.1 0.5132  124.19 116.89 0.3 0.3296 

W   194.04 150.63 0.7 0.0488   179.76 194.69 0.4 0.1456   180.94 214.73 1.0 0.0247 

 

CONCLUSIONS 

The apparently contradictory results found here (the haplotype of Spa-A characterized by the highest 
extensibility was also characterized by the lowest gliadin-to-glutenin ratio) might be explained by the 
possibility that the association between dough extensibility and Spa-A polymorphism was not caused by 
the observed changes in SSP composition, but rather by their interactions. Opaque and floury mutants 
show increased levels of expression of peroxidase genes and the unfolded protein response is activated in 
these mutants. If in wheat endosperm, such responses are induced in response to Spa polymorphism, they 
could have significant effects on SSP polymerization and hence on dough extensibility.  
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ABSTRACT 

White flour from field-grown double haploid lines from a cross between two good quality breadmaking 
wheats (Hereward and Malacca) was extracted with deuterated methanol:water and the contents of polar 
metabolites determined by NMR spectrometry. 
 
Correlation of the spectra with quality data allowed the identification of NMR shifts that showed 
significant positive and negative correlations with loaf volume, grain protein content and both negative 
correlations with both loaf volume and grain protein content. 
Further studies are required to identify the components responsible for these correlations and to determine 
whether they have direct effects on processing properties. 

INTRODUCTION 

The paramount importance of the wheat gluten proteins in determining flour processing quality is well 
established and clearly demonstrated by this series of workshops. Similarly, the other major components 
of white flour, starch and cell wall polysaccharides, also have established functional properties. Taken 
together these three groups of components account for over 90% of the flour dry weight, and have been 
the focus of most of the published research on flour composition and end-use quality. However, it is clear 
that relatively minor components may also contribute to determining grain processing quality. For 
example, lipids account for about 2% of white flour and have well-established effects on dough and flour 
properties (Chung et al., 2009), while small amounts of surface active proteins may stabilise the gas 
bubble walls in expanded doughs (Salt et al., 2005). We therefore decided to use a novel approach, 
metabolomic profiling (Baker et al., 2006), to identify new determinants of processing quality. 

MATERIALS AND METHODS 

A population of 120 doubled haploid (DH) lines was developed from crosses between two UK 
breadmaking cultivars, Hereward and Malacca (Millar et al., 2008). These were grown on two sites near 
Cambridge (UK) in two successive years (2004-5, 2005-6), with equal amounts of grain from the two sites 
being bulked for analysis. Samples were milled on a Bühler MLU 202 laboratory mill and subjected to a 
wide range of functionality tests, including breadmaking using wholemeal, CBP white and spiral white 
processes, and puff pastry making. Full details of methods are provided by Millar et al. (2008). 
 
For metabolomic analysis 3 x 30mg aliquots of each flour sample were mixed with 1ml of 80:20 
D2O:CD3OD containing 0.05% of deuterated trisodium salt of trimethylsilylpropionic acid (TSP). 
Extraction was carried out at 50°C in a water bath for 10 min followed by 2 min at 90°C. After cooling 
and centrifugation, 750ml aliquots of the supernatants were transferred to NMR tubes and spectra were 
acquired automatically at a temperature of 300K on a Bruker Avance spectrometer operating at 600 MHz 
1H observation frequency using a selective inverse probe and the WATERSUP pulse sequence with a 
relaxation delay of 5 seconds. Each spectrum consisted of 128 scans of 32k data points with a spectral 
width of 4845Hz. The spectra were automatically Fourier transformed using an exponential window with 
a line broadening value of 0.5Hz, phase and baseline corrected within the automation software. 1H NMR 
chemical shifts in the spectra were referenced to d4-TSP at δ0.00. 
 
The 1H NMR spectra were automatically reduced to ASCII files using AMIX (Analysis of MIXtures 
software v. 3.0, Bruker Biospin). Spectra were scaled to d4 TSP and reduced to integrated regions or 
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“buckets” of equal width (0.01 ppm) corresponding to the region of δ9.995 to δ-0.5. The regions between 
δ4.855 and δ4.775 were removed prior to statistical analyses, thus eliminating any variability in 
suppression of the water sample. The signals corresponding to d4 methanol (δ3.325-δ3.295) and d4 TSP 
(δ0.00) were also removed at this stage. The generated ASCII file was imported into Microsoft Excel for 
the addition of labels and then imported into SIMCA-P 11.0 (Umetrics, Umea, Sweden) for multivariate 
analysis. 
 
Data were analysed using SIMCA-P 11.0 (Umetrics, Umea, Sweden). All data were mean-centre scaled. 
Principal component analysis (PCA) was carried out on all data sets. Data were imported into Spotfire for 
ANOVA calculations and to determine correlations with quality parameters. 

RESULTS AND DISCUSSION 

Deuterated:methanol water extracts a range of polar low molecular weight components from white flour, 
including sugars, betaine, choline and amino acids, which can be identified by comparison of the chemical 
shifts with reference spectra of known compounds. The major components present in the spectrum of cv. 
Hereward are indicated in Figure 1A, while Figure 1B compares the spectra of the two parental lines 
(grown in 2004-5) using PCA. The triplicate samples of each line are clearly separated and the chemical 
shifts responsible for the separation in PC1 (which accounts for 83% of the total variation) are illustrated 
by the loadings plot shown in Figure 1C. These show that Hereward contains higher amounts of several 
carbohydrate peaks, notably maltose and sucrose. 
 
A similar analysis was carried out on samples of the DH lines, including 86 lines grown in 2004-5 and 
nine lines grown in 2005-6. The spectra of the 95 samples, analysed in triplicate, were then modelled 
using PCA analysis as separate years (not shown) and as combined years (Figure 2). This showed wide 
variation in composition, with the impact of environment being illustrated by the clustering of the 2005-6 
samples towards the lower right-hand part of the plot. 
 
The availability of detailed functionality measurements for all samples allowed the NMR profiles to be 
correlated with breadmaking quality. Data for loaf volume and protein content were therefore initially 
used to correlate with individual NMR shifts using an orthogonal partial least squares (OPLS) model, 
followed by validation of the correlations identified by ANOVA. Almost 150 individual shifts showed 
significant positive or negative correlations with loaf volume, with r2 values ranging up to 0.47 and p-
values down to 1.5 x 106. A smaller number of shifts (about 50) showed similar positive or negative 
correlations with grain protein content, of which some 20 were also correlated with loaf volume. Hence, 
the vast majority of the correlations between individual shifts and loaf volume were not due to associated 
effects on grain protein content. 
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Figure 1: A: 1H NMR spectrum of D2O/CD3DH extract of white flour of cv. Hereward annotated to show 
major components; B: PCA of 1H NIR spectra of triplicate D2O.CD3DH extracts of white flour of cv. 
Hereward and cv. Malaca; C: loadings plot showing chemical shifts which are higher in cv. Hereward 
(above the line) and higher in cv. Malacca (below the line). 
 
The shifts recorded on NMR represent chemical groups rather than components, with some shifts being 
derived from more than one compound, and most compounds exhibiting more than one shift. Hence, it is 
difficult to assign these quality correlations to individual grain components and further work is planned to 
identify the individual components that correlate with quality parameters. Similarly, it is not possible 
without further work to conclude whether the correlations represent direct or indirect effects. Nevertheless 
the preliminary data indicate that metabolomic profiling is a powerful tool to identify new quality 
determinants in wheat. 
 

A 
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Figure 2: PCA of D2O/CD3DH extracts of white flour of DH lines from a cross between cv. Hereward and 
cv. Malacca, grown in 2004-05 (solid circles) and 2005-06 (open circles). 
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ABSTRACT 

The objective of the present study was to investigate the effect of temperature during grain filling on 
wheat gluten resistance. The material consisted of wheat grown in field trials performed in the period 2005 
to 2008, in the central wheat growing area of Norway. Daily average temperatures were recorded and 
related to physical tests of gluten. The average day temperatures ranged from 12 to 23 °C. Major variation 
in dough resistance was observed, ranging from Rmax of 0.13 N to 1.12 N within a genotype. The 
variation was strongly linked to the average day temperature. Using multivariate data analysis to predict 
gluten quality, two independent phenomena emerged. One phenomenon was low dough resistance in 
samples exposed to low temperatures during cell differentiation from 4-12 days after heading. The other 
phenomenon was a positive effect of high temperatures during the period of the grain development from 1 
to 33 days after heading. The data suggests that early prediction of quality based on cultivar, sowing date 
and weather records might be possible. 

INTRODUCTION 

Total Norwegian wheat production is about 350000 tons/year (average 1999-2008). In the early 1970s in 
Norway almost all wheat for human consumption was imported, while in recent years about 70% of the 
wheat used in bread flour is grown in Norway. The relatively small total production volume limits the 
choice of the best quality wheat for bread flour. The main challenges for the baking industry are variable 
baking quality from one year to another, variable baking quality between batches within years and the fact 
that the Norwegian hearth bread is very sensitive to protein quality (Færgestad et al., 2000, Aamodt 2004).  

MATERIALS AND METHODS 

Four Norwegian spring wheat varieties, Bastian, Avle, Bjarne and Zebra, were studied. All these varieties 
possess the HMW-GS 5+10. Samples were collected from field trials at five locations in 2005, four 
locations in 2006, five locations in 2007 and three locations in 2008. The experimental design was a 
randomized complete block design with two replicates. In the years 2005 – 2007, all four varieties were 
analysed, while in 2008 only the varieties Bjarne and Zebra were analysed.  
For each trial, weather data were collected from the nearest weather station. The average air temperature 
during the grain filling period for each variety at each location was aligned according to heading date. The 
grain filling period was defined as the period from heading to yellow ripening. Dates for heading and for 
yellow ripening were calculated by using heat sums (°d) from the date of sowing.  
Wholemeal flour was milled on a Laboratory Mill 3100 (Falling Number A/B, Stockholm, Sweden). 
Falling number (Perten instuments A/B, Falling number 1800) was determined for all flours and only flour 
samples with a falling number above 200 were included in the study. Sodium dodecyl sulphate (SDS) 
sedimentation volume was determined according to AACC method 56-70, 2000. Protein content of whole 
kernels was determined by near infrared transmission (NIT) using Foss InfratecTM 1241 Grain Analyzer 
(FOSS Tecator AB, Höganes, Sweden).  
Large deformation rheology was performed with the SMS/Kieffer Dough and Gluten Extensibility Rig 
(Kieffer et al. 1998) for the TA.XTplus Texture Analyser (Stable Micro Systems, Godalming, UK). 
Gluten doughs were prepared in a Glutomatic 2100 (Perten, Sweden) from wholemeal flour. A 2% NaCl 
solution was used for mixing the dough and washing out the salt-soluble components. 
Multivariate regression analysis Partial Least Squares Regression (PLSR) was used to study the impact of 
air temperature on gluten dough resistance.  
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RESULTS AND DISCUSSION 

With regard to gluten dough resistance (Rmax), there was significant variation between the years: two 
years with relatively high Rmax and two years with relatively low Rmax (Figure 1 C). This variation in 
Rmax was not reflected in the variation in protein content nor in the variation in SDS sedimentation 
volume (Figure 1 A and B) 
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Figure 1: Average values of protein content (%) (A), SDS sedimentation volume (mL) (B) and gluten 
dough resistance (Rmax) (N) (C) over years. 
 
 
Gluten dough resistance varied significantly between locations within each year (Figure 2). Within one 
genotype, variation ranged from 0.13 N to 1.12 N. Average air temperatures varied little between locations 
within each year, but sowing dates differed between fields. This resulted in contrasting temperature 
profiles during grain filling (Figure 3). 
 

 
 

Figure 2: Variation in gluten dough resistance (Rmax) 
between locations. LSD5% = 0.1. 

Figure 3: Temperature profile from two fields 
in 2007 aligned according to heading date. 

 
PLS regression was performed to analyse the effect of air temperature on Rmax. Protein quality, 
represented as Rmax, was predicted as a function of variety and air temperature. The loading plot reveals 
variables correlating to the variation in Rmax; 53% of the variation in Rmax was explained by the average 
air temperature from day 1 to day 33 after heading. In addition, 10% of the variation in Rmax was 
explained by the average air temperature from day 4 to day 12 after heading. This means that the average 
temperature in the whole grain filling period predicted 53% of the variation observed in gluten quality, 
and that the first period after heading explained an additional 10% of the variation. The first period after 
heading corresponds to the cell differentiation period with a clear shift in gene expression after the period, 
shown by Wan et al (2008). In our study, variety could not explain the variation observed in Rmax. 
 
Based on the findings of the PLSR analysis, the grain filling period was divided into two phases, day 4 to 
12 and day 13 to 33 after heading. Response surface analysis revealed low gluten dough resistance at low 
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air temperatures during the first phase and no effect of higher air temperature during the following second 
phase. A higher air temperature in the first phase resulted in increased gluten dough resistance and an 
additional rise in gluten dough resistance was achieved with a high air temperature in the second phase of 
the grain filling period. 
 
Gluten dough resistance showed a polynomial relationship with the average air temperature for days 4 to 
12 after heading (Figure 4 A). When the temperature fell below 16 °C during the early phase of grain 
development, there was a decrease in gluten dough resistance. This relationship between protein quality 
and air temperature was not found in the data from SDS sedimentation volume (Figure 4 B). 
 

Average air temperature day 4-12 after heading

y = -0.0135x2 + 0.5179x - 4.2303
R2 = 0.553

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

12 13 14 15 16 17 18 19 20 21 22
0

20

40

60

80

100

120

12 13 14 15 16 17 18 19 20 21 22

Average air temperature day 4-12 after heading

G
lu

te
n 

do
ug

h
re

si
st

an
ce

–
R

m
ax

 (
N

)

S
D

S
 s

ed
im

en
ta

tio
n

vo
lu

m
e

(m
L)

A) B)

Average air temperature day 4-12 after heading

y = -0.0135x2 + 0.5179x - 4.2303
R2 = 0.553

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

12 13 14 15 16 17 18 19 20 21 22
0

20

40

60

80

100

120

12 13 14 15 16 17 18 19 20 21 22

Average air temperature day 4-12 after heading

G
lu

te
n 

do
ug

h
re

si
st

an
ce

–
R

m
ax

 (
N

)

S
D

S
 s

ed
im

en
ta

tio
n

vo
lu

m
e

(m
L)

A) B)

 
 
Figure 4: Gluten dough resistance (A) and SDS sedimentation volume (B) plotted against average air 
temperature from day 4 to 12 after heading. 

CONCLUSIONS 

Variation in gluten dough resistance (Rmax) could to a large extent be explained by variations in average 
air temperature during grain filling. The average air temperature during the first phase after heading 
(approximately day 4-12) appears to be critical for gluten quality. 
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ABSTRACT 

Specific protein composition and the amount and size distribution of polymeric proteins play a crucial role 
in determining the bread-making quality of wheat. Variations in maturation time and specific protein 
composition of cultivars, nitrogen regimes and other environmental factors as well as interactions between 
those parameters are known to influence the amount and size distribution of polymeric proteins in mature 
wheat grains. The aim of the present study was to evaluate the effects of different environmental 
conditions on specific protein composition and maturation time of wheat cultivars for the determination of 
the amount and size distribution of polymeric proteins. The results showed little influence of specific 
cultivar-determined characters such as specific protein composition and maturation time on the amount 
and size distribution of polymeric proteins, although the differences among the cultivars were significant. 
Interactions were found for nitrogen regime and temperature applied, which significantly influenced the 
amount and size distribution of polymeric proteins. Modelling of results from these investigations will 
create a mechanistic framework (quality model) that explains environmental effects on the quality of 
mature commercially grown wheat by the choice of specific inputs. 

INTRODUCTION 

Specific wheat protein parameters i.e. composition, concentration, polymerization and amount and size 
distribution of polymeric proteins (ASPP) are known to influence the bread-making quality of wheat flour 
(Finney and Barmore 1948; Johansson et al., 1993, 2001). A strong correlation exists between ASPP of 
wheat and baking quality of wheat flour (Gupta et al., 1993). The unique bread making quality and flour 
properties of wheat are strongly influenced by genotype and environmental conditions (Johansson and 
Svenson, 1998). The composition of specific proteins in wheat is determined genetically (Payne et al., 
1981, 1983). However, the amount of polymeric proteins, the different protein components, ASPP and 
protein concentrations are determined by both the genetic background and the environment (Johansson et 
al., 2001). Fertilizer and temperature (T) are known to be most important environmental factors 
(Johansson et al., 2001). The variation in ASPP at wheat grain maturity is influenced by T and nitrogen 
(N) timings (Johansson et al., 2002, 2004). Many studies have investigated the influence of environmental 
conditions and genetic background on specific protein composition, build up, accumulation and ASPP 
(Johansson et al., 1993, 1999 2001, 2003, 2005, 2008). However, only a few studies have used modelling 
approaches to link genetic background and environment to quality parameters of wheat flour (Martre et 
al., 2006). In the present study, the model used by Martre (2006) was coupled with a crop simulation 
model, Sirius99. The interactive use of these models helped analyze the interactions between vegetative 
sources and reproductive sinks for N at crop level. The aim of the present investigation was to study the 
influence of specific protein composition and maturity times on ASPP and protein accumulation. Another 
aim was to create a model from all previous and present investigations, which will help determine the right 
inputs for growing wheat with desired quality traits. 
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MATERIALS AND METHODS 

In this investigation, four different wheat cultivars (Vinjet, Soljett, Springjet and Kronjet) were 
investigated. Two cultivars were early maturing and two were late maturing. Two cultivars had the high 
molecular weight glutenin subunits (HMW-GS) 2+12 and 5+10, respectively. The plants were grown at 
different T and N regimes according to Malik et al. (2008). Harvesting was done at different occasions 
according to Johansson et al. (2005). Size exclusion high performance liquid chromatography (SE-HPLC) 
and Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) were used for the 
determination of ASPP and specific protein composition according to Johansson et al. (2000, 2001). The 
series of experiments carried out over the last 16 years (1993-2009), were also used in this investigation. 
In these esperiments, spring and winter wheat cultivars were grown in south (Skåne) to central Sweden. 
Some investigations were carried out in controlled climatic chambers (Biotrons) and greenhouses in 
Svalöf Weibull AB, Svalöv and SLU, Alnarp, Sweden. ASPP and specific protein composition was 
determined by SDS-PAGE and SE-HPLC, respectively (Johansson and Svensson, 1998; Johansson et al., 
1993, 2001, 2002, 2003).  
Microsoft Excel and SAS were used for statistical analysis. Spearman rank correlation, analysis of 
variance and standard deviation were used for the evaluation of data. Investigation and discussions are 
currently ongoing to finalize an optimal model regarding quality traits of wheat. For modelling, Powersim, 
Poweropt, Stella and certain other software and tools will be used. 

RESULTS AND DISCUSSION 

In the present study, variations in cultivar (maturation time and specific protein composition), N timings, 
T and their interactions were found to influence ASPP at maturity (Table 1). This is in accordance with the 
results of previous investigations where cultivar variation was responsible for variation in ASPP. N and T 
were among the important environmental factors that affect ASPP in wheat grain (Johansson and 
Svensson, 1993, 1999; Johansson et al., 2001, 2002, 2003, 2005). Protein accumulation during the grain 
maturation period (GMP) and ASPP were influenced by interactions between maturation times, N timing 
and T (Johansson et al., 2005). However, wheat protein build up, polymerisation and accumulation is 
known to be a clear, general and pre-determined event which is not affected by either the cultivar or 
environmental conditions (Johansson et al., 2005, 2008).  
 
Table 1: Mean square values from ANOVA of four wheat cultivars at four nitrogen and two temperature 
regimes for protein parameters on mature samples 

*, **, ***= Significant at P<0.05, 0.01, 0.0005, ns= non significant. 
 

Source Df TOTE TOTU %LUPP %UPP %LUMP 

Cultivar (C) 3 136.1*** 2.15ns 0.08*** 0.07*** 0.01*** 
Temperature (T) 1 1.45ns 4.49* 0.04** 0.02*** 0.01* 
Nitrogen (N) 3 150.0*** 13.5*** 0.03*** 0.07*** 0.10*** 

C x T 3 25.54*** 1.76ns 0.003ns 0.004ns 0.01*** 

C x N 9 20.9*** 3.66*** 0.01*** 0.01*** 0.00ns 

T x N 3 15.26** 4.14* 0.01** 0.009* 0.00ns 

C x T x N 9 31.70*** 1.12ns 0.01*** 0.01** 0.00ns 

Error 59 3.48 1.02 0.00 0.00 0.00 
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In the present investigation, one of the cultivars (Springjet; HMW-GS 2+12) had higher levels of %UPP at 
maturity than the other cultivars (Table 2). The interaction between cultivars and nitrogen regimes was 
found to be highly significant for %UPP at maturity (Table 1). For Springjet, nitrogen regime N2 resulted 
in the highest levels of %UPP at maturity compared to rest of the nitrogen regimes (Fig 1). Interactions of 
temperature and cultivars were found to be non-significant at maturity (Table 1). Highly significant 
correlations were observed between maturation time and total extractable and un-extractable proteins 
(TOTE and TOTU) in mature wheat grain (results not shown). In the present study, a relationship was also 
found between grain water content and polymerisation of proteins. In a previous study, the amount of 
polymeric protein was shown to be correlated with grain moisture during the grain maturation period 
(Johansson et al, 2008).  
 
Table 2: Mean values of percentage of unextractable polymeric protein in total polymeric protein (%UPP) 
of wheat cultivars with different HMW-GS composition 5+10 or 2+12 and variation in maturity at harvest 
at different times. 

Harvest times  
1 2 3 4 5 6 7 

 Cultivars MT 4 DAA 8 DAA 12 DAA 18 DAA 26 DAA 36 DAA 50 DAA 
Vinjett (5+10) Early 19a 11b 23a 24a 27a 30bc 35b 
Soljet (5+10) Medium 21a 08c 15b 27a 27a 36a 38b 
Springjet(2+12) Late 15b 16a 19a 25a 28a 36a 42a 

%UPP 

Kronjet (2+12) Medium 16b 11b 13b 22ab 18b 30b 30c 
          

Numbers followed by the same letter are not significantly different (LSD 0.05) 
 
 
The 16 years of investigation provided insights into the role of genetic background and environmental 
conditions on grain protein polymerisation, ASPP, accumulation, composition and general built up pattern 
of proteins. To apply this knowledge practically in a farmer’s field, modelling approaches can be used. 
Based on the results of these studies, a model with estimation of the correct inputs can be generated. The 
input variable for the model will be nitrogen availability and temperature estimation together with cultivar 
maturation times, time to anthesis and specific protein composition. 
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Figure 1: Percentages of UPP during grain maturation in the wheat cultivar, Springjet with four different 
nitrogen regimes. Bars indicate standard deviations. 
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CONCLUSIONS 

Protein accumulation and polymerisation is a predetermined process. In wheat, accumulation of different 
proteins (polymeric and monomeric) in the grain is a complex process with a number of interactions 
between and among different parameters. Interactions between cultivar maturation time, specific protein 
composition, nitrogen availability and temperature during the grain maturation period were the main 
factors determining protein composition in wheat. For the production of better quality wheat at the level of 
the farmer’s field an optimal wheat quality model can be generated. Such a model will also help to 
understand the processes of grain protein accumulation. 
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ABSTRACT 

Proteins are the most important components of wheat grains determining flour end-use value. In wheat, 
grain proteins have been classified on the basis of their solubility. Flour composition in monomeric and 
extractable (EPP) and unextractable polymeric (UPP) proteins are useful criteria to evaluate flour 
functional properties. Monomeric proteins consist of albumins-globulins (non-prolamins, NP) and gliadins 
(monomeric prolamins, MP), whereas polymeric proteins consist mainly of glutenins. Although grain 
protein (allelic) composition depends primarily on the genotype, the proportion of each protein fraction in 
mature grains is strongly determined by environmental factors such as temperature, water and nitrogen 
nutrition during grain development. Most studies on the effects of the environment on grain protein 
composition focus on bread wheat and only limited data are available for durum wheat. Virtually no study 
has analysed the accumulation of monomeric and polymeric proteins during grain development in durum 
wheat. The rate and duration of accumulation are particularly important to understand how the 
environment modifies grain protein composition and also to design process-based simulation models of 
grain protein accumulation in response to environmental variations. The aim of this work was thus to 
study the effect of sowing date and nitrogen fertilisation, two important management practices, on the 
accumulation of total grain nitrogen and monomeric and polymeric proteins in durum wheat, as analysed 
by size-exclusion HPLC (SE-HPLC). 
The pattern of grain nitrogen accumulation showed that the rate of accumulation and the final grain 
nitrogen content were affected both by nitrogen fertilizer and sowing date. Similarly, both sowing date and 
nitrogen fertilizer affected the rate of accumulation and the final quantity of MP, EPP and UPP. In 
particular, late sowing and a higher rate of nitrogen fertilizer led to greater deposition of the different 
protein fractions. The accumulation of MP and EPP was linear during the grain-filling period, whereas the 
rate of accumulation of UPP increased steeply around 500-600 °Cdays. This increase in the rate of 
accumulation of UPP was concomitant with the end of the water plateau. 
Although sowing date and nitrogen fertilizer significantly modified the kinetics of protein accumulation 
during grain development, there were unique allometric relationships between the quantity of MP, TTP 
and EPP and total grain nitrogen and with the different treatments. These relations show that the relative 
rate of accumulation of each protein fraction is strongly determined by the relative rate of accumulation of 
total nitrogen. A unique relationship was found between the percentage of the final proportion of UPP and 
the percentage of maximum grain water content. This result suggests that glutenin polymerisation is 
directly related to grain water status and starts soon after the beginning of the phase of rapid storage 
protein accumulation. 
These results showed that environmental factors such as sowing date and nitrogen nutrition have an effect 
primarily on the quantity of nitrogen accumulated in the grain and not on the allocation of nitrogen 
between monomeric and polymeric proteins. However, the insolubilisation of polymeric proteins to form 
UPP, was not related to grain nitrogen content, but was rather linked to grain water status. 
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ABSTRACT 

High temperature during grain fill can adversely affect wheat flour quality. Cell structure and gluten 
protein composition were investigated in developing wheat grain to identify endosperm responses to high 
temperature. Grain (Triticum aestivum L. cv. Butte 86) was produced under a moderate (24/17°C, 
day/night) or high temperature (37/28°C, day/night) regimen imposed from anthesis until maturity. Under 
the 37/28°C regimen, A-type starch granules increased in number, decreased in size, and exhibited surface 
pitting. B-type granules decreased in both number and size. The formation of the protein matrix in 
endosperm cells was similar under both temperature regimens, protein bodies formed early in 
development and coalesced during middle to late development. Extensive protein accumulation during late 
development produced a continuous matrix that engulfed the starch granules. KCl-insoluble protein 
fractions enriched in gliadins and glutenins were isolated from endosperm. Proteins were separated by 
two-dimensional gel electrophoresis, quantified, and identified by tandem mass spectrometry. Hierarchal 
cluster analysis of protein profiles revealed that gliadins and glutenins accumulate coordinately during 
grain development and that the pattern was similar, but compressed under the 37/28°C regimen. The 
relative levels of HMW-GS, LMW-GS, and gliadins were the same for mature grain from both 
temperature regimens, but many individual proteins increased or decreased under the 37/28°C regimen. 
The individual differences in protein levels were not large but, taken together with the differences in 
starch granule structure, provide clues for understanding changes in bread-making properties of flour 
milled from grain exposed to high temperature during grain fill. 

INTRODUCTION 

High temperature during grain fill is a significant environmental factor that negatively impacts wheat yield 
and quality (Skylas et al., 2002 and references therein). Our laboratory is developing a comprehensive 
picture of the effect of a 37/28°C day/night regimen on grain produced by Butte 86, a U.S. hard red spring 
wheat. This high temperature regimen shortens the duration of grain fill, reduces the time to apoptosis 
(Altenbach et al., 2004) and decreases fresh weight, dry weight, and starch and protein levels per grain 
(Altenbach et al, 2003; DuPont et al., 2006a; Hurkman et al., 2003). Transcripts for certain gliadins, high 
molecular weight glutenin subunits (HMW-GS), and low molecular weight glutenin subunits (LMW-GS) 
accumulate and disappear earlier (Altenbach et al., 2002; Altenbach and Kothari, 2004) and the relative 
amounts of certain gliadins, HMW-GS, and LMW-GS are altered (DuPont et al., 2006b). In this study, we 
wanted to determine if high temperature had an effect on endosperm cell development, especially with 
respect to starch granule and protein body accumulation. We also wanted to determine the effect of high 
temperature on accumulation patterns of individual gluten proteins during grain development and in the 
mature grain. Plants were grown under a moderate (24/17°C) or high temperature (37/28°C) regimen 
initiated early in grain fill and maintained until maturity. The high temperature regimen is more severe 
than might be encountered under field conditions, but was selected to accentuate responses. Effects of 
high temperature on cell structure were investigated using fluorescence and scanning electron microscopy 
(SEM). Effects of high temperature on individual gliadins and glutenins were identified by quantitative 
two-dimensional polyacrylamide gel electrophoresis (2-DE).  
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MATERIALS AND METHODS 

Triticum aestivum, L. cv. Butte 86, was grown in climate-controlled greenhouses maintained at 24/17°C 
(day/night) or 37/28°C (day/night) from anthesis through grain ripening (Altenbach et al., 2003). Grain 
was collected from two experiments. For SEM, grain was fixed, fractured, and viewed as described in 
Ibanez et al. (2007). For 2-DE, endosperm was collected and a fraction enriched in gliadins and glutenins 
was isolated. KCl-insoluble proteins were separated by 2-DE, patterns matched, and spot volumes 
quantified (Hurkman and Tanaka, 2004; Vensel et al., 2005). Accumulation profiles were analyzed by 
hierarchical cluster analysis using the TM4 MultiExperimentViewer ver. 4.0 
(http://www.jcvi.org/cms/research/software/). Proteins were identified by mass spectrometry as described 
previously (DuPont et al., 2006b; Vensel et al., 2005, 2007). 

RESULTS AND DISCUSSION 

The overall pattern of protein accumulation in the central endosperm cells of the wheat grain was similar 
in grain produced under either the 24/17°C or 37/28°C regimen. Small protein bodies formed and 
increased in number early in development. Protein bodies accumulated in clusters and fused to form large, 
irregularly shaped deposits during middle to middle-late development (Fig. 1). A-type starch granules 
were easily recognizable as flattened oblate spheroids with prominent equatorial grooves. B-type starch 
granules were difficult to discern from protein bodies under SEM due to similarities in size and structure. 
Endosperm cells also contained a fibrous network of protein strands during middle to middle-late 
development. Extensive protein accumulation late in development formed a continuous protein matrix that 
completely engulfed the starch granules (Fig. 2). Under the 37/28°C regimen, A-type starch granules 
increased in number and decreased in size and B-type granules decreased in both number and size, 
observations in agreement with a previous study (Hurkman et al., 2003). In addition, A-type starch 
granules were sometimes pitted, especially at the equatorial groove (Fig. 2). Reduction in starch granule 
size and pitting was also observed in an earlier study (Tashiro & Wardlaw, 1990). Pitting was also 
observed when isolated starch granules from wheat (Evers & McDermott, 1970) or barley (Li et al., 2004) 
were incubated with α–amylase, supporting the hypothesis that this phenomenon is due to the action of 
starch degrading enzymes. 
 

  
 
Fig. 1. Central endosperm cells in grain produced under the 37/28oC regimen and harvested at 8 days post 
anthesis (dpa). A, A-type starch granule. CW, cell wall. EG, equatorial groove. MP, matrix protein. PB, 
protein body. 
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Fig. 2. Portion of endosperm cell in grain produced under the 37/28oC regimen and harvested at 18 dpa. A, 
A-type starch granule. B, B-type starch granule. EG, equatorial groove. MP, matrix protein. P, pit. 
 
A KCl-insoluble protein fraction was enriched in gliadins and glutenins, but also contained a large number 
of non-gluten proteins. Protein accumulation profiles for both gluten and non-gluten proteins were 
analyzed by hierarchical cluster analysis. In keeping with the shortened duration of grain fill under the 
37/28°C regimen, the protein profiles for 8, 13, 18-23, 28-42 days post anthesis (dpa) under the 24/17°C 
regimen were most related to those for 6, 8, 13, and 18-21 dpa, respectively, under the 37/28°C regimen. 
Representative developmental profiles for proteins within these four groups were designated as early, 
middle, middle-late, or late (Fig. 3). Gluten proteins had profiles in each of these groups, but the majority 
(approx. 70%) had middle-late accumulation profiles. Analysis of proteins within each of these groups 
revealed that the gliadins and glutenins accumulate coordinately during grain development and that the 
pattern under the 37/28°C regimen was strikingly similar, but compressed, compared to that under the 
24/17°C regimen. 
 

 
Fig. 3. Representative protein accumulation profiles for protein groups determined by hierarchal cluster 
analysis. 
 
Based on normalized spot volumes, the relative proportions of LMW-GS, HMW-GS, and gliadins were 
similar in the mature grain under the two temperature regimens. However, comparison of the normalized 
volumes of each of the individual gliadins and glutenins revealed that many of these proteins increased or 
decreased in response to the 37/28°C regimen (Fig. 4), but the majority of the changes were small (Fig. 4). 
Proteins that showed the largest increases or decreases in response to high temperature are currently being 
identified using improved MS/MS methods. 
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Fig. 4. Effect of temperature during grain fill on levels of individual gliadins and glutenins in the 
endosperm of mature grain. Each bar represents the percent change in normalized volume for proteins 
identified in 2-D gel spots by tandem mass spectrometry. 

CONCLUSIONS 

A striking feature of high temperature during grain fill is that, although a smaller grain is produced with 
correspondingly less starch and protein per grain, the developmental program is not substantially altered. 
The accumulation of starch granules and formation of the protein matrix in the endosperm cells are similar 
in grain produced under the two temperature regimens. Protein profiles revealed that the gliadins and 
glutenins accumulate coordinately during grain development and their patterns are also similar in grain 
produced under the two temperature regimens. However, changes in starch granule number, size and 
structure, and shifts in individual gluten protein levels revealed that many gene products are affected by 
high temperature that may influence flour quality. Changes in starch granule size distributions and 
composition affect bread-making properties such as pasting and mixing properties (Peterson and Fulcher, 
2001). Amylose content also increases slightly in grain produced under the 37/28°C regimen (Hurkman et 
al., 2003) and it is known that such changes in total amylose content can significantly affect starch 
gelatinization, pasting, and gelation properties (Zeng et al., 1997). Although there were changes in the 
levels of many gluten proteins, most of the individual changes were small. Until individual gluten proteins 
are identified with a high level of confidence, it will be difficult to relate these changes to the decrease in 
mixing tolerance in flour from grain produced under the 37/28°C regimen (DuPont et al., 2006b).  
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ABSTRACT 

The composition of high (HMW) and low (LMW) molecular weight glutenin subunits plays an important 
role in determining wheat quality and end-use properties of the wheat grain. Among the various classes of 
LMW-GS, the most abundant are LMW-m and LMW-s, so called according to the first amino acid of the 
mature sequence (methionine for LMW-m and serine for LMW-s). The two classes of LMW-GS differ 
mainly in the presence of three additional N-terminal amino acids in the LMW-m types. The comparison 
of the amino acids sequences of putative LMW-GS precursors (deduced from the DNA sequences) has 
suggested the possibility that the two types of subunits are subject to a different maturation process. 
LMW-s have, in fact, an asparagine residue at position 23 (counting from the initiator methionine as 
residue 1), which is replaced by a threonine residue in the LMW-m. We thus hypothesized that the 
presence of the Asn residue in LMW-s types determines differential processing at the N-terminal end, 
which might generate the cleavage of the peptide MEN by an asparaginyl endoprotease. 
For this reason, the genes encoding two target proteins (LMW-m and –s) were mutated in order to have a 
threonine instead of asparagine and vice versa at position 23, and two different tags (His- and FLAG-tags) 
were added at the C-terminus to facilitate the recognition and purification of the encoded proteins. The 
mutated gene versions (B1133T23N and LMW 42KN23T) were used to transform plants of durum wheat 
(cv. Svevo) using the biolistic method. Data on the characterization of transgenic plants are presented. 

INTRODUCTION 

Wheat is the most widely consumed food crop in the world, and is processed into a range of breads, other 
baked products, pasta, and noodles. This wide consumption is partly due to the fact that wheat is highly 
adaptable, giving high yields over a range of environments. However, of equal importance are the unique 
processing properties of wheat which result from the structures and interactions of the grain storage 
proteins (which together form the gluten protein fraction). 
These proteins are related to those stored in the grains of other cereals, being members of the “prolamin 
superfamily”. This group of proteins is mainly composed of gliadins and glutenins, which are important in 
determining the quality characteristics of wheat flour dough. Like glutenins, they are divided into high 
(HMW-GS) and low (LMW-GS) molecular weight glutenin subunits. The first have been extensively 
studied and characterized, whereas study of the second is still incomplete, due to the large number of 
subunits expressed in the endosperm of wheat, and also due to the similarity of their chemical and physical 
characteristics which makes them difficult to purify. The LMW-GS are divided into three groups 
according to their electrophoretic mobility: B, C and D. In the B group, the typical LMW-GS are mostly 
present, which are subdivided according to the first amino acid present in the mature polypeptide, into 
LMW-s (serine), LMW-m (methionine) and LMW-i (isoleucine) type. LMW-i genes can easily be 
distinguished from other typical LMW-GS, because they lack the unique N-terminal region, and for the 
distribution of cysteine residues, LMW-s and LMW-m are almost identical based on the complete 
nucleotide sequence. This is because the main difference between these two sequence types is the absence 
of the first three N-terminal amino acids (MET-, or MEN- in some minor cases, Ikeda et al., 2006) in 
mature LMW-s type, although either one or the other of these three amino acid sequences must be present 
in the -s and -m type LMW-GS precursors. According to signal sequence cleavage site prediction 
algorithms, cleavage by signal peptidase would generate a QMET- (or QMEN-) N-terminal sequence. 
Removal of the N-terminal Gln residue would be therefore required to generate m-type LMW-GS. On the 
other hand, the identification of the gene coding for a specific LMW-s type (Masci et al., 1998) showed 
the presence of an Asn instead of a Thr before the start of the mature sequence (MENS- instead of METS-
). e thus hypothesized that the presence of the Thr of the immature polypeptide instead of the Asn residue 
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could determine preferential processing at the N-terminal end of LMW-s type sequences, which might a to 
the cleavage of the peptide MEN by an asparaginyl endoprotease, as probably occurs in ω-gliadins 
(DuPont et al, 2004). 
For this reason, we produced transgenic durum wheat lines, transformed with the mutated versions of the 
LMW-m and LMW-s genes (T→N for the LMW-m gene, and N→T for the LMW-s gene), in which two 
different tags were added at the C-terminus (His- and FLAG-tags) to facilitate recognition and purification 
of heterologous polypeptides. This will allow us to confirm if the mutations introduced affect the 
maturation process of LMW-m and LMW-s types. 

MATERIALS AND METHODS 

Materials and Vectors  
 

The durum wheat cultivar Svevo was used for genetic transformation. The genes coding for the mutated 
versions of LMW-GS s-type (HLMW42KN23T) and LMW-GS m-type (HB1133T23N), were cloned into 
a modified version of the pLRPT vector (named pRDPT5) containing 132 bp of the 3’ flanking region of 
the Dx5 gene for expression in plants. Both genes were under the control of the HMW-GS Dx5 promoter. 
Two different tags were added at the C-terminus (His- and FLAG-tags) of each target gene (Fig. 1). 
Vector pUBI::BAR was used to co-transform immature wheat embryos using a biolistic method (Blechl 
and Anderson, 1996). 
 
Extraction of DNA and PCR analysis 
 

Genomic DNA was isolated from part of the wheat grain from T1 plants, as reported in D’Ovidio and 
Porceddu (1996). 
Amplifications of the genes coding for the two transgenes were performed using specific primers for 
HMW-GS DX5 promoter.  
 
Extraction of wheat proteins  
 

Wheat flour proteins of the durum wheat cv Svevo and the corresponding transformed lines were extracted 
according to Singh et al. (1991). Proteins were precipitated with cold acetone and the pellet obtained was 
used for two-dimensional analysis  
 
Protein separation by 2D Gel Electrophoresis and detection by Western blotting. 
 

Protein concentration was determined with 2-D Quanti-kit (Amersham Bioscience). Proteins were 
solubilized in a solution composed of 7M Urea, 2M Thiourea, 2% CHAPS, H2O, bromophenol blue and 
added 0.5% IPG Buffered and 1.2 % DeStreakTM reagent (GE Healthcare).  
Isoelectric focusing (IEF) was performed using IPGphorTM Isoelectric Focusing System (Amersham 
Pharmacia Biotech) and carried out on immobilized pH gradient (IPG) strips (18 cm, 1 mm) pH 3-10 and 
pH 6-11. The strips were hydrated overnight (12.5 h) with samples at room temperature. IEF was 
performed at 174,600 volts-hours at 20 °C. Second dimension was performed in vertical 12% 
polyacrylamide gels using Protean II xi multi-cell (Bio-Rad). 
Spot detection and quantification were performed using Progenesis SameSpots (Nonlinear Dynamics 
Newcastle UK). Replicated gels for each groups (transformed and non-transformed) were matched to each 
other to identify the mutated protein. 
To confirm the presence of the transgenic protein, Western blotting was performed using Anti-FLAG 
polyclonal antibody (Sigma) 
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RESULTS AND DISCUSSION 

To shed light on the LMW-GS maturation process, we took two proteins into consideration: a presumed 
LMW-m (LMW-B1133) and an LMW-s (LMW-42K) type. The corresponding coding genes were 
mutated in position 23 in order to have a threonine instead of asparagine (and vice versa). 
Constructs corresponding to the coding region of these genes, including the HMW-GS Dx5 promoter and 
specific tags that help in the recognition and purification of the encoded polypeptides, were used to 
transform the durum wheat cultivar Svevo (Fig.1). 
 

 
Fig. 1 - Vectors used to transform plants of durum wheat cv. Svevo with the biolistic method. Two different tags (His- 

and FLAG-tags) were added at the C-terminus to facilitate the recognition and purification of the encoded 
proteins. 

 
We obtained about 30 transgenic lines for each mutated protein. PCR analysis were used to screen T1 

wheat lines, with specific primers for the HMW-GS DX5 promoter region, that amplify a region of 478 
bp, as shown in Fig. 2.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 - PCR screening of plants transformed with LMW-s mutated (at the top) and LMW-m mutated (at the bottom). 

Primers used were specific for the Dx5 promoter. The arrows indicate the expected amplification product in 
the positive plants. 

 
SDS-PAGE (Fig.3), 2D electrophoresis (Fig.4) and relative Western blotting (Fig.3, 4) were performed on 
the glutenin proteins extracted from transformed and untransformed lines to identify the mutated LMW-
GS.  
The N-terminal processing and/or mass spectrometry characterization (in collaboration with Dr. W.H. 
Vensel, USDA, Albany, CA) of the identified spots will allow us to confirm if the mutations introduced 
affect processing of LMW-m and LMW-s types. 



Xth International Gluten Workshop, 2009 

59 

 

 
 

Fig. 3 - SDS-PAGE and relative Western blotting using anti-FLAG antibody to identify target proteins. The arrows 
indicate the expected polypeptides. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 - 2D electrophoresis and relative Western blotting of glutenin fractions to separate and identify single spots of 

the mutated proteins LMW-s (on the left) and LMW-m (on the right). 

CONCLUSIONS 

N-terminal sequencing and mass spectrometry analysis of mutated and wild-type polypeptides purified 
from the plant material obtained so far and from the control plants (durum wheat cv. Svevo transformed 
with wild type LMW-s and LMW-m) that are being produced, will help understand the maturation process 
of LMW-s and LMW-m types. 
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ABSTRACT 

Wheat was grown in a total of 17 field experiments over different growth seasons and locations to cover 
relevant variation in environmental conditions. Major variation in gluten protein quality was observed, 
where dough resistance, as measured by Kieffer-rig extensibility test, ranged from 0.13 N to 1.12 N within 
a genotype. The multivariate regression analysis, Partial Least Squares Regression, was used to elucidate 
environmental effects on gluten resistance. The variation in gluten protein quality was strongly linked to 
environmental conditions, particularly during the period immediately after heading. 

INTRODUCTION 

Variability in gluten protein quality is critical for the industry as it causes instability. Some products and 
processing conditions are more sensitive than others. Hearth loaves, i.e. loaves baked without a tin, is one 
example of a product that is very sensitive to variation in the physical properties of the dough. Another 
example of a product where variation in gluten protein quality can cause dramatic effects is industrially 
produced pizza. Typically, a certain width and height of the pizza dough are required. Variability in gluten 
quality can affect the flow of the dough and this may lead to rejection of the dough by the automatic 
quality control along the line (personal communication). Another example of a product that is sensitive to 
variation in gluten protein quality is pastry, where the dough handling properties can be affected by 
uncontrolled variation in dough resistance. Uncontrolled variability in gluten protein quality is thus a 
major issue for certain industrial usages of wheat.  
It is well known that genetic differences in protein composition have a strong impact on gluten protein 
quality and hence on the physical properties of the dough. In particular, genetic variation in the high 
molecular weight glutenin subunits (HMW-GS) is known to be important. Variation caused by 
environmental factors may be a major challenge for the industrial usage of wheat as it leads to 
unpredictable variation within different batches of the same cultivars. However, less knowledge is 
available on the effects of the environmental conditions on gluten protein quality. The purpose of the 
present study was to investigate the impact of environmental conditions on gluten quality in wheat grown 
under natural conditions in the field. 

MATERIALS AND METHODS 

To illustrate the impact of protein quality on hearth loaf characteristics we first present the results of 
baking experiments of wheat samples selected from different field trials to achieve two protein levels (app. 
11 and 13 % of dm) in 9 cultivars having large variability in protein composition (material no 1). The 
material is described in detail by Færgestad et al., 2000. 
Thereafter we report the impact of environmental conditions on wheat gluten quality in field trials 
(material no 2) where four spring wheat varieties (Avle, Bastian, Zebra and Bjarne) were grown at five 
locations in 2005, four locations in 2006, five locations in 2007, and three locations in 2008, giving a total 
of 17 field trials. Weather records were obtained from the nearest weather station. The availability of soil 
moisture in the root zone was estimated by a soil moisture model based on soil characteristics and daily 
weather records during all stages of phenological development of the crop, and represented by the ratio of 
actual to potential evapotranspiration (Ea/Ep). Gluten protein quality was analysed with the Kieffer 
extensibility rig on gluten (Kieffer et al., 1998). 
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The climatic conditions and the soil water availability were aligned according to the grain development 
stages for each cultivar in each field experiment. The first point of alignment for the climatic data was the 
heading date. Then four time intervals were determined according to the day-degrees above 0°C. The 
recorded periods started 40 day-degrees after heading (which corresponds to 2-3 days, depending on the 
temperature). Period 1 corresponds to 40-240 day-degrees after heading, period 2 to 241-640 day-degrees 
after heading, period 3 from 641 day-degrees until yellow ripening, and period 4 from yellow ripening to 
harvesting. Depending on the temperature at the different locations, the length of the first period varied 
from 9 to 15 days (average 12 days), the second period from 20-28 days (average 24 days), the third 
period from 7-15 days (average 11 days), and the fourth period from 1-18 days ( average 9 days). 
To study the impact of environmental effects on gluten protein quality, we applied the multivariate 
regression analysis Partial Least Squares Regression (PLSR) using environmental data as inputs and 
dough resistance (Rmax) as the output of the model.  

RESULTS AND DISCUSSION 

Effects of gluten protein quality on hearth loaf characteristics 
Gluten protein quality is critical for hearth loaves. During fermentation, flow acts on the dough due to 
gravity and the dough expands as the result of the increasing amount of CO2 produced by the yeast (Figure 
1a). In general, the shape of an extensiogram reflects the form ratio of hearth loaves as high resistance 
limits the flow thereby increasing the ratio of height to width, whereas high extensibility increases flow 
hence decreasing the height: width ratio of the loaves. Thus, form ratio of hearth loaves is strongly 
affected by protein quality (Figure 1b). Figure 2 shows the typical difference in hearth loaves that result 
from variable dough resistance. The loaf on the left is not of acceptable quality for this type of product. To 
some extent the baking process can be adjusted according to the quality of the dough to give the required 
shape of the loaves. However, uncontrollable and unpredictable variation in flour quality is a major 
challenge for the industry.  
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Figure 1: Impact of flour quality on hearth loaf characteristics. a) Illustration of expansion due to an elevated level 
of CO2, and of flow in the dough of hearth loaves due to gravity (Færgestad et al., 2004).   
b) Effect of the ratio of dough resistance (Rmax) to dough extensibility (Ext) on the form ratio of hearth loaves. The 
data shown are from different field trials where 9 cultivars were collected to achieve two protein levels (app. 11 and 
13 % of dm) (Færgestad et al., 2000).  
 

 
Figure 2: Hearth loaves made with flour of different gluten protein quality; Low dough resistance (Rmax) on the left, 
and high dough resistance (Rmax) on the right. (Aamodt et al., 2004). 



Xth International Gluten Workshop, 2009 

62 

Effects of environmental conditions on gluten protein quality 
Major variation in dough resistance (Rmax) was observed within genotypes grown in different field trials, 
ranging from 0.13 N to 1.12 N within a genotype for material 2 consisting of 17 field experiments grown 
in four different years. Examples of two extensiogram curves of gluten isolated from one variety grown 
under different environmental conditions are shown in Figure 3.  
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Figure 3: Kieffer-rig extensogram curves for gluten in one cultivar (Bjarne) grown in two different field 
trials under different environmental conditions. 
 
Regression analysis showed a strong impact of the environment on dough resistance. By cross validation 
using 10% of the samples in each segment, 54% of the variation in dough resistance could be predicted 
from the environmental data (Figure 4).  
To interpret the importance of the different environmental parameters, the loading plot of the first and 
most important PLS factor, covering 49% of the variation in dough resistance is shown in Figure 5. The 
temperature had positive loadings (Figure 5) and hence a positive relation to dough resistance. The diurnal 
temperature ranged from 14 to 21 ºC in period 1 (mean of 17 ºC), 14-20 ºC for period 2 (mean of 17 ºC), 
14-20 ºC for period 3 (mean of 16 ºC), and 9-18 ºC for period 4 (mean of 15 ºC). The other environmental 
data could to a large extent be related to the temperature. High rainfall was negatively related to dough 
resistance. As low temperature and high rainfall are often correlated, it is difficult to distinguish the effects 
of these parameters on gluten resistance. Soil water availability (evaluated by Ea/Ep) in the root zone 
varied from 0.3 to 1.0 on a scale from 0 to 1. This parameter did not show up as a significant factor in the 
analysis, but had a generally negative relation with dough resistance. The negative loading for improved 
soil moisture supply suggests that it was not a limiting factor for Rmax. Like rainfall, soil moisture reflects 
the higher rainfall in periods with low temperatures.  
 



Xth International Gluten Workshop, 2009 

63 

 
Figure 4: Rmax predicted from environmental data versus the measured value of Rmax. Open data points 
are calibration data, and filled circles are predicted values.  
 

 
 
Figure 5: Effects on Rmax of climatic parameters and water availability as found by the first and most 
important PLS factor in PLS regression using the environmental parameter as regressor variables and 
dough resistance as response of the model. The grain development time is split into four time periods 
according to the day-degrees, and the four time intervals are shown successively in the plot. CV=cultivars, 
P%= protein content, Temp = temperature, one bar is shown for each time interval where the first bar is 
the first period etc., Ea/Ep = the ratio of actual to potential evapotranspiration, Gr = Global radiation, Rh = 
Relative air humidity, Sun = Sunshine in hours per day, Ep = potential evapotranspiration, Rain = rainfall 
in mm per day, Gray shaded bars are significant variables according to the Jack-knife test adapted to 
bilinear models (Martens and Martens 2000). 
 
The most pronounced relation to dough resistance was observed for the first time period, 40-240 day-
degrees after heading. When compared to the transcriptomic study of Wan et al., (2008), this period 
appears to correspond to the cell differentiation stage of the grain. 
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CONCLUSIONS 

Very strong variation in gluten protein quality was observed within wheat cultivars grown in different 
field locations. The variation was closely related to environmental conditions, particularly in the early 
stage of the grain development. During this period, temperature had a positive effect on dough resistance, 
whereas increasing humidity and rainfall had negative effects. In general, low temperature was strongly 
correlated with high rainfall and humidity. Within the temperature range investigated (diurnal mean 
temperature of 14-21 ºC) Rmax increased with an increase in temperature. 
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ABSTRACT  

Flour protein composition changed significantly when plants of the hard red spring wheat Triticum 
aestivum cv Butte 86 were grown with or without post-anthesis fertilization with NPK. To measure 
changes in individual proteins, 369 protein spots were resolved and quantified by 2-DE of total flour 
protein extracts. Of these, 188 spots were identified by MS/MS, accounting for 88 to 91% of total protein. 
To identify and distinguish among the gliadins and low molecular weight glutenin subunits (LMW-GS), it 
was necessary to use three proteases and an improved protein sequence database that included gliadin and 
LMW-GS sequences translated from DNA contigs assembled from Butte 86 ESTs. As previously 
reported, percentages of S-rich protein types decreased and S-poor protein types increased when high 
protein flour was obtained by use of post-anthesis NPK. Components of the glutenin polymer changed 
greatly. High molecular weight-glutenin subunits (HMW-GS) increased and LMW-GS decreased as a 
percentage of total flour protein, such that the ratio of LMW-GS to HMW-GS decreased from 
approximately 1.4 to 0.8. Alpha-gliadins increased from 14 to 17% and gamma-gliadins decreased from 9 
to 8%. Putative omega-gliadin spots increased from 4 to 9%. Additional spots with more than one type of 
gliadin comprised around 10% of total protein. Alpha-amylase and protease inhibitors decreased from 9 to 
4%, beta-amylases increased from 1.1 to 1.6%, and other enzymes decreased from 1.8 to 1.3%. Serpins 
increased from 1.1 to 1.5%, and triticins remained at 1.6 to 1.7%. Tritin was only 0.1% of total.  

INTRODUCTION 

Mineral nutrition may affect wheat flour protein composition and quality. For example, N- and/or S-
fertilization not only increases flour protein content but may also alter the balance of S-rich to S-poor 
proteins (Dupont et al., 2006, Grove et al., 2009, Wieser and Seilmeier, 1998, Zorb et al., 2009). However, 
it is challenging to determine the relationship between quantitative changes in gliadin and glutenin-subunit 
amounts, growing conditions and genotype. It is necessary to accurately measure the changes in the 
relative proportions of each storage protein type, and ideally also measure the changes in individual 
proteins that are assigned to specific genes. Challenges include the large number of storage proteins, the 
difficulty of separating them by type while still accounting for total protein, and the need to distinguish 
among highly similar protein and gene sequences. Because glutenin subunits and gliadins are members of 
families with similar and repetitive sequences, protein sequence coverage must be high to distinguish 
among them. Proteomics tools are potentially valuable for solving this problem, but the glutenin subunits 
and the gliadins are glutamine and proline rich, and arginine and lysine poor, and thus provide few useful 
tryptic peptides for MS/MS analysis. The individual proteins are so similar that nearly exact sequences 
must be available in the protein databases that are used to identify peptides based on MS spectra, but there 
are an insufficient number of such sequences in the NCBI non-redundant database. We used two-
dimensional gel electrophoresis to separate and quantify the proteins in total flour extracts from the variety 
Butte 86, and developed MS techniques to identify them, based on cleavage of the proteins using three 
different proteolytic enzymes, interrogation of a specially assembled DNA database that included DNA 
sequences specific to that variety, two different programs to interrogate the databases, and a third program 
to consolidate the data.  

MATERIALS AND METHODS 

Total protein from each flour sample was extracted with SDS under reducing conditions, precipitated with 
acetone and analyzed by 2DE (Hurkman and Tanaka, 2007). Gels were scanned and spots quantified as 
described (Vensel et al., 2005). Plants were grown under a 24/17 oC regimen in greenhouses with or 
without post-anthesis NPK supplied in drip irrigation. The experimental plan had two treatments and three 
biological replicas. For each of the resulting six samples, 2-DE was performed in triplicate. The 2-DE 
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analysis software computed the average volume for each spot in the three replicate gels. Each distinct 
protein spot was excised and digested with trypsin, thermolysin or chymotrypsin. The resulting peptides 
were analyzed by MS/MS, using a QSTAR Pulsar i quadrupole time of flight mass spectrometer with a 
nano-electrospray source. Spectra were analyzed using both Mascot and X!Tandem (Vensel, in 
preparation). A "Superwheat" database was constructed from publicly available sources, utilizing the 
NCBI non-redundant green plant protein sequences, translated reading frames of Butte 86 ESTs and 
contigs from several EST databases. The "Superwheat" database also included gliadin and LMW-GS 
contigs specifically assembled from Butte 86 ESTs (Altenbach et al., submitted). The files from the 
Mascot and X!Tandem searches were loaded into Scaffold, where the results from all three enzyme digests 
were used to identify the spots. Proteins were identified with 95% probability, and contained at least two 
identified peptides at 90% probability.  

RESULTS AND DISCUSSION  

By using 2D gels of total flour extracts, 369 protein spots were resolved and quantified. Of those, 188 
were identified by MS/MS. Not all spots represented unique proteins, since some resulted from 
modifications, such as charge-train effects observed for the HMW-GS. Also, some protein spots could not 
be unequivocally assigned to a single sequence, and some spots had multiple protein types.  
 
Use of multiple proteolytic enzymes was essential for identification of the gluten proteins. This is 
illustrated by the example in Fig. 1, in which sufficient coverage to distinguish the unique alpha-gliadin 
"BU5" was obtained for one spot by a combination of thermolytic and chymotryptic peptides. Digestion 
with thermolysin yielded 26 identified peptides and with chymotrypsin yielded 3. None were obtained 
with trypsin. Together, the peptides gave 69% coverage of the sequence, which was sufficient to 
distinguish this alpha gliadin from all other known Butte 86 alpha gliadins. For some gluten proteins, 
thermolysin gave more useful peptides, whereas for others chymotrypsin produced more, but generally the 
most peptides and protein identifications were obtained by using all three proteases. 
 
mktflilallaivattattavrvpvpqLQPQNPSQQQSQEQVPLVQQQQFLGQQQPFPPQQPYPQPQPFPSQQPYLQ
LQPFPQPQLPYSQPQPFRPQQPYPQPQPQYSQPQHPISQQQQQQQQQQQQEQQilqqilqqqlipcmdVVLQ
QHNIAHGRSQVLQQSTYQll qelccqhlwqipeqsqcqaihnvvhAIILRQQQKQQQQPSSQVSFQQPQQQYPLGQ
GSFRPSQQNPQAQGSVQPQQLPQFEEIRNLALQTLPAMCN vyippyctiapfgifgtn 
Figure 1: Identification of alpha gliadin "Bu5" by MS/MS. Bold uppercase sequence was covered by one 
or more peptides from spot α5 in Fig. 3. The first 20 amino acids represent the transit peptide. 
 
 Like many non-gluten proteins, triticins have sufficient Arg and Lys residues to produce a number of 
useful peptides when digested with trypsin. This is illustrated in Fig. 2 for identification of spot T1. 
Sixteen tryptic peptides were identified, two thermolytic peptides, and no chymotryptic peptides. The 
peptides originated from the larger, N-terminal half of the Triticin protein, which is cleaved into two 
subunits after synthesis. Trypsin alone may have been sufficient for identification of the triticins, serpins, 
alpha-amylase/trypsin inhibitors, and the HMW-GS. 
 
maatsfaslsfyfcilllchssmaQLFGMSFNPWQSSRqggfrECTFNRLQASTPLRQ vrSQAGLTEYFDEENEQFRct
gvfairrvieprgyllpryhnthglvyiiqgsgfaglsfpgcpetfqkqfqkYGQSQSVQGQSQSQKFKDEHQK vhrfrqgdvialpagivh
wfyndgdapivaiyvfdvnnyanqleprHKEFLFAGNYRSSQLHSSQNIFSGFDVRLLAEALGTSGK iaqrlqsqnddiihv
nhtlkFLKPVFTQQREPESYPHTQYEEGQSQAK hsqeeqpqmgqpqeeqpqmgqsqgeqpqmgqsqakHTQGEQP
QMGWSQAKhsqgdqpeegqggqsqeeqsqagpypgcqphagqshasqstyggwngleenfcdhklsvniddpsradiynpragtitrln
sqtfpilnivqmsatrvhlyqnaiisplwninahsvmymiqghiwvqvvndhgrnvfndllspgqlliipqnyvvlkkaqrdgskyiefktnansmvshi
agknsilgalpvdvianaygisrtearslkfsreeelgvfapkfsqsifrsfpngeeess 
Figure 2: Identification of a triticin by MS/MS. Sequences in uppercase were covered by one or more 
peptides from spot T1 in Fig 3. The first 24 amino acids represent the transit peptide. 
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Figure 3: Examples of spots identified as α5, alpha-gliadin BU5; γ4, gamma-gliadin BU4, ω1, an omega 
gliadin; L3, low-molecular-weight glutenin-subunit BU1; S1, a serpin; T1, a triticin; and AT6, an alpha-
amylase/trypsin inhibitor. Quantitative changes in these spots are shown in Table I. 
 
 
Table 2: Total spot volume for each protein type and percentage change in response to post-
anthesis NPK fertilization. 

 Percent of total flour 
protein 

 

Protein type -NPK +NPK Change 
(%) 

Glutenins    
HMW-GS 12.2 16.5 35.2 
Classic LMW-GS 16.7 13.0 -22.4 
Gliadins and gliadin-like subunits    
Alpha-gliadins 13.7 17.1 24.6 
Gamma-gliadins 8.9 7.8 -13.3 
Omega-gliadins 3.9 9.3 140.3 
Mixed gliadins 9.5 10.7 12.4 
Other Storage Proteins    
Avenin-like 0.9 0.5 -47.5 
Globulins 0.6 0.4 -33.1 
Serpins 1.1 1.5 38.8 
Triticin 1.6 1.7 8.1 
Enzymes and Inhibitors    
Alpha-amylase and alpha-amylase/trypsin 
inhibitors 

9.4 4.1 -57.0 

Beta-amylase 1.1 1.6 41.6 
Misc enzymes 1.8 1.3 -28.4 
Unidentified proteins in top 250a 4.9 4.4 -11.3 
Unidentified proteins not in top 250 a 4.3 2.3 -44.2 
Total 90.6 92.2 0.52 

aThe 250 most abundant proteins. 
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It was possible to distinguish among many individual alpha and gamma-gliadins and low-molecular 
weight glutenin subunits and to assign unique identities to many spots. Representative identifications are 
illustrated in Fig. 3. Changes in relative spot volume as a response to NPK fertilization were also 
evaluated, illustrated by the examples in Table I. The individual spots were grouped by protein type, and 
the sum of the spot volume for each protein type was calculated (Table 2). This is a preliminary analysis, 
as some questions of specific protein identity are still being resolved. 

CONCLUSIONS 

Improved proteomics methods and adequate sequence databases made it possible to identify and 
distinguish among gluten proteins that were resolved and quantified by 2DE of total flour protein. Many 
proteins were assigned to specific DNA sequences, despite great similarities among gliadin and LMW-GS 
family members. Use of chymotrypsin and thermolysin was critical in the identification of the gliadins and 
the low-molecular weight glutenin subunits. In contrast, many useful peptides were obtained from trypsin 
digests of the alpha-amylase/trypsin inhibitors, serpins, and triticins. In combination, the techniques made 
it possible to evaluate relative changes in most of the individual, abundant proteins in response to post-
anthesis fertilization with NPK.  

 

Acknowledgement: Stacia Sloane for considerable assistance with MS/MS and Dr. Donald Kasarda for many 
discussions of the data.  
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ABSTRACT  

Abiotic stresses severely affect the yield of cultivated plants. Many works reported that the quality 
characteristics of wheat were modified by constraints like heat stress, salt stress or water stress. Since 
proteins are the prime measure of wheat quality, variations in their content and composition were 
extensively studied in relation to environmental factors. There is special interest in identifying proteins 
whose expression is modified by drought.The present study was conducted to determine the influence of 
water stress during grain filling, on the protein composition of “Salambo” and “Byrsa”, two Tunisian 
bread wheat varieties that differ in drought tolerance. Total proteins were extracted from mature grains of 
control and treated plants in both cultivars. Proteins were separated by two-dimensional electrophoresis 
and analysed by Melanie-3 software. Among the total wheat mature grain proteins, 32 changed 
significantly under drought conditions in “Byrsa”, and 18 in “Salambo”. In addition to spots that increased 
or decreased due to drought, six spots were found to be drought-induced. These results now need to be 
completed by mass spectrometry analysis and database interrogations in order to identify spots of interest. 

INTRODUCTION 

Wheat quality has become a very broad field of research. Many recent studies on the genetic basis of 
wheat quality can be found in the literature. Phenotypic differences among wheat cultivars regarding grain 
and dough quality result from the action of different genes that control wheat quality characters [1, 2]. 
Nevertheless, climatic conditions during plant growth and development associated with quality often 
exceed genotypic variations [3, 4]. Protein content, which is the prime measure of wheat quality, has been 
extensively studied in relation to environmental factors. In previous studies, we showed that both heat 
stress and high salinity deeply affected the protein composition of wheat grain [5, 6, 7]. Proteomic 
analysis enabled reproducible wheat protein maps to be built as well as the characterization of up or down-
regulated proteins in stress conditions. For example, in response to heat stress, we found that gliadins 
increased whereas glutenins did not. In addition, heat shock proteins involved in thermotolerance and 
several enzymes involved in different metabolic pathways were identified. Among the heat-changed spots, 
some were identified as proteins reported to be involved in other abiotic stresses, such as salt stress or 
water stress. As the yield of cultivated plants [8] and the end-use quality of wheat are limited by drought 
[9], we used the proteomic approach to investigate the impact of water deficits on the protein composition 
of two Tunisian cultivars differing in drought tolerance. The aim of this study is to identify proteins whose 
expression is modified by the constraint, and whose genetic variations could be involved in plant 
tolerance. 
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MATERIALS AND METHODS 

Plant materials 
The plant materials used in this study were two Tunisian wheat cultivars “Byrsa” and “Salambo 80” 
differing in drought tolerance. Plants were grown in pots until flowering, and then transferred to climate 
tunnels. Stressed plants were deprived of water for a period of one week. At maturity, seeds were collected 
from both well-watered and drought-stressed wheat plants, lyophilized and stored at 4 °C. 
 
Sample preparation and two-dimensional electrophoresis  
Grains were milled in a Cyclotec mill (sieve=0.75 mm). Total protein extraction and two-dimensional 
electrophoresis were performed as previously described [6]. After electrophoresis, proteins were 
visualized by Coomassie Brilliant Blue (CBB). Six replicates (at least) of two-dimensional electrophoresis 
were performed for each grain sample. Stained gels were scanned and analyzed using Melanie-3 software 
(GeneBio, Switzerland). Variance analyses of spot parameters (volume and comparisons of mean values) 
were performed using SAS statistical software. 

RESULTS 

The 2-D gels were highly reproducible since the experiments performed on three to four replicates had a 
correlation coefficient ranging from 0.77 to 0.927 (for spot volumes) for “Byrsa” and 0.846 to 0.949 for 
“Salambo”. Approximately 450 spots were detected on CBB stained gels of both cultivars. The effect of 
drought on the protein composition of mature wheat grain was analysed by comparing the protein patterns 
of control and stressed samples. The comparisons were based on the volume of each spot provided by 
Melanie-3. We only considered the significant changes revealed by statistical analyses performed on four 
replicates of 2-D gels. Both quantitative and qualitative changes were found. 
 
In “Byrsa”, out of total mature wheat grain proteins, 28 spots were found to be significantly changed in 
drought conditions. Of these variants, 24 spots were found to be down-regulated (numbered in figure 1), 
whereas only four spots were detected on gels of stressed samples and were considered as drought-
induced (figure 2). According to the results of our previous works [10], spots numbered 17, 18, 20, 28 and 
42 (indicated by arrows in figure 1) are glutenin subunits. This result is in agreement with those of 
Beltrano et al., [11], demonstrating a clear difference in high molecular weight glutenin subunits and in 
gliadins in samples of stressed wheat and of well-watered ones.  
 
In “Salambo”, 18 drought responsive proteins were detected: 11 were down-regulated, five were up-
regulated and two drought-induced. As reported previously [6], the three up-regulated proteins, (green 
arrows in figure 5) are enzymes that may be implicated in different metabolic pathways. This is also the 
case of the two induced proteins indicated by red arrows in the same figure.  
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Figure 3: CBB stained gel of the cultivar « Salambo » showing drought responsive proteins.  

 

Figure 1: CBB stained gel of the cultivar  
«Byrsa». Numbered spots are down-regulated by 
drought. 

Figure 2: CBB stained gel of the cultivar  
«Byrsa». Indicated spots are induced by 
drought. 

Control 
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CONCLUSIONS 

The analysis of stress-responsive proteins in wheat is primordial for the discovery of genes conferring 
stress tolerance and their use in breeding programs. In recent years proteomic analysis has increased in 
sensitivity and power as a result of improvements in two-dimensional polyacrylamide gel electrophoresis, 
protein detection and quantification, fingerprinting and partial sequencing of proteins by mass 
spectrometry, bioinformatics, and methods for gene isolation. Using this proteomic approach, we showed 
that the synthesis of storage proteins is affected by environmental conditions like heat treatment [6, 7] or 
drought, which may be the cause of alteration of wheat quality in such conditions. Soluble proteins also 
appear to be affected by this constraint as two of them appeared in the stressed samples of the genotype 
“Salambo”, which is considered to be more tolerant to drought than “Byrsa”. Further investigations is 
needed to identify proteins of interest which will improve our understanding of drought tolerance and help 
breeders select more drought tolerant wheat genotypes. Mass spectrometry coupled with database searches 
will be required to achieve this goal.  
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ABSTRACT  

Organic and conventional farming systems have a great impact on the bread-making properties of wheat. 
Bread is one of the most important components of daily food intakes in many parts of the world. High 
bread quality depends on gluten protein content and composition in flour, and this is determined by a 
range of factors including farming systems and technologies, climatic conditions and genetic background.  
 

In this study, the quantity and quality of gluten proteins in samples of grain of wheat genotypes from 
different groups i.e. spelts, spelt selections, cultivars, primitive wheats and old landraces grown under 
organic conditions were analyzed. SDS-PAGE was used to determine protein composition and SE-HPLC 
was used to measure the amount and size distribution of polymeric protein. 
 

The results of this study revealed significant differences in protein composition among organically grown 
wheat genotypes. Specific protein composition also has an influence on the amount and size distribution of 
protein polymers in organic wheat grain. There were significant differences in the amount and size 
distribution of polymeric proteins in different groups of genotypes. Some genotypes from groups of 
primitive wheats and old landraces had significantly higher amounts of protein fractions than spelts, spelt 
selections and cultivars. Genotypes from each group could be chosen to obtain the desired gluten strength 
in organically grown wheat.  

INTRODUCTION 

Organic farming in Europe has increased in recent decades thanks to consumer demand for organic foods. 
The reasons given for buying organic food products are that they are assumed to be safe, healthy and 
environment friendly. In 2006, the area under organic wheat was 290 000 hectares i.e. 18% of total arable 
land in Europe (Mäder et al., 2007). 
 

Bread products are among the main components of daily food intakes in many parts of the world. Bread-
making quality is determined by gluten content and composition. The gluten content of wheat flour is 
determined by a range of factors such as farming systems and technologies, climatic conditions and 
genetic background. As a consequence, organic and conventional farming systems have a great impact on 
the bread-making properties of wheat. 
 

Farming systems influence the quantity of proteins whereas the genotype is considered to have 
quantitative as well as qualitative effects (Payne et al., 1981, 1983; Wieser & Seilmeier, 1998). 
Organically grown winter wheat in Europe is generally characterized by low and variable amounts of 
protein in the grain (Gooding et al., 1993). Many authors have studied the variation in protein contents and 
composition in different wheat genotypes (Johansson & Svensson, 1998; Johansson et al., 2000; Peterson 
et al., 1992). There is a crucial need to discover the characters of genotypes that have satisfactory protein 
contents and quality under organic systems. 
 

The aims of present study were to investigate the effect of different organically grown genotypes in 
relation to their protein amount and composition and to evaluate the variation in protein fractions between 
two genetically different groups Triticum aestivum and T. spelta. 
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MATERIALS AND METHODS 

Six genotypes each of T. aestivum and T. spelta were selected (Table 1). These genotypes were grown in 
Alnarp, Sweden from 2001 to 2003. A sample of grain from each genotype was ground into flour in a 
laboratory mill (Yellow line, A10, IKA-Werke, Staufen, Germany). 
For protein composition, extracted samples were separated on SDS-polyacrylamide gels according to 
Johansson (1995). The proteins were extracted from 16.5-mg flour samples in a two-step extraction 
procedure. Protein parameters were calculated according to Gupta et al. (1993), and protein polymers were 
measured by Size Exclusion High-Performance Liquid Chromatography (Johansson et al., 2008). 
 
Table 1: Selected cultivars and spelt wheats. 

Cultivars (T. aestivum) Spelt wheats (T. spelta) 

Vama Schwaben korn 
Eroica Kippen Hauser 

Hansa Ax 1345 
Hartmut spiess Schweiz 

SOL Ax/7 
Virtus Klyon 

 

RESULTS AND DISCUSSION 

Protein composition 
 

The pattern of High Molecular Weight Glutenin Subunit (HMW-GS) from SDS-PAGE showed variation 
in all genotypes. The subunit 2+12 of Glu-D1 was dominant among all samples as it was present in nine 
genotypes, whereas only three genotypes contained 5+10 subunits. The cultivars with allelic pairs of 5+10 
subunits had better wheat flour quality properties than cultivars with allelic pairs of 2+12 (Gupta, 1994). 
 

Changes in molecular size distribution of polymeric proteins between groups 
 

There was a significant difference (P< 0.05) in the polymeric protein fractions between T. aestivum and T. 
spelta. T. aestivum had a higher percentage of TUPP (Total Unextractable Polymeric Proteins) and LUPP 
(Large Unextractable Polymeric Proteins) than T. spelt wheats (Figure 1). The difference in the percentage 
of TUPP and LUPP may be due to their diverse genetic background. 
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Figure 1: Percentage of TUPP and LUPP in 6 cultivars and 6 spelt wheats. Bars indicate standard deviations. 
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Variation in amount and size distribution of polymeric proteins among wheat cultivars 
 

Different T. aestivum cultivars were found to have an influence on the amount and size distribution of 
polymeric proteins in wheat grain (Table 2). Among all the cultivars investigated, SOL had significantly 
higher amounts for SDS-extractable polymeric proteins (eLPP and eSPP), and also high amounts of 
unextractable SPP. The cultivars Eroica and Hartmut spiess had the highest uLPP, uSPP, %TUPP and 
%LUPP contents of all the cultivars. Hansa Ax had the lowest amounts of all polymeric proteins (eLPP, 
eSPP, uLPP, uSPP). Hansa Ax also had significantly lower amounts of %TUPP and %LUPP (Table 2). 
Differences in the distribution of polymeric proteins are attributed to variations in genetic, environmental 
and growing conditions i.e. organically. These results are in accordance with earlier investigations (Payne 
et al., 1987; Johansson et al., 2001). 
 

Changes in polymeric protein distribution among spelt wheats 
 

Significant differences were found in polymeric protein distribution among T. spelta wheats. The T. spelta 
genotypes Schwaben korn and Ax/7 had high amounts of eLPP and eSPP but the amount of eLPP was also 
statistically similar to Kippen hauser and Schweiz (Table 3). The spelt genotype 1345 had the lowest 
amounts of SDS-extractable and unextractable proteins (eLPP, eSPP, uLPP and uSPP). Kippen hauser had 
significantly high unextractable LPP and SPP contents. High uSPP was also statistically significant in 
Schwaben korn and Ax/7 also had significantly high uSPP contents. The percentage of TUPP was highest 
in Klyon followed by Kippen hauser and 1345. Kippen hauser had high levels of %LUPP similar to those 
found in Klyon, Ax/7 and 1345 (Table 3). The differences in polymeric protein distribution are due to the 
genetics of the genotypes investigated (Gupta et al., 1993; Johansson et al., 1998).  
 
Table 2. Mean values of relative amounts of SDS-extractable large polymeric protein (eLPP), SDS-extractable small 
polymeric protein (eSPP), un-extractable large polymeric protein (uLPP), un-extractable small polymeric protein 
(uSPP), percentage of unextractable polymeric protein of total polymeric protein (%TUPP), percentage of large 
unextractable proteins (%LUPP) of different wheat cultivars. All values except TUPP and LUPP are multiplied by 
107 

Values followed by different letters are significantly different. 
 
Table 3. Mean values of relative amounts of SDS-extractable large polymeric protein (eLPP), SDS-extractable small 
polymeric protein (eSPP), un-extractable large polymeric protein (uLPP), un-extractable small polymeric protein 
(uSPP), percentage of unextractable polymeric protein in total polymeric protein (%TUPP), percentage of large 
unextractable proteins (%LUPP) of different spelt wheats. All values except TUPP and LUPP are multiplied by 107. 

Values followed by different letters are significantly different. 

Cultivars eLPP eSPP uLPPs uSPPs TUPP (%) LUPP (%) 

Eroica 1.01 b 1.53 c 1.17 ab 1.08 a 46.91 a 53.56 a 
Hansa Ax 1.07 b 1.70 b 0.72 d 0.66 d 33.31 c 40.29 d 
Hartmut spiess 1.02 b 1.65 bc 1.25 a 1.04 ab 46.25 a 55.01 a 
SOL 1.34 a 1.87 a 1.07 bc 1.08 a 40.07 b 44.32 c 
Vama 1.05 b 1.86 a 1.05 c 0.94 c 40.69 b 49.98 b 
Virtus 1.24 a 1.70 b 1.05 c 0.97 bc 40.76 b 45.83 c 

Spelt wheats eLPP eSPP uLPPs uSPPs TUPP (%) LUPP (%) 

Schwaben korn 1.68 a 2.61 a 1.00 b 1.07 ab 32.60 c 37.31 b 
Kippen Hauser 1.49 ab 2.23 b 1.18 a 1.15 a 38.57 a 44.22 a 
Ax/7 1.60 a 2.44 a 1.05 b 1.00 ab 33.76 bc 39.82 ab 
Klyon 1.34 b 1.67 c 1.03 b 0.96 b 39.79 a 43.42 a 
Schweiz 1.67 a 2.13 b 0.95 c 0.94 b 33.27 bc 36.39 b 
1345 1.27 b 1.59 c 0.83 c 0.92 b 37.81 ab 39.42 ab 
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CONCLUSIONS 

The results of this investigation should help screen cultivars and spelt wheat with strong gluten properties 
under organic farming systems. The cultivar SOL had high amounts of polymeric proteins and can be 
grown organically. This study provided important information about the relative amounts of protein 
fractions of spelt wheat genotypes that can be used in cultivation and for further breeding. 
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ABSTRACT 

Due to their high selectivity, antibodies are useful tools to detect, quantify or characterize proteins. For 
almost 15 years, our research has enabled us to produce numerous antibodies against wheat grain proteins 
i.e. proteins from gliadin, glutenin and albumin/globulin fractions. These polyclonal and monoclonal 
antibodies, which were produced by immunisation with purified proteins or synthetic peptides, form a 
unique antibody collection. 
 
Based on our knowledge of wheat grain proteins, the antibodies have been fully characterized. We now 
have a thorough knowledge of their specificity and we can choose the most relevant antibody in the 
collection for each specific purpose. Some of the antibodies enable gliadin or glutenin subclasses to be 
distinguished from one another; others are suitable for the detection of the whole gliadin or glutenin 
fractions or whole prolamins. Finally, a few can even detect deamidated gluten proteins. 
 
Prolamins are also present in some other wheat or cereal species, and so we also checked the reactivity of 
antibodies in the collection towards others cereals. Most of the antibodies bound storage proteins from 
spelt, einkorn, rye, barley and triticale, reflecting the genetic closeness of these cereals. Interestingly, some 
also reacted on brachypodium, the new model plant for temperate cereals. 
 
Thanks to an innovative immunogen preparation, antibodies against arabinoxylans, the main cell wall 
polysaccharides of wheat grain endosperm were produced and used to screen different wheat cultivars. 
Recently, new antibodies have been produced to study glucuronoxylans in secondary cell walls.  
 
In the coming years, this antibody collection will be completed with new antibodies towards proteins from 
the albumin/globulin fraction and towards polysaccharides of the wheat grain. But the Wheat Antibody 
Collection is already a genuine toolbox for research projects. 
 
Usefulness and production of antibodies 
Due to their high selectivity, antibodies are useful tools to detect, quantify or characterize proteins, 
polysaccharides and other compounds. They can be used in wide range of domains because they can be 
handled using simple techniques without complex or expensive equipment as well as with automated high 
throughput methods.  
An antibody binds a short molecular domain (5 to 10 nm) on protein or polysaccharide named epitope. On 
protein, an epitope usually correspond to 5 to 7 amino acids. The bound peptide can be continuous or 
discontinuous, and in the majority of cases antibody-epitope interaction depends on the conformation of 
the epitope/protein.  
In animals, immunisation leads to the selection and the amplification of several clones of lymphocyte B, 
each of which secretes one particular antibody in the blood. As a consequence, after immunisation, the 
resulting serum corresponds to a polyclonal antibody whose characteristics are the sum of the 
characteristics of each monoclonal antibody (mAb). When immunisation is performed with protein, a 
protein domain or even with a long peptide (15 amino acids), it is not rare that the polyclonal antibody 
contains several mAb able to bind different epitopes. Cells producing mAb can be isolated and 
immortalized but the procedure is more complicated and expensive. Monoclonal antibodies with fixed and 
defined characteristics can be then produced timelessly. 
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Antibodies to gluten proteins  
Gluten is a complex fraction with numerous closely related proteins which have several isoforms. For 
almost 15 years, our research has enabled us to produce numerous antibodies against gliadins and 
glutenins. These polyclonal and monoclonal antibodies were produced by immunisation with purified 
proteins, protein domains or synthetic peptides. They have been precisely characterized with purified or 
recombinant proteins and protein domains. 
 
Specific antibodies were produced after immunisation with synthetic peptides selected from the N-
terminal or from the C-terminal sequences of prolamins subclasses (table 1). In this way, we produced 
antibodies directed against alpha/beta gliadins, omega 2 gliadins, omega 5 gliadins (Denery-Papini et al., 
2007), LMWglutenins (Denery-Papini et al., 1995) and HMW glutenins (Denery-Papini et al., 1996). For 
example Mab GLIA 2E5 specific to alpha/beta gliadins was obtained after immunisation with a peptide 
from the C-terminal domain (TIAPFGIFGTN) and Mab ONT18A5D2 specific to omega 5 gliadins, with a 
peptide from the N-Terminal domain (SRLLSPRGKEL). 
But as a consequence of their high selectivity, some of these antibodies were not able to bind all the 
isoform of one subclass. This is illustrated by the reactivity of Mab F98 6x1, which was found to react 
with low Mr glutenin subunits encoded by chromosomes 1B and 1D but not with subunits controlled by 
chromosome 1A (Denery-Papini et al., 1995). 
Immunogenic peptides were also specially designed to produce Mab, which binds deamidated gliadins 
(Mab S3B512). 
 
Table 1: Specificities of some antibodies from the Wheat Antibody collection 
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domain F98 6x1            

S1 DG35            
PQQ 7F12            
S1 EG7D11            

S1 EG87            
S1 DH3            

repetitive 
domain 

PQQ 3B4            
 
In order to produce antibodies with broad reactivity to prolamins, the repetitive domains are a target of 
choice. With some variations in sequence and in the number of repeats, homologous repetitive peptides 
are present in all prolamins. This is illustrated in table 1, where all the antibodies produced after 
immunisation with a synthetic peptide PQQPFPQG bound several prolamins subclasses. Comparison of 
the reactivity of the six monoclonal antibodies obtained with this peptide underlined the versatility of 
antibody production and the absolute necessity of precise characterisation. For example, although Mab 
PQQ 3B4 antibody bound all subclasses of prolamins with the same affinity (data not shown), Mab S1 
DG35 only bound glutenins.  
 
Reactivity to gluten containing cereals 
Prolamins are also present in some other wheat or cereal species. Reactivity of antibodies from the 
collection was checked toward others cereals. Most of the antibodies bound storage proteins from spelt, 
einkorn, rye, barley and triticale, reflecting the genetic closeness of these cereals. As illustrated with Mab 
PQQ 3B4 (Fig. 1), some of them also reacted on brachypodium, the new model plant for temperate 
cereals. 
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Figure 1: Titration of anti-prolamin antibody (PQQ 3B4) towards prolamin extracts from eight cereals. 
Prolamins were extracted from flour in guanidine-bMe solution. From this extract, the 60%-ethanol 
soluble proteins were collected after the insoluble material was pelleted by centrifugation. A few 
nanolitres of solubilized protein from eight cereals were spotted in duplicate in each well of a 96-well 
microtiter plate. 
Indirect ELISA using antibody supernatant and chemiluminescent substrate was then applied to the coated 
samples.  
 
Antibodies to wheat polysaccharides 
Thanks to an innovative immunogen preparation, antibodies against arabinoxylans (Guillon et al., 2004), 
the main cell wall polysaccharides of wheat grain endosperm, were produced and used to screen different 
wheat cultivars. Recently, new antibodies were produced to study glucuronoxylans in secondary cell walls.  

CONCLUSIONS 

Based on our knowledge of wheat grain proteins, this Wheat Antibody Collection has been fully 
characterized. We have now a thorough knowledge of their specificity and we can choose the most 
relevant antibody in the collection for each specific purpose. Some of these antibodies enable gliadin or 
glutenin subclasses to be distinguished from each other, others are suitable to detect the whole gliadin or 
glutenin fractions or the whole prolamin fraction. Finally, a few can even detect deamidated gluten 
proteins. 
 
In the coming years, this antibody collection will be completed with new antibodies towards proteins from 
the albumin/globulin fraction and towards polysaccharides of the wheat grain. But the Wheat Antibody 
Collection is already a genuine toolbox for research projects. 
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Structure and Functionality of Gluten Proteins: 
An Overview 

P. KOEHLER 
German Research Centre for Food Chemistry, Lise-Meitner-Straße 34, 85354 Freising, Germany. 

ABSTRACT 

It is the structure of the gluten proteins that determines the functional properties of wheat flour. In 
particular, the viscoelastic properties of wheat gluten are unique and play a highly significant role in the 
quality of wheat bread. In addition, viscoelasticity parameters like water absorption, water holding 
capacity and gas holding capacity are used to describe the functionality of gluten. However, it is not 
sufficient to explain bread quality only by means of gluten functionality as other constituents such as 
starch, arabinoxylans, enzymes and (polar) lipids also have an impact on the final product. It is generally 
accepted that both the quantity and quality of gluten are the key determinants of gluten functionality. 
Gluten quality is reflected in its gliadin and glutenin contents as functional constituents. One important 
factor that determines gluten quality is a suitable gliadin/glutenin ratio (GLI/GLU), in the range of 1.5 to 
2.7. The second factor is glutenin macropolymer (GMP, gel protein) content, with concentrations of 20 to 
40 mg/g of flour. These concentration-based parameters as well as the amounts and ratios of individual 
protein types and subunits are accessible by extraction/HPLC- or capillary electrophoretic methods and 
provide a good prediction of the breadmaking performance of a given wheat flour. However, structural 
data for gluten are still incomplete, particularly for glutenins. This is due to the high molecular weight of 
polymeric glutenins, their poor solubility and the lack of a defined structure of the different gluten protein 
types. Based on available experimental data, different models of gluten are proposed, each with the aim of 
linking structural features and technological properties. 

INTRODUCTION 

Gluten proteins are unique in nature. Some of the most important features are their complex composition 
(>500 components per variety), their extreme amino acid composition (Gln + Pro > 50 mol%), extreme 
partial amino acid sequences including repetitive sequences, complicated intra- and interchain bonding 
(covalent/non-covalent), extreme molecular-weight distribution (≈ 3 x 104 - 107), high water absorption 
capacity (twice their own weight in gluten), the formation of a cohesive, viscoelastic mass (hydrated 
gluten) after the addition of water, their ability to form films (stability of gas bubbles) or fibrils, and, 
finally, the fact that they are the precipitating factor in coeliac disease (Wieser and Koehler, 2008). Gluten 
plays an essential role in the dough properties and breadmaking performance of wheat flour. Both the 
quantity and quality of gluten present in a wheat flour affects its bread-making performance. Gluten 
quantity can easily be measured using standard methods, such as nitrogen determination of the flour or 
determination of the wet gluten content. However, it is considerably more difficult to assess or define 
gluten quality, which is influenced by different factors and parameters: the presence or absence of specific 
proteins (subunits), the combination of subunits, the amount and ratio of subunits, or the interactions 
between subunits. It should also be noted that gluten quantity, quality and functionality are not sufficient 
to explain the breadmaking performance of wheat flour. Other constituents of the flour such as starch, 
arabinoxylans, enzymes, and (polar) lipids are also involved. 

GLUTEN COMPOSITION 

Although the Osborne fractionation is about 100 years old, it is still used today to classify wheat proteins 
according to solubility. However, nowadays the terms gliadin and glutenin mainly indicate functional 
properties rather than extraction behaviour. Wheat kernel proteins can be divided into metabolic proteins 
(≈18 %; albumins/globulins), storage proteins (≈80 %; gliadins/glutenins) and membrane proteins (≈2 %; 
lipoproteins). The first two groups are covered by the classical Osborne fractionation; the last usually 
remains undissolved and requires special experimental conditions. The storage proteins gliadins and 
glutenins, which are located in the starchy endosperm, have the biological function of supplying the 
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seedling with nitrogen and amino acids during germination and the technological function of contributing 
to baking performance. Technological properties are determined by the structure and composition of 
storage proteins, with gliadins being mainly monomeric, but also oligomeric and soluble in aqueous 
alcohols, and glutenins which are insoluble polymeric proteins and dissolve as glutenin subunits (GS) in 
aqueous alcohols after reduction of disulphide bonds. Gluten protein types can be grouped into high- 
(HMW), medium (MMW), and low-molecular-weight (LMW) groups. LMW-GS, α- and γ-gliadins 
belong to the LMW group. The MMW group consists of ω5 and ω1,2-gliadins, and HMW-GS form the 
HMW group. 
 
As shown in Table 1, the content of the different protein types varies considerably within wheat cultivars 
and wheat species. Genetic variation and environmental factors (soil, climate, and fertilisation) also 
strongly affect protein composition (data not shown). Within gliadins, α- and γ-types are the most 
abundant, while the ω-type only accounts for 6 to 15% of the proteins. Wheat cultivars containing 
genomic material from rye (Table 1; cultivar Apollo) can easily be indentified by their increased content 
of ω1,2-gliadins. In glutenins, LMW-GS content exceeds HMW-GS content by a factor of 2 to 4. 
Comparing common wheat with other wheat species revealed that the former contains more glutenins and 
less gliadins than the latter, but there is also variation within common wheat. Cultivars with good 
breadmaking performance have a lower GLI/GLU-ratio than those with poor baking performance. Typical 
GLI/GLU-ratios for common wheat range from 1.5 to 2.7, whereas in other wheat species, this parameter 
is higher. 
 
Table 1: Storage protein composition of different wheat cultivars and wheat species (total gliadins + total 
glutenins = 100 %).  
Wheat  Gliadins (%) Glutenins (%) GLI/GLU 
cultivar/species total ω5 ω1,2 α γ total HMW LMW  
Astron (A) 64 5 4 32 23 36 11 24 1.8 
Ares (B) 69 8 5 34 22 31 9 21 2.2 
Obelisk (C) 73 4 7 37 25 27 8 17 2.7 
Apollo (R) 72 3 12 31 26 28 9 18 2.6 
Spelt 75 4 6 36 29 25 7 18 3.0 
Durum 75 3 3 39 30 25 5 19 3.0 
Emmer 87 7 3 46 31 13 3 10 6.7 
Einkorn 77 10 2 45 20 23 4 19 3.3 
(A), high; (b), medium; (C), poor breadmaking performance; (D), wheat/rye translocation line; HMW, 
high-molecular-weight glutenin subunits; LMW, low-molecular-weight glutenin subunits; GLI/GLU, 
gliadin/ glutenin ratio 

GLUTEN STRUCTURE 

Beside quantitative data on gluten composition, information is required on the structure of gluten, and this 
information is still incomplete, particularly for glutenins. This is due to the fact that gluten proteins are 
storage proteins, and no specified structure is required to obtain (techno-) functionality. The poor 
solubility of gluten proteins in aqueous solvents and the high molecular weight of polymeric glutenins 
explain why many methods used in protein characterisation fail when applied to gluten proteins. 
Furthermore, using organic solvents or disaggregating reagents renders gluten proteins soluble, but not in 
their native structures. 
 
Disulphide bonds. The disulphide structure of gluten proteins has been comprehensively reviewed by 
Grosch and Wieser (1999). Monomeric α- and γ-gliadins contain three and four intrachain disulphide 
bonds, respectively, whereas polymeric LMW- and HMW-GS include both intra- and intermolecular 
disulphide bonds. Experimental evidence of disulphide bonds is still incomplete, particularly for glutenins. 
The disulphide structure of gluten proteins is not in a permanent state, but undergoes continuous change 
from the maturing grain to the baked product. For example, gliadins are bound to glutenins during heating 
(Lagrain et al., 2008). The formation of disulphide bonds starts soon after protein synthesis, and it has 
been suggested that intramolecular links are formed before intermolecular ones. The latter appear to 
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evolve from the monomeric subunits during the desiccation phase of the grain, causing a rapid increase in 
the polymeric protein fraction. To enable proper polymerisation, protein subunits require at least two 
cysteine residues that are able to form interchain linkages. This situation exists in HMW- and LMW-GS 
and is why they mainly build the glutenin polymer. A small number of gliadins have an odd number of 
cysteine residues. These proteins are able to form one single intramolecular disulphide bond and this is 
why small amounts of ω-, α-, and γ-gliadins can be found in glutenins. The major importance of 
disulphide bonds can be demonstrated by adding reducing agents leading to weak gluten, or by adding 
thiol-blocking or oxidising agents that strengthen gluten. 
 
Gluten models. Due to the lack of structural information, methods such as microscopy and rheology that 
work at the nano- and microscopic level have been used to obtain indirect information on structure. Using 
all available chemical, biochemical, microscopic and rheological data, models for the structure of gluten 
have been developed. Currently, four models are available, each of which takes some specific features of 
gluten into account. The glutenin model of Wieser et al. (2006) implies a glutenin building block with a 
definite subunit composition and a molecular mass of approximately 1.5 x 106 (Figure 1) taking into 
account the quantitative differences between the individual glutenin subunits. In this model, only 
disulphide bonds between subunits are considered. Another model by MacRitchie et al., (1999) suggests 
non-covalent molecular entanglements of proteins above a certain molecular mass as the basis for glutenin 
elasticity and the phenomenon of strain hardening. Belton's loop and train model (Belton, 1999) proposes 
hydrogen bonds between glutamine-rich domains of gliadins and glutenins (trains) and between the 
polypeptide chains and water (loops) as a molecular basis for elasticity. Finally, the holistic 
hyperaggregation or particle model (Hamer and Van Vliet, 2000) integrates chemical and physical aspects 
of gluten structure into three levels linking molecular to mesoscopic and macroscopic levels. This model 
includes features of the other three structural models. It should be noted that non-covalent interactions are 
as important for gluten structure and functionality as covalent (disulphide) bonds. 
 

 
Figure 1: Model for a glutenin building block with a molecular weight of approximately 1.5 x 106. LMW-
GS, low-molecular-weight glutenin subunits; HMW-GS, high-molecular-weight glutenin subunits 
(adapted from Wieser et al., 2006). 
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GLUTEN FUNCTIONALITY 

As shown in Table 2, the functional properties of gluten are influenced by different protein constituents. 
Two parameters have a major impact on breadmaking performance: the GLI/GLU-ratio and the amount of 
GMP. The impact of the GLI/GLU-ratio on functionality is due to the fact that gliadins and glutenins have 
different functions in the dough. Glutenins are high-molecular-weight polymers forming a transient 
network, which impacts gluten resistance and elasticity. Gliadins are mainly monomeric and are assumed 
to act as plasticisers, which are responsible for the extensibility and viscosity of dough. Consequently, 
optimal functional properties require a balanced ratio between viscosity and elasticity and thus between 
gliadins and glutenins. Examples of the correlation of the GLI/GLU-ratio with the rheological properties 
of gluten are given in Figure 2. 
 
Table 2: Functional properties of gluten and how they are affected by gluten protein fractions or subunits.  
Functional property Protein fractions/subunits 
Water absorption gliadins, glutenins 
Cohesivity glutenins, gliadins 
Viscosity gliadins 
Elasticity glutenins, HMW-GS 
Strength glutenins 
Breadmaking performance gliadins, glutenins, GMP, GLI/GLU 
HMW-GS, high-molecular-weight glutenin subunits; GMP, glutenin macropolymer; GLI/GLU, gliadin/ 
glutenin ratio 
 

 
 

Figure 2: Correlation between the GLI/GLU ratio of wheat cultivars and (a) the resistance to extension 
(Rmax) and (b) the extensibility (Ext) of the corresponding gluten (adapted from Kieffer et al., 1998). 
 
The molecular weight distribution of glutenins has been recognised as one of the most important 
parameters of dough and gluten properties. The greatest polymers have been termed GMP, gel protein or 
unextractable polymeric protein (UPP). As shown in Figure 3, GMP content in wheat flour (20 - 40 mg/g) 
is highly correlated with dough strength and loaf volume (data not shown). The formation of GMP 
depends on the glutenin subunits that are present. For example, high concentrations of GMP are obtained 
only with specific combinations and concentrations of HMW-GS. To explain this, it is postulated that in 
particular x-type HMW-GS can act as so-called "chain extenders" because they contain two or more free 
cysteine residues that enable polymerisation. In contrast, "chain terminators" decrease GMP content. 
These are thought to be high- or low-molecular-weight proteins or peptides with one cysteine residue that 
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inhibits polymerisation. Hence, it can be concluded that GMP content is directly correlated with 
breadmaking performance. 
 

 
 
Figure 3: Molecular weight distribution of gluten proteins and correlation of total polymeric protein and 
glutenin macropolymer (GMP) with maximum gluten resistance (Rmax) (adapted in part from Gupta et 
al., 1993). ω, ω-gliadins; α, α-gliadins; γ, γ-gliadins; LMW, low-molecular-weight glutenin subunits; 
HMW, high-molecular-weight-glutenin subunits. 
 

CONCLUSIONS 

It is now generally accepted that gluten functionality is determined by gluten composition. The GLI/GLU 
ratio and the GMP content are good parameters for predicting functional properties. Concerning gluten 
structure, it has been shown that non-covalent bonds are as important as covalent bonds. However, 
missing experimental evidence inhibits further insight into the structure of the polymeric fraction of 
gluten. It is thus useful to know what is needed for future gluten research. First, innovative methods for 
polymer analysis, especially to evaluate non-covalent bonds are of particular importance. Second, 
appropriate methods for detecting interactions between gluten proteins and other flour components or 
additives would also provide valuable information on gluten functionality. 
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Rheological Model for Wheat Flour dough 

S. CHAKRABARTI-BELL 1*  and J. BERGSTROM 2 
1CSIRO- Food and Nutritional Sciences, Australia. 2Veryst Engineering, USA 

ABSTRACT 

Bread dough is a complex material and to date, bread-making remains an art. The need for a rheological 
model that describes dough behavior has long been acknowledged to be a critical requirement in de-
mystifying dough quality. With the aim to develop such a mode, a study was undertaken to measure the 
rheological properties of a range of doughs using US and Australian flours, identify an appropriate model 
that described the experimental date and test the predictability of the model with respect to a processing 
operation. The true rheological properties of dough were measured in compression and extension. A 
filament stretching device was constructed to obtain consistent data for dough extension. Results showed 
dough to be a non-linear, rate-dependent material that is capable of undergoing large deformations with 
only moderate elastic recovery. Freshly mixed dough had additional complexities of anisotropy and 
Mullins softening, which could not be ignored. The Bergstrom-Boyce model, which has been known to 
capture large deformation behaviors of lightly cross-linked elastomers, was modified to include anisotropy 
and Mullins softening and applied to dough. A two-roll sheeter was constructed to measure roll forces and 
dough thickness. The sheeting process was modeled in finite element simulations as a plane-strain rolling 
operation using the commercially available software, Abaqus. The simulation predictions were in good 
agreement with experimental data for roll forces and dough thickness. Results showed that for tests and 
models to be meaningful in quantitatively representing dough quality, it is important not only to identify 
dough properties in the un-deformed state, but also to determine how dough changes following 
deformation. 
 

∗ Formerly of General Mills, Inc. 
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Gluten network formation, dough development and the 
mechanisms underlying glutenin particle disruption 

Clyde DON 
Foodphysica, Driel, The Netherlands 

ABSTRACT 

Gluten network formation in dough is a complex process. During dough mixing several events take place, 
the most well-known is dough peak resistance at a certain mixing time. At this peak resistance, the gluten 
network in the dough is considered to have reached its optimal visco-elasticity. However, the underlying 
mechanism is still unclear. In the past, the focus has been on thiol chemistry, and although the data is 
scanty, some of it points in the direction of disulphide bond cleavage and reshuffling. In this study, the 
effects of mixing under nitrogen at various mixing stages and the effect of thiol blocker NEMI at various 
dough resting stages were investigated. The experiments revealed that dough development is 
predominantly a physico-mechanical process (>75%) and that re-oxidation of disulphide bonds is not a 
prerequisite for the development of elasticity in resting doughs. 

INTRODUCTION 

The rheological properties of dough affect gasholding properties, loaf volume and the general texture of 
bread. Dough mixing is a key step in bread making. Optimally developed wheat flour dough has unique 
visco-elastic properties. It is well established that the wheat gluten proteins play a pivotal role in dough 
rheology. Gluten is a ‘blend’ of two proteins: insoluble glutenin and 70% ethanol soluble gliadin. Glutenin 
is a construct of HMW-GS and LMW-GS, linked together by disulphide bonds. The 1.5% SDS insoluble 
wheat protein is the glutenin fraction called Glutenin Macro Polymer (GMP). Several studies 
demonstrated that the quantity of GMP is correlated with dough strength and bread loaf volume. It has 
been observed that during dough development: 1) the solubility of the glutenin fraction increases, and 2) 
glutenin disulphide bonds are reduced. Thiol-reactive agents like cystein and NEMI speed-up dough 
development, while oxidative agents increase dough development time. A long-standing view is that 
dough development requires the cleavage of disulphide bonds. These reactions modify and re-arrange the 
glutenin polymers resulting in a visco-elastic gluten network. Graveland et al., (1980) observed that the 
GMP fraction does not become soluble during dough mixing, when mixing is done under nitrogen 
atmosphere. Apparently, without redox reactions involving oxygen, the required GMP breakdown cannot 
take place. Don et al., (2003) revealed some interesting factors concerning the GMP fraction. With CSLM, 
they showed that the glutenin macro polymer (GMP) contains glutenin particles on a mesocopic scale. 
Particle size measurements of the glutenin particles in aqueous suspension confirmed a size range of 1-100 
µm. GMP-gel stiffness (G’) is related to the average size of the glutenin particles. The initial average size 
of the glutenin particles in flour affects the mixing energy required to disrupt the glutenin particles and 
develop dough optimally. The discovery and study of glutenin particles indicates that mesoscopic glutenin 
aggregate structures are changed during dough mixing. From this work, it was suggested that mixing 
energy is the dominating actuator for dough development. However, it is not completely clear how:  

1. mixing under nitrogen atmosphere affects the glutenin particles and gluten network formation, 
2. thiol-group reactive components like cystein and NEMI affect glutenin particles and network 

formation.  
To improve our understanding of the factors that affect dough development, we set out to investigate the 
effects of mixing under nitrogen on dough visco-elasticity, GMP quantity, GMP-gel characteristics, 
glutenin particle size and the glutenin particle breakdown patterns. 

MATERIALS AND METHODS 

Flour materials and mixing experiments 
To acquire data on the effects of various mixing conditions, two experimental tracks were followed. In the 
first track, the GRL mixer was used on a high protein flour and low protein flour. The GRL mixer is 
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convenient when different atmospheric conditions are required; in this way, the effect of mixing under 
nitrogen vs. air can be revealed. The other experimental track used the Brabender mixer (10 g bowl) to 
reveal the effect of SH-reactive (blocker) NEMI. Table 1 summarizes the experimental set-up. 
 

Table 1 Materials and experimental set-up 
 Flour A Flour B 

 Amazon Canadian spring AC Phil Danish flour 
Protein 14.8 15.6 10.9 9.6 
GRL + Air     
GRL + N2     
GRL + Cys     
GRL + Cys + N2     
Brabender + Nemi     
Brabender     

 

Mixing 
GRL Mixer at 66 revs/min (Canadian Grain Commission), water dosage according to Brabender water 
absorption, under pure nitrogen vs. air atmosphere. A Brabender mixer (10 g bowl) was used for the 
NEMI experiments. Mixing was always according to the ICC method with 2% salt. In both experiments, 
after the appropriate mixing time, the dough was divided into two parts: one part was freeze dried, the 
other piece of dough (3 g) was placed inside the plate-plate geometry of a Bohlin rheometer for a flow-
relaxation test. The freeze dried samples were used to study GMP-gel characteristics. GMP characteristics 
were measured on a Bohlin rheometer and a Coulter LS. 
 

GMP from flour 
Flour (defatted) was suspended in 1.5% SDS (1.4 g flour in 28 mL) and centrifuged at 80.000 g for 30 
minutes at 20 °C in a Kontron Ultracentrifuge. Supernatant was decanted and the gel collected as GMP. 
 

GMP from dough 
The dough sample was freeze-dried after mixing. The freeze dried dough was powdered on a Retsch 
hammer-mill (0.25 mm sieve). GMP isolation was as described for flour. 
 

Flow relaxation 
Flow-relaxation measurements were carried out using a Bohlin VOR rheometer equipped with serrated 
plate geometry with a cross section of 30 mm. To measure flow relaxation, a piece of dough was placed in 
the rheometer geometry, after which the gap was set at 3 mm. Moisture loss from the piece of dough was 
minimized by placing a plastic cover over the measuring geometry. Since the insertion of the piece of 
dough may cause some stress, an equilibrium time of 10 minutes was set before the actual measurement. 
The measuring temperature was 30 °C. For the measurement, the sample was deformed by a strain of 
100% at a shear rate of 0.0208 1/s. The decrease in stress of the dough was recorded over time. The time 
necessary for the dough to relax to a stress of 50% of the initial stress was taken as the flow-relaxation 
halftime (t1/2). 
 

Voluminosity and size of GMP particles 
The viscosity of GMP dispersions was measured using an Ubbelohde capillary viscometer. The suspended 
particle voluminosity [η] is estimated from the intersect point for GMP concentration → 0. Particle size 
distributions of diluted GMP dispersions were determined by laser diffraction using a Coulter LS 130. In 
this instrument, laser light is scattered by the suspended particles and the generated diffraction pattern, 
which is a composite of the diffraction patterns of all the particles, is measured. For GMP, the composite 
diffraction pattern is calculated as a particle size distribution with 72 classes ranging from 0.3 to 900 µm 
using Fraunhofer theory.  
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RESULTS AND DISCUSSION  

GMP Breakdown and dough development for various mixing conditions in the GRL mixer 
The breakdown of GMP and visco-elastic development under various mixing conditions are given in the 
box below for the high protein flour Canadian Spring. The low protein flour (Danish) followed a similar 
pattern, the only difference being that less and weaker GMP was broken down faster, and dough 
development –if there was any- times were shorter. 
 

 
 
Figures 1-4: Upper left panel => GMP breakdown under air vs. nitrogen  
 Upper right panel => GMP breakdown under air vs. nitrogen + 50 ppm cystein  
 Lower left panel => Visco-elastic development under air vs. Nitrogen  
 Lower right panel => Visco-elastic development under air vs. nitrogen+50 ppm cystein 
 
The results shown in figures 1-4 demonstrate the effects of mixing under nitrogen atmosphere vs. air. On 
the GMP-gel, the results confirmed earlier experimentation by Graveland et al., (1980) showing a 
negligible breakdown of the GMP gel layer when doughs are mixed under nitrogen. Even the addition of 
50 ppm cystein seems to be ineffective when mixing is done under nitrogen. In contrast to the study of 
Graveland (1980), the dough visco-elasticity was measured at various mixing times. In order to make sure 
cystein was rheologically ineffective under nitrogen, mixing was prolonged (lower right panel). This 
showed no signs of later development. The Danish flour followed a similar pattern, only differing in 
development times: under air Canadian Spring ~18’ vs. Danish ~12’ | with addition of cystein under air: 
Canadian Spring ~10’ vs Danish ~ 6’. Under nitrogen, both flours showed no development. According to 
Don et al., (2003), the first step towards development is the disruption of glutenin particles. The results so 
far may indicate that glutenin particles are not disprupted under nitrogen. In order to investigate the 
particle disruption patterns, the GMP-dispersions were measured with a Coulter Laser. 
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 5a 5b 
 
Figures 5a-b. Glutenin particle sizes vs. various mixing conditions with Canadian Spring as shown in 
table 1. 
 
Figure 5a (left side) shows the disruption pattern under normal mixing conditions. Both the experiments 
for mixing in the GRL mixer under air showed the expected disruption of the glutenin particles as mixing 
proceeded. The starting point of a volume weighted mean of D(4.3) = 45 microns indicates the dominance 
of large glutenin particles in flour, much larger than starch granules (20 microns). Interestingly, figure 5b 
(right side) shows that even under nitrogen mixing, there was a remarkable disruption of glutenin 
particles. The disruption did not go as far as under air, and in addition, cystein slightly affected the 
disruption pattern. Nevertheless, in contrast to our expectations based on the GMP quantity and dough 
visco-elasticity (fig 1-4), the mixing action did push the glutenin particle disruptions close to the visco-
elastic development stage. This may still question the prerequisite of disulphide bond cleavage/reshuffling 
for dough development. A closer look at the thiol and disulphide determinations from Graveland et al. 
indicates that with redox mediated circumstances under air, 80% of the GMP disulphide bonds were left 
intact. Under nitrogen, almost all the disulphide bonds in GMP from flour were left intact (96%). Seeger 
and Belitz (1981) reported just 4-5% disulphide reduction. Clearly, these mixing experiments demonstrate 
that disruption of glutenin particles does not require disulphide cleavage. The glutenin particle size data in 
this paper shows that mixing under nitrogen results in 40% downsizing [D(4,3): 45 -> 27 µm]; mixing 
under air results in 54% downsizing [D(4,3): 45 -> 21 µm]. These results strongly suggest that glutenin 
particle disruption is at least 75% [(45 – 27) / 45 – 21) x 100%] a physico-mechanical process. Moreover, 
Lee et al., (2001) demonstrated that dough development is a matter of gluten dispersion; under nitrogen, 
mixing may have been insufficient to disperse the ‘covalently intact’ gluten-phase. 
Another issue in dough visco-elasticity is the need for disulphide bond re-oxidation during the dough 
resting stage. The common opinion is that after cleaving / reshuffling disulphide bonds during the mixing 
stages, re-oxidation and formation of “new” disulphide bonds, the dough becomes more elastic, hence the 
positive experience with oxidizing agents. To investigate the need for disulphide bond formation during 
the dough resting stage, doughs were prepared with and without thiol blocker NEMI. NEMI is assumed to 
block thiol groups and hence block the way to disulphide bond re-oxidation. The results concerning dough 
visco-elastic properties are summarized in figure 6a-b. The top of figure 6 shows two schematic mixing 
cuves on the observed effect of 15 mmol/kg NEMI on dough development time (DDT). For the high 
protein flour Amazon: normal dough development vs. + NEMI was 28’ vs. 13’ to peak. For the low 
protein flour AC Phil: normal dough development vs. + NEMI was 4’ vs. 2’ to peak. Observation of the 
decrease in DDT of thiol active reagents has often led to the view that the resulting doughs should be less 
visco-elastic. To check this assumption, flow-relaxation half times were measured. Figure 6a-b shows the 
flow relaxation half-times vs. dough rest time. Both for the high protein flour Amazon and the low protein 
flour AC Phil, the addition of NEMI did not in fact alter the visco-elastic properties of the gluten network. 
Even though upon feeling the dough directly after mixing, the NEMI treated doughs are “softer”, after > 
15’ rest time the dough becomes visco-elastic. This is indicated by the increase in the dough t-half times. 
It is very possible that physical interactions –as stated in the hyperaggregation model (Hamer & van Vliet, 
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2000) enable formation of a visco-elastic network and covalent bonds are not a prerequisite for dough / 
gluten network elasticity. 
 

NEMI

NEMI Normal

Normal

NEMI

NEMI Normal

Normal

NormalNormal NEMINEMI

 
 6a 6b 
Figure 6a-b. Flow relaxation half-times of resting doughs treated with NEMI vs. Normal 

CONCLUSIONS 

The experimental observations in this paper revealed some of the factors involved in the complex area of 
gluten network formation and dough visco-elasticity. The mixing experiments under nitrogen showed that 
by interfering with the normal disulphide bond cleavages during mixing, the glutenin particles still show a 
marked disruption. From calculation of the reduction in size, it can be calculated that glutenin particle 
disruption is at least 75% a physico-mechanical process. Further research with more dispersive mixers 
may even show that physico-mechanical dough development can be achieved without the need to 
covalently break down the ‘intact gluten-phase’. After mixing, during dough resting stages, a visco-elastic 
gluten network can be formed even when the way to disulphide bond re-oxidation has been blocked by 
NEMI. This is in agreement with the hyperaggregation model (Hamer & van Vliet, 2000), which states 
that there are also dominating physcial interactions at play during gluten network formation in dough 
systems. 
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Use of highly hydrated dough to study gluten development 
mechanisms using a multi-scale approach 
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ABSTRACT 

This study focused on the effect of dough water content on the mixing time and energy needed for the 
gluten network to develop. Flours from two wheat cultivars, Caphorn and Glasgow, were mixed at 90 rpm 
in a planetary mixer (P600, Brabender ®) using water/flour ratios ranging from 0.7 to 0.9. For each 
condition, we continuously recorded the torque, the mixing time and specific mechanical energy to peak 
development (tpeak and SME). 
Increasing dough water content led to a lag phase during which torque remained stationary while tpeak 
increased from minutes to hours. We postulated that the effect of water is linked to the instantaneous 
power (IP) delivered to the dough during the lag phase. 
This hypothesis is supported by the strong relationship linking IP and tpeak. The relationship was modeled 
by considering two independent parameters that are specific to the cultivar. The first is the IP threshold 
(IPmin) below which gluten development is hampered, and the second is the specific mechanical energy 
(ε) required for dough development. From this model, the SME required to develop the dough can be 
predicted according to the IP recorded during the lag phase during mixing. 
Our work demonstrated that the formation of the gluten network was driven by shear mixing and involved 
a “chemical maturation” process of the dough. The latter was achieved through a time-dependent reaction 
when IP was close to IPmin and was negligible at large IP. Our results enable the mechanical and 
chemical aspects of dough development to be combined in a single comprehensive mechanistic model. 

INTRODUCTION 

Achieving a visco-elastic dough by mixing flour and water is at the heart of bread making. Studies of 
dough formation are usually performed using a standard water content of around 0.6, and attention is paid 
to variables like flour physical-chemical characteristics, chemical additives or mixing speed. Yet the effect 
of these variables depends on the available water in the dough in a complex interaction. Furthermore, the 
W/F ratio affects dough consistency, i.e. the instantaneous power of the mixing process. Our objective was 
to formalize a mechanistic model of dough development that accounts for both the mechanical energy and 
the power delivered during mixing.  

MATERIALS AND METHODS 

1. Flours 
French commercial wheat grains (Cap Horn and Glasgow, harvest 2008) were milled on a Bühler 
laboratory mill (MLU 202, Bühler, Switzerland) according to AACC (2000) method 26-31. Moisture and 
ash contents were determined according to AACC methods (44-15A and 08-01). The protein content was 
determined according to the Kjedahl method. The characteristics of the flours are listed in table I. 
 
Table I. Flour characteristics 

Wheat cultivar Extraction rate (%) Dry matter (%) Ash (%db) Protein (%db) 
Cap Horn 69.1 86.8 0.53 11.7 
Glasgow 69.2 86.6 0.42 9.1 
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2. Dough development 
Flour-water blends were mixed at 25 °C using a planetary mixer bowl P600 (Brabender OHG, 
Germany) equipped with a mixing hook and thermostated with a water double jacket. The mixer 
was coupled to a Plastograph lab-station (Brabender OHG, Germany) which allows continuous 
recording of torque, speed and temperature. Total dough mass was 550 g and all the ingredients 
were equilibrated at 25 °C before mixing. 
Flour was added to the water and premixed for 1 min at 28 rpm. After the premixing step, the mixer was 
stopped for 1 min 30 to allow the dough to collect in the middle of the bowl. The premixing phase (total of 
2 min 30) was not taken into account in the evaluation of mixing parameters. Mixing was restarted at 90 
rpm until torque reached its maximum level (gluten network formation), referred to below to as tpeak. The 
W/F ratio ranged from 0.7 to 1 to obtain maximum torque of 3 N.m and tpeak in under 4 h (at 90 rpm). 
 
3. Calculation of mechanical parameters  
Total specific mechanical energy (SME) delivered during mixing was calculated from torque / speed data 
according to the following formula: 
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where ω and N stand for mixing speed (respectively in rad.s-1 and rpm), M for the dough mass (kg), Г(t) 
for the torque at time t (N.m), tpeak for the mixing time needed to reach the maximum torque. SME is 
expressed in kJ/kg. 

Instantaneous power delivered to the dough during the lag phase (IP) corresponds to lag
M
N

IP Γ= )60/(2π
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RESULTS AND DISCUSSION 

1. Effect of water content on dough rheology during mixing 
On a macroscopic scale, peak torque corresponds to the transformation of the dough from a pseudo-
Newtonian fluid into a visco-elastic one. During the lag phase, torque data can be converted into effective 
viscosity using the Metzner-Ottor approach (Auger F., PhD thesis, 2008). Fig. 1 shows the change in 
viscosity during the mixing of Glasgow flour doughs prepared at five different water / flour ratios ranging 
from 0.73 to 0.91. 
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Fig 1. Changes in viscosity during dough mixing.   
Glasgow flour dough, W/F ratios from 0.73 to 0.91 
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For each water/flour ratio, the change in viscosity took place in three steps: an initial reduction in 
viscosity, a stable viscosity phase (lag phase) followed by an increase until maximum viscosity was 
reached. The similarity of the changes in viscosity irrespective of W/F ratio suggests common underlying 
mechanisms for gluten network development. 
The duration of the initial reduction in viscosity and of the final increase in viscosity rise was identical 
under all experimental conditions: approximately 2 minutes and 5 minutes, respectively. Final dough 
viscosity, which ranged from 20 Pa.s to 25 Pa.s, was also similar under the different conditions. Once the 
gluten network was formed, apparent dough viscosity became independent of water content. 
Contrasted behaviour was observed during the lag phase when the dough behaved like a pseudo-
Newtonian suspension. Here the increase in W/F ratio directly affected viscosity. Viscosity levels 
coincided with the increase in dough mixing development times. The dough with the lowest W/F ratio 
(0.73) had a short lag phase, 1 minute. The corresponding viscosity during the lag phase was 19 Pa.s. The 
dough with the highest W/F ratio (0.91) had a clear lag phase of 90 minutes with a viscosity of 3.5 Pa.s.  

 
2. Relationship between IP and tpeak 
The mixing speed was constant for all the experiments (90 rpm). The instantaneous power delivered to the 
dough by the impeller during the lag phase is thus only related to the apparent viscosity. As dough 
development requires an energy transfer, the observed effect of water content on tpeak may be attributed to 
the instantaneous power delivered to the dough. Fig. 2 shows the relation between IP and 1/tpeak for 
cultivars Glasgow and Cap Horn. 
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Fig 2. Relation between the instantaneous power delivered to the dough during the lag phase and  (1/tpeak) 
in Glasgow and Cap Horn cultivars. 
 
For each cultivar, the values 1/tpeak were correlated with IP with R²>0.95. This correlation supports the 
hypothesis that IP is the motor of dough development and accounts for the impact of W/F ratio on tpeak. 
The relation between IP and 1/tpeak differed in the two cultivars. For an identical power delivery, dough 
development required a longer mixing time for Caphorn than for Glasgow. 
 
3. Energy required for dough development 
The linear relationship linking IP and tpeak can be expressed as (1):  
 

minIPIP
tpeak −= ε  (1) 

Where  ε = (slope of figure 2)-1, in kJ/Kg,   
and  IPmin = -(Y intercept of the slope of figure 2). ε, in kJ/kg/min. 
The general form tpeak = ε / (IP-IPmin) suggests the existence of a flour specific energy requirement (ε) 
accounting for flour particle disruption, modification of glutenin polymeric proteins and ultimately 
formation of the gluten network. The difference in energy requirements for the two cultivars (38 and 



Xth International Gluten Workshop, 2009 

98 

9 kJ/kg) shows to what extent the wheat cultivars differ in their aptitude to develop. Hence, Cap horn has 
an energy requirement of 38 kJ/kg, four times higher than that of Glasgow (9 kJ/kg). 
The existence of threshold IP (IPmin) below which dough development is hampered suggests that some 
inertia has to be overcome to enable the gluten to develop into a network. The estimated minimum 
instantaneous power allowing dough development was 0.79 kJ/kg for Cap Horn and 0.18 kJ/kg for 
Glasgow. 
 
Fig 1 shows that an increase in W/F ratio decreases dough viscosity but increases tpeak: a reduction in the 
mixing power delivered increases mixing time. The change in total work input spent (SME) is linked to 
the weight of these two variables (IP and tpeak). Fig. 3 shows changes in SME with IP. 
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Fig 3. Relation between instantaneous power delivered to the dough during the lag phase and SME needed 
to develop for Glasgow and Cap Horn doughs prepared at W/F ratios of 0.7 to 0.9. 
Dashed lines are guidelines. 
 
For Glasgow, SME was constant for IP values ranging from 150 to 40 kJ/kg/mn and increased below 40 
kJ/kg/min. For Cap Horn, SME was constant for approximately 200 to 100 kJ/kg/min. SME was always 
higher for Cap Horn than for Glasgow. Below a given IP threshold, which varied with the cultivar, SME 
started to increase sharply.  
 
Considering SME ≈ PI.tpeak, it is possible to link this evolution to equation (1): 
 

minIPIP
tpeak −= ε  

 

So 
minIPIP

IPIPtSME peak −=×= ε  (2) 

Equation (2) gives SME as the combination of the flour specific energy requirement ε, with the product 
IP/(IP-IPmin.). When the W/F ratio is low, IP remains well above IPmin so that SME tends to ε . When 
W/F increases, IP drops close to IPmin and, as a consequence SME diverges from ε to infinity.  
 
4. Existence of a time-dependent reaction 
Equation (1) can be expressed in order to reveal the dual impact of IP on tpeak determinism:  

 
 

 

So ε=×− peaktIPIP )( min  

minIPIP
tpeak −= ε
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 So 
IP

t
IP

IP
peak

ε=×− )1( min  (3) 

In the right part of equation 3, IP appears to be the driving force of gluten development. When IP is high 
compared to IPmin, peak time is achieved as soon as the flour specific energy (ε) is delivered to the 
dough. In the left part, the IP/IPmin ratio appears to act just like a time damper, since it is a dimensionless 
variable. So one way to describe dough development is to say that when IP tends to IPmin (with a high 
W/F ratio) a time dependent reaction has to proceed before IP plays its role as driver. 
 
To confirm this, the effect of a mixing stop was tested during dough development. Figure 4 shows that 
dough development was achieved in almost the same time whether or not mixing was applied during the 
lag phase. The high W/F ratio used was chosen in order to exemplify our findings. 
It is interesting to note that with the mixing stop, SME to tpeak was 36 kJ/kg, i.e. close to ε (38 kJ/kg), and 
far from the SME 80 kJ/kg recorded without the stop. 
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Fig 4. Dough development of the Cap Horn cultivar with and without a mixing stop (W/F=0.91) 

CONCLUSIONS 

The water/ flour ratio has a significant impact on mixing time and SME spent to achieve the formation of 
the gluten network. Dough water content determines the instantaneous power delivered to the dough by 
the mixer (IP). With the flour specific energy requirement (ε), and the gluten inertia (IPmin), IP controls 
the time needed for gluten network development. The mechanism leading to dough percolation by a gluten 
network is motion dependent. It requires a flour specific energy input (ε) which is probably related to 
gluten protein composition. When close to the system inertia (IPmin), IP remains ineffective until a time-
dependent modification of the dough occurs. The reaction can be assimilated to a dough “chemical 
maturation” process, which circumscribes gluten development, until its completion. At high IP values, the 
“chemical maturation” of the dough appears to be useless and shear alone ensures gluten spreading into a 
filamentous network. The exact nature of the “chemical maturation” of the dough will be investigated in 
our future works. 
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Studies of the viscoelastic properties of dough during mixing 
by high speed phase and amplitude measurement 

I. A. ALDEN, M. L. BASON and R. I. BOOTH 
Newport Scientific Pty. Ltd., Warriewood, NSW, 2102, Australia. 

ABSTRACT 

The viscoelastic properties of bread dough are important indicators of its process and end-use potential. 
Traditionally separate instruments have been used to assess the mixing and baking properties of flour, the 
former (e.g. doughLAB, Farinograph) essentially measuring dough viscosity and the latter (e.g. 
Extensograph, Alveograph) measuring elasticity. A single test would be preferable. A doughLAB with a 
300 g sigma arm mixing bowl was modified to allow capture of torque (stress) and blade position (strain) 
data at high speed during dough mixing. Data was collected from mixing tests of strong and weak flour 
under standard test conditions (optimum water, 30 oC, 63 rpm slow blade, 20 min). Shifts in amplitude and 
phase angle of the cyclic torque data were analysed to determine whether additional information on the 
viscoelasticity of the dough could be obtained using this approach. Stronger flours exhibited higher RMS 
at optimum development time, with weaker flours exhibiting a greater reduction in this parameter on over-
mixing. Trends in the phase shift were also most evident in the weaker flours from optimum to over-
mixed. The method shows promise as a novel approach to obtain more extensive viscoelastic data from a 
standard mixing test, to better characterise flour for mixing and baking. Further work is required to 
validate these results on more samples and at higher mixing speeds. 

INTRODUCTION 

The unique rheological properties of wheat flour dough ideally suit it for producing leavened bread. When 
mixed to the right consistency, gluten proteins disperse, entangle or cross-link, and develop a viscoelastic 
dough structure that supports the bubbles formed during subsequent leavening and baking until heat sets 
the loaf.  
 
Traditionally separate instruments have been used to assess the mixing and baking properties of flour. 
Mixing properties, and particularly water and energy requirements to develop dough to its optimum, are 
commonly measured using sigma-arm mixers such as the doughLAB or Farinograph, which essentially 
measure dough viscosity. Final loaf quality is more commonly estimated by large scale dough extension 
devices such as the Extensograph, Alveograph or Kieffer rig, providing measures of elasticity (Kieffer et 
al., 1998, Weegels and Hamer 1989). A single, process-relevant test would be preferable.  
 
These sigma-arm mixers are geared 2:3 to counter-rotate the blades downwards along the bowl’s central 
ridge (Fig. 1). In a standard test, the rotational speed of the slower driven (left) blade is 63 rpm, giving a 
complete cycle time of 1.90 sec. These instruments produce a cyclic sinusoidal torque (stress) signal in 
phase with the rotational frequency of the two mixing arms as the dough develops (Voisey et al., 1966, 
Bloksma 1984). The objective of this study was to determine if this stress data could be combined with 
blade position (strain) data, to provide torque phase and amplitude data that might provide insight into the 
viscoelastic properties of dough in a single test.  
 

 
Figure 1: Top view of sigma-arm mixing bowl with the rhs blade oriented at 108o of the three turn cycle. 
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MATERIALS AND METHODS 

Four commercial wheat flours ranging from weak to strong (biscuit, general purpose and two baking 
flours) were obtained and a fifth very strong flour created by mixing one of the baking flours with 20% 
vital gluten. Dough mixing tests were conducted in duplicate for each flour on a doughLAB fitted with a 
300 g sigma-arm mixing bowl (Newport Scientific, Warriewood, Australia), following the AACC method 
54-21 (30 oC, 63 rpm slow l hs mixing blade, 20 min, water addition optimised to 4903 mNm (500 FU) 
peak). A viscous Newtonian material (1200 mL glucose syrup, Queens Fine Foods Pty. Ltd., Australia) 
was also tested using the same profile. 
 
An external data acquisition system was used to capture torque (stress) and blade position (strain) data 
during mixing. This system involved fitting a 12 bit (4096 resolution) absolute position sensor (Renishaw 
RE22 rotary encoder, Renishaw, Gloucestershire, UK) geared 1:3 to the rhs mixing blade in the 
doughLAB, allowing one turn to capture one 2:3 blade cycle in the mixing bowl. The raw torque signal 
was sampled after amplification in the doughLAB. Data was digitised at approx. 5 KHz sampling rate 
using a 16 bit ADC card, and stored for further processing. 
 
Data from each test was analysed and processed using purpose written software (python with matplotlib 
and scipy modules). A graphical user interface was developed to allow the user to plot a cycle of torque 
data and compare it to another cycle at any stage in the mixing test. Each cycle was identified by absolute 
blade position 0 (cf. Fig. 1) and plotted with torque vs. relative time and position. Data was filtered using a 
running average of 500 samples, and a Fourier transform also plotted to detect underlying frequencies. 
Mean, standard deviation, and angular displacement of the peaks in the cyclic torque data were calculated 
based the three rotations (1080o) of the rhs blade per cycle. This data was subsequently extracted at peak 
dough development time and at two minute intervals throughout the mixing tests. 

RESULTS AND DISCUSSION  

Standard mixing properties of the five flours were indicative of weak (biscuit) through very strong (gluten 
fortified) flours (Fig. 2, Table 1).  
 

 
 
Figure 2: Dough development curve of (a) bakers flour 1 and (b) midline torque curves for all five flours. 
 
Table 1. Standard dough mixing properties of the flour samples (mean of duplicates). 
Flour Peak (FU) WA (%) DDT (min) Stability (min) 
Biscuit 517 58.7 2.0 3.1 
Medium 500 66.8 2.6 13.2 
Bakers 1 490 63.1 5.6 12.4 
Bakers 2 496 69.2 9.8 - 
Bakers 2 + Gluten 509 82.3 19.0 - 
 
High speed cyclic torque data showed six peaks that coincided with the six transverse horizontal positions 
of the faster rhs blade in the bowl during its three revolutions in a mixing cycle (Fig 3). At these six peaks, 
the dough was being forced onto the central ridge of the bowl. Since the blades were not horizontal along 
the longitudinal axis, the dough was progressively ‘scissored’ as the blade edge entered the barrel region. 

(a) (b) 
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The dominance of the six peak structure was evident in the Fourier transforms of the data, yielding the 
major peaks at approx 3 Hz (Fig 4). Phase angles were similar for all five doughs when mixed to their 
optimum development times (Figs. 3, 4), but amplitudes were higher in the stronger doughs (Fig. 5). 
 

 
Figure 3: Cyclic torque data at peak dough development for the five flours. One cycle yielded 1080o 
rotation of the rhs mixing blade in 1.90 s. 
 

 

 
Figure 4: Cyclic torque data at optimum development time (solid lines) and after 20 min mixing (dashed 
lines) for (a) weak biscuit flour and (c) strong baking flour with (b, d) corresponding Fourier transforms.  
 
On over-mixing, the overall torque and its amplitude decreased, most notably for the weaker flours (Figs. 
4, 5a). Whilst related to bandwidth in standard mixing tests, amplitude provides a standardised RMS 
statistic using all of the data in a cycle. It could further be normalised against mean cycle torque. This 
change in amplitude through a mixing test appears to be a useful measure of dough resilience. 
 
Over-mixed doughs also showed phase shifts to the right for all six peaks, most notably in the weaker 
flours (Fig. 4a, 5b). Previous work has demonstrated reduced elasticity in over-mixed doughs (Bason et 
al., 2007). Tests of the viscous glucose syrup yielded torque cycles with peaks coinciding with vertical 
positioning of the rhs mixing blade (data not shown), markedly different to the dough’s behaviour. The 
sigma-arm bowl is not analogous to an oscillating rheometer, where more viscous materials show a left-
shift in phase angle. The dough phase results observed here might be explained as follows: For a given 

(a) 

(b) 

(c) 

(d) 
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overall torque, more elastic dough would retain more oppositional energy so push harder sooner when 
forced against the mixer’s central ridge, then be rapidly cut and slip on the wall as the blade enters the 
barrel. By contrast, more viscous dough would build up force against the ridge less quickly, and tend to 
shear more before cutting and slipping along the barrel wall, retarding the torque peak. If valid, the phase 
angle and its rate of change during mixing could provide an index of the dough’s elastic behaviour. 
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Figure 5: Changes in (a) amplitude and (b) average phase angle of flour doughs during mixing. 

CONCLUSIONS 

The cyclic torque peaks observed in dough during mixing coincided with the dough being forced against 
the mixer ridge prior to scissoring into the barrel. Stronger doughs showed higher torque amplitudes at 
optimum development time. On over-mixing, the weaker doughs showed greater decreases in overall 
torque and amplitude, and phase shifts to the right. Torque amplitude and its rate of change during mixing 
gave an indication of the dough’s resilience. The phase angle and its rate of change during mixing could 
additionally provide an index of the dough’s elastic behaviour. In combination with the standard torque 
data, these novel measures of dough rheology potentially provide a more complete indication of dough 
viscoelastic properties during development in a single test. More work is required to model the cyclic data, 
confirm these results at higher mixing speed and to relate this data with baking properties. 
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ABSTRACT 

Sedimentation volume or Zeleny index is a very simple but important value for qualifying or grading 
wheat flours or semolina. Until today, measuring procedures have been carried out manually. In some 
fields, the amount of sample available for testing is very limited. To solve these difficulties, new, 
combined, automatic equipment (SediCom System) and related methods were developed which are 
suitable for the determination of sedimentation values at either macro- and micro-scale. Following the 
design and construction of the instrument, the new macro- and micro-methods were validated and tested in 
different applications. Both macro- and micro-methods and their results fulfil the requirements of standard 
methods, their application is less time consuming and they show better reproducibility. The micro method 
is applicable in different research fields. In breeding studies, hundreds of unique wheat varieties from field 
trials were analyzed and the effects of environmental conditions and treatments on swelling properties 
investigated. The micro-scale test was also shown to be a useful tool for improving near infrared (NIR) 
calibration for the prediction of the Zeleny sedimentation value. The molecular background of swelling 
and sedimentation process was also studied with the new instrument. QTL analysis and multivariate 
analysis on a double haploid mapping population indicated that some gliadins and the total amount of 
polymeric proteins in the flour are mostly responsible for the variation in the Zeleny index of the wheat 
samples investigated. 

INTRODUCTION 

The first relationship between the colloidal swelling properties of gluten and the bread-making quality was 
described in 1916 by Upson and Calvin. Colloidal swelling properties of gluten proteins can be 
characterized with different measurements, like Zeleny and SDS sedimentation tests (Zeleny, 1947; 
McDermott et al., 1977), determination of gel proteins (Weegels et al., 1994) and swelling index (Wang 
and Kovacs, 2002). All these measuring procedures are relatively simple. The measured parameters 
correlate well with protein quantity and quality and consequently with other dough rheological properties 
and breadmaking quality (Zeleny, 1947; Axford et al., 1979; Branlard et al., 1991; Pasha et al., 2007) and 
even with other functional properties of different cereals (Holmes, 1990). After many revisions and 
modifications, the measurement of sedimentation volumes has become the standard method (ISO 
5529:2007, ICC Standard No. 116/1, AACC Methods 56-60 – 56-70) and is used worldwide for 
qualification or grading of wheat flours. 
Due to the simplicity of the measuring procedures, sedimentation tests could be useful for overall protein 
quality characterization in breeding processes (Branlard et al., 1991; Sontag-Strohm and Juuti, 1997; 
Pasha et al., 2007). In this case, the bottleneck in application is the amount of sample available for testing 
– mainly in the early stages of breeding. The situation is similar in protein research: for example in 
investigations of the molecular and/or genetic background of wheat protein functionality, where the 
amount of seeds originating from special wheat/cereal lines or the expressed protein subunits studied in 
incorporative, additive or comparative experiments is very limited. Results in recent decades show that 
with the help of multivariate statistical methods, it is possible to identify HMW and LMW subunits and 
genes on different loci are responsible for specific functional characteristics (Khelifi et al., 1992; Sontag-
Strohm et al., 1997). These relationships could help evaluate mathematical models for the prediction of 
quality parameters of wheat (Békés et al., 2006.).  
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Despite the very frequent use of sedimentation tests, their measuring procedures are still carried out 
manually. In addition, the above-mentioned cases reveal the need for small-scale methods and instruments 
that are not currently available. Therefore –on the basis of our previous results and activities (Tömösközi 
et al., 2000) - an automated sedimentation tester was developed and sold by our department in 
collaboration with a Hungarian industrial partner, Lab-Intern Ltd. This instrument can also be used for 
standard- and micro-scale measurements, where the sample requirements are 3.2 g and 0.4 g of flour, 
respectively (Tömösközi et al., 2007.). The goals of the work presented here were to validate the Zeleny 
methods we developed and to show the first results obtained with the application of the new measuring 
system. 

MATERIALS AND METHODS 

Twenty-one Hungarian wheat varieties grown at two different sites in Hungary were used for application 
tests, validation procedures and to study the quality stability of cultivars. The samples originated from the 
Pannon Wheat Quality Programme, and included the most frequently used local varieties. The field trials 
were organized on the basis of the statistical experimental design. The main goals of the Pannon project 
are to modernize the national wheat qualification system and to improve the stability of Hungarian wheat 
varieties. The programme is funded by the Hungarian National Office for R+D. 
Investigation of a wheat population from Central Asia including 12 local cultivars with wide biodiversity, 
grown at four sites with contrasting climate and soil types (more than 700 samples), allowed us to study 
the effectiveness of the new test in monitoring genetic and environmental effects on wheat quality. These 
two groups of samples were also used for NIR calibration studies.  
For the investigation of the genetic background of sedimentation characteristics, samples of a double 
haploid population of cultivars (Chara and Glenlea, produced by CSIRO) were used.  
 

The micromill type FQC-2000 (Metefém Ltd, Hungary) and a prototype micro sieving machine were used 
for milling and for the separation of semolina in the case of the Hungarian and Central Asian samples, 
while the Australian lines were milled on a Buhler mill.  

 
Figure 1. The newly developed SediCom System  
 

Macro- and micro- Zeleny values were determined according to ICC Standard No. 116/1 using the newly 
developed Sedicom System® (LabIntern Ltd, Hungary, Figure 1). Except for the Hungarian samples, all 
measurement were carried out with the micro-scale Zeleny test, where 0.4 grams of sample, 6.25 ml 
bromophenol blue and 3.2 ml lactic acid solution were used. Measurement and data processing were 
performed automatically with SediCom Software. 
The NIR spectra were scanned with FOSS Infratec™ 1241 Grain Analyzer (FOSS Analytical AB, 
Sweden) and evaluated with WinISI II v1.50 (InfraSoft International LLC, 2000) using the partial least 
squares (PLS) method. 
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The statistical evaluation of analytical results and correlation relationships were calculated using Statistica 
7.0 Software (StatSoft Inc, USA). QTL analysis was used to characterise the molecular background of the 
Zeleny values. 

RESULTS AND DISCUSSION 

The basic test of the newly developed Zeleny apparatus is the exactness of the measured values. Therefore 
a complete validation process was carried out using a relatively wide range of wheat populations and 
including the uncertainty resulting from the biodiversity and from the environment -related variation of 
quality of the wheat varieties. Zeleny values obtained with macro- and micro-scale tests were compared 
with the results of the ICC Standard method. The repeatability of the methods was also checked.  
Zeleny sedimentation values obtained with both the macro (3.6g) and micro (0.4g) methods showed 
excellent correlation with those of the standard procedure (Figure 2), while repeatability and 
reproducibility were found to be improved significantly by the automation of the measuring procedure and 
by the more sensitive digital detection applied.  
 

 

 
 

 

 

Figure 2. Relationships between the results obtained with ICC Standard No. 116/1 and newly developed 
macro- (A) or micro- (B) measurements 

 

The sedimentation tests made with the new equipment were successfully used to characterise large sample 
populations. For both the Hungarian and Central Asian sample sets, Zeleny values varied widely among 
samples and depended to a great extent on both the genetic and environmental origins of the samples. 
Figure 3 shows the distribution of measurements based on growing sites (left) and varieties (right) for the 
Central Asian population, based on principle component analysis. 
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Figure 3. Genetic and environmental effects on sedimentation values in a Central Asian wheat population 
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In the case of NIR calibrations for Zeleny sedimentation values, the highest correlation coefficients (R2) 
between the reference and the predicted data was 0.694. In most cases, our results based on NIR scans of 
intact seeds reached or exceeded the R2 values of results of published experiments based on smaller 
sample populations of flours. Adding new samples to the sample populations increasing the G x E 
variations and the year-by-year recalibrations of extended sample set could improve the robustness of 
local NIR calibrations for Zeleny values. 
 
Zeleny values revealed a number of QTLs in the Chara x Glenlea mapping population. The QTL with the 
largest effect was located close to the alpha gliadin gene on chromosome 6A. QTLs were also detected on 
Group 5 and Group 3 chromosomes, the largest on chromosome 5A. A moderate effect was detected at the 
GluD1 locus. Hereditability and relationships (r2) between the sedimentation value and some functional 
parameters are shown in Table 1. Together with the results of the QTL analysis, these data indicate that 
the sedimentation test is related to other aspects of gluten composition than those of Rmax and 
extensibility.  
 
Table 1. Heritability and relationships (r2) between the sedimentation value and some functional 
parameters 

Heritability 0.550 
Protein content 0.537 
Farinograph  

Dough development time 0.020 
Peak resistance 0.414 

Maximum bandwidth 0.335 
Resistance breakdown -0.046 
Bandwidth breakdown 0.021 

Time to max. bandwidth -0.021 
Extensograph  

Maximum resistance 0.390 
Extensibility -0.112 

RVA  
Peak viscosity -0.016 

Time to peak viscosity 0.494 
Final viscosity 0.185 

UPP% -0.072 
Glu/Gli -0.085 

 
While these rheological parameters are mostly determined by the HMW and LMW glutenin subunits and 
directly related to the size distribution of the polymeric proteins in the flour, the sedimentation value is 
determined by other factors including monomeric protein composition. Based on multivariate statistical 
analysis, it was also found that micro-Zeleny test results and the amount polymeric protein in flour 
(protein content multiplied by the glutenin content of the proteins) are highly correlated, indicating that the 
total amount, rather than the size of the polymers, is important in this relationship. 

CONCLUSIONS 

Sedimentation methodology, using the automated micro equipment can be efficient in breeding at early 
stage of selection for quality. It should also be useful in basic research as a tool to enhance understanding 
of relationships between structure and functionality as well as in routine wheat quality control in the grain 
industry.  
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Amount and distribution of polymeric and monomeric 
proteins in a doubled haploid wheat population and its 

relation to some quality characteristics 

M.T. LABUSCHAGNE  and A.VAN BILJON 
Department of Plant Sciences, University of the Free Sate, P.O. Box 339, Bloemfontein, South Africa 

The amount and distribution of polymeric and monomeric proteins is known to influence quality in wheat. 
The aim of this study was to determine how these proteins influence quality in a doubled haploid (DH) 
population of wheat grown in different environments and seasons. The DH wheat population was 
developed from a F1 cross between Kariega (a hard red South African bread wheat of excellent quality) 
and Avocet S (a standard white Australian spring wheat), using the wheat-maize technique. Size exclusion 
high performance liquid chromatography was used to determine the amount and distribution of polymeric 
and monomeric proteins in 21 DH lines. The trials were planted in the greenhouse and the field for two 
consecutive seasons. The influence of the lines was significant for all measured proteins, except SDS 
soluble (SDSS) large polymeric proteins. Total unextractable polymeric proteins were significantly 
influenced by the season. SDSS large and small polymeric proteins were correlated with mixograph 
development time (negatively), and kernel weight and amylopectin content (positively). The SDSS large 
monomeric proteins were correlated with kernel diameter (positively) and amylopectin content 
(negatively). The SDSS small monomeric proteins were negatively correlated with kernel diameter and 
hardness. The unextractable large polymeric proteins were correlated with kernel weight. The 
unextractable small polymeric proteins were positively correlated with all kernel characteristics, and 
mixograph development time. The large and small polymeric proteins had a strong relationship with 
kernel weight. The total unextractable polymeric proteins were negatively correlated with SDS 
sedimentation and the large unextractable polymeric proteins with mixograph mixing time. Therefore both 
monomeric and polymeric proteins influenced quality characteristics, and although determined 
genetically, they were also influenced by the environment and the season.  

INTRODUCTION 

Apart from the amount of protein in flour, size distribution of the gluten proteins is probably the most 
important factor influencing dough characteristics. This involves the ratio of the polymeric to the 
monomeric proteins, but also the size distribution of the gluten proteins. Glutenin polymers are formed 
from glutenin subunits by the formation of disulfide bonds (Wrigley et al., 2006). The amount of sodium 
dodecyl sulphate insoluble glutenin is directly related to loaf volume potential (Sapirstein and Fu, 1998). 
Uthayakumaran et al., (1999) concluded that the protein content and glutenin-to-gliadin ratio have 
different roles in determining the various dough and bread quality parameters. The composition of 
proteins and protein subunits is genetically determined (Johansson et al., 1993; MacRitchie, 1999). 
However, the relative quantity of specific proteins, protein subunits, and protein groups, as well as amount 
and size distribution of polymeric proteins vary due to environmental conditions. The variations in total 
flour protein content, the amount of different protein fractions and size distribution of glutenin polymers 
influence of dough mixing properties (Zhu and Khan, 2001). The aim of this study was to evaluate the 
effect of different polymeric and monomeric proteins, and the ratio between them on quality 
characteristics in a double haploid population of wheat parents differing in high and low molecular weight 
glutenin subunits, and baking quality. 

MATERIALS AND METHODS 

A doubled haploid wheat population was developed from a F1 cross between Kariega and Avocet S, using 
the wheat-maize technique. Kariega is a hard red South African bread wheat of excellent quality, and 
Avocet S is a standard white Australian spring wheat. The two cultivars had the same Glu-D1 complement 
of 2+12, but Kariega had Glu-A1 2* and Glu-B1 17+18 and Avocet S had null on the Glu-A1 and 7+8 on 
the Glu-B1. The trials were planted in 2006 and 2007 in the field and in the greenhouse. A randomized 
complete block design with two replications was used. The field trial was planted in a farmer’s field, using 
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the same production practices as those used by the farmer. The greenhouse trial consisted of 10 single pots 
per replication, with one plant per pot. Fertilizer and water was given to ensure optimum growing 
conditions. Proteins were extracted from the wheat flour with a procedure developed by Gupta et al. 
(1993). The first step extracts the proteins soluble in dilute SDS, while the second step extract contains 
proteins soluble only after sonication. For the first extraction, 0.017 g of flour was suspended in 1.5 mL of 
0.5% (w/v) SDS phosphate buffer (pH 6.9) and vortexed for 10 sec. Samples were stirred for 5 min and 
centrifuged for 30 min at 10 000 rpm to obtain the supernatant protein. The supernatant, containing 
extractable proteins (mostly monomeric), was passed through a 0.45-µm filter and subjected to SE-HPLC 
fractionation. The pellet was subsequently resuspended in SDS buffer as above and sonicated in an 
ultrasonic disintegrator (Branson B12 sonifier) for 30 sec, amplitude 5, while moving the tube slowly up 
and down. The samples were centrifuged as above, to obtain supernatant containing unextractable 
proteins. Extracts were filtered through 0.45-µm filters before running on the HPLC system. Aliquots of 
20 µL of each extract were injected into a BIOSEP SEC-4000 Phenomenex column on a Shimadzu 
Prominance System HPLC (Shimadzu Scientific instruments, Tokyo, Japan) and run for 30 min with a 
flow rate of 0.2 mL/min. The elution solvent used was 50% acetonitrile in water (v/v) with 0.1% of 
trifluoroacetic acid (v/v). The solvent was previously filtered and degassed. Proteins were detected by UV 
absorbance at 210 nm. Areas of the different peaks were calculated. The measured HPLC fractions were 
SDS soluble and SDS insoluble, with each chromatogram subdivided into larger polymeric proteins, 
smaller polymeric proteins, large monomeric proteins, mainly gliadins, and smaller monomeric proteins, 
mainly albumins and globulins. The four major peaks eluted at 9–20 min. The areas of the major peaks 
were expressed as a percentage of the total area. The percentage of total unextractable polymeric protein 
in the total polymeric protein [(SDS-insoluble large and smaller protein polymers)/SDS-soluble and -
insoluble large and smaller protein polymers)] and the percentage of large unextractable polymeric protein 
in the total large polymeric protein (SDS-insoluble large protein polymers)/(SDS-soluble and SDS-
insoluble large protein polymers) was calculated. 
 
Quality analysis 
Values measured were SKCS (single kernel characteristic system) seed weight (Approved Method 53-31; 
AACC International 2000), SKCS seed diameter (Approved Method 53-31), SKCS hardness index 
(Approved Method 53-31), flour protein content (Approved Method 39-11), SDS sedimentation (SDSS) 
and mixograph development time (AACC method 54-40A). Starch content was determined using a total 
starch amyloglucosidase/α-amylase assay kit, and amylose content was determined using an 
amylose/amylopectin assay kit (Megazyme International Ireland Ltd, Bray, Ireland). Analysis of variance 
and correlation analyses were done with Agrobase Gen II (2009). 

RESULTS AND DISCUSSION  

All data were averaged for both trials and both seasons. The SDS soluble large polymeric proteins and the 
total unextractable polymeric proteins were the only fractions not significantly influenced by genotype 
(Table 1). The location significantly influenced all the fractions, showing that growing conditions largely 
influence the expression of the proteins. The total unextractable polymeric proteins were only influenced 
by the year and the interaction between the year and the location. The SDS insoluble small polymeric and 
large monomeric fractions were not influenced by the season or the interaction between the entries and the 
location. 



 

 

Table 1. Mean squares for monomeric and polymeric protein fractions over locations and years  
Source LPP1 SPP1 LMP1 SMP1 LPP2 SPP2 LMP2 SMP2 TUP LUP 
Entry 0.64 12.55** 13.63** 6.43** 91.23** 19.75** 74.61** 13.71** 29.03.87 0.003** 
Location 63.41** 693.41** 180.48** 2249.66** 707.13** 330.26** 460.52** 543.17** 535.43 0.11** 
Entry x Loc 0.57 12.58** 8.81** 8.06** 17.06* 9.69 8.039 6.925** 2943.88 0.003** 
Year 80.16** 530.90** 274.31** 229.06** 544.72** 19.61 27.63 185.81** 10848.21* 0.16** 
Year x Loc 60.35** 1661.38** 2306.07** 0.648 624.36** 120.75** 434.15** 229.51** 12803.07* 0.172** 

(Abbreviations are given in Table3) 
 
Table 2. Mean values for different protein fractions over locations and seasons 

Source LPP1 SPP1 LMP1 SMP1 LPP2 SPP2 LMP2 SMP2 TUP LUP 
DH1 1.90 15.21 67.44 15.41 12.95 39.36 36.91 10.79 78.19 0.11 
DH2 1.22 12.55 69.87 16.36 14.36 39.01 35.49 11.15 102.17 0.07 
DH3 1.38 14.42 68.86 15.35 15.17 35.49 38.65 10.69 96.81 0.07 
DH4 1.51 12.28 69.76 16.45 17.71 36.97 34.62 10.68 85.85 0.08 
DH5 1.48 12.19 70.20 16.14 19.76 39.26 31.32 9.66 96.66 0.07 
DH6 1.27 13.08 68.53 17.13 16.83 33.99 34.78 14.40 166.21 0.06 
DH7 1.56 14.57 67.13 16.74 13.80 38.86 36.83 10.52 98.19 0.10 
DH8 1.33 12.59 68.17 17.91 12.53 35.62 40.50 11.35 121.55 0.09 
DH9 1.59 11.50 68.92 18.00 16.99 37.61 35.26 10.14 97.71 0.09 
DH10 0.74 10.74 71.65 16.88 12.79 36.01 41.25 9.99 97.42 0.08 
DH11 1.32 10.86 72.52 15.29 17.22 39.56 34.36 8.88 94.21 0.06 
DH12 1.19 12.00 70.57 16.24 15.21 38.20 36.48 10.12 88.11 0.07 
DH13 1.20 13.60 70.13 15.08 21.27 35.51 33.35 9.88 109.29 0.05 
DH14 1.05 11.78 70.10 17.08 18.07 37.46 34.36 10.05 103.68 0.05 
DH15 1.08 11.18 70.65 17.09 18.88 39.21 32.97 8.94 103.52 0.05 
DH16 1.51 11.79 71.28 15.49 19.05 38.32 33.45 9.18 89.05 0.08 
DH17 1.05 13.70 69.92 15.34 22.76 38.18 29.90 9.13 108.36 0.04 
DH18 1.46 13.08 69.77 15.69 19.79 36.79 33.01 10.40 136.88 0.07 
DH19 1.19 13.16 69.23 15.93 21.01 38.97 30.64 9.38 96.61 0.05 
DH20 0.74 13.64 70.27 15.36 22.09 36.63 32.66 8.62 112.76 0.03 
DH21 1.43 14.07 69.25 15.26 23.51 37.77 30.66 8.07 98.54 0.06 
LSD(0.05) 0.518 1.786 1.643 1.163 2.392 2.515 2.237 1.112 41.78 0.027 
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Table 3. Significant correlations (P≤0.01) between polymeric and monomeric proteins and measured 
quality characteristics 
 

Characteristic 1 Characteristic 2 Correlation 
LPP1 MDT -0.245 
 Kernel weight 0.343 
 Amylopectin 0.286 
SPP1 MDT -0.281 
 Kernel weight 0.399 
 Amylopectin 0.307 
LMP1 Kernel diameter 0.283 
 Amylopectin -0.435 
SMP1 Kernel diameter -0.383 
 Kernel hardness -0.298 
LPP2 Kernel weight 0.203 
SPP2 MDT 0.213 
 Kernel hardness 0.246 
 Amylopectin -0.239 
 Kernel weight 0.253 
 Kernel diameter 0.300 
LMP2 MDT -0.273 
 Kernel weight -0.224 
 Kernel diameter -0.244 
SMP2 Kernel weight -0.341 
 Kernel diameter -0.261 
 Ratio -0.322 
LPP Kernel weight 0.266 
SPP Kernel weight 0.472 
 Kernel diameter 0.234 
SMP Kernel weight -0.517 
 Kernel diameter -0.362 
 Kernel hardness -0.248 
TUP SDS -0.215 
LUP MDT -0.300 
 Kernel weight 0.262 
 Amylopectin 0.277 
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The large polymeric proteins are usually equated with the high molecular weight glutenin subunits, which 
in this case were the same for the Glu-D1 locus, and only differed on the Glu-A1 and Glu-B1 subunits. In 
spite of this, there were large differences between the values for both SDS soluble and insoluble polymeric 
fractions for the different DH lines (Table 2). The total unextractable and large unextractable polymeric 
fractions also varied extensively between the lines. Entries with the highest values for SDS soluble and 
insoluble large polymeric proteins, tended to have the lowest amount of large monomeric proteins, which 
indicated an inverse relationship between these fractions. The SDS soluble large monomeric proteins 
varied the least between entries.  
 
The large polymeric proteins (both SDS soluble and insoluble) were significantly correlated with single 
kernel weight (Table 3). The SDS soluble large and small polymeric proteins were negatively correlated 
with mixograph development time. The insoluble small polymeric proteins were positively correlated with 
mixograph development time. The small and large monomeric proteins were consistently negatively 
correlated with kernel characteristics. Total unextractable polymeric proteins were negatively correlated 
with SDS sedimentation. None of the fractions correlated significantly with flour protein content.  

CONCLUSIONS 

Except for the SDS soluble large polymeric proteins and the total unextractable polymeric proteins, all the 
protein fractions were largely influenced by genotype, and are therefore to a large extent genetically 
determined. At the same time, all the fractions except for the total unextractable polymeric proteins were 
significantly influenced by their growing environment. Most fractions (except for SDS insoluble small 
polymeric and large monomeric proteins) were also significantly influenced by the season. Therefore both 
genetics and environment played a role in the expression of protein fractions. There was a large variation 
between DH lines in especially the SDS soluble polymeric proteins, although all lines had the 2+12 
subunit combination on the Glu-D1 locus. The variation in the large monomeric proteins was the lowest of 
all the fractions. SDS sedimentation and flour protein content (FPC) is often seen as the best predictors of 
bread making quality, but in this study there were no significant correlations of FPC with any of the 
protein fractions. SDS sedimentation was negatively correlated with the total unextractable polymeric 
proteins. Therefore correlations with quality characteristics were not really conclusive. The polymeric 
proteins appeared to be consistently positively correlated with the single kernel characteristics.  
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Functional difference of high molecular weight glutenin 
subunits in controlling the bread making quality of common 

wheat 
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The State Key Laboratory of Plant Cell and Chromosome Engineering, Institute of Genetics and 
Developmental Biology, Chinese Academy of Sciences, Beijing, 100101, China 

ABSTRACT 

Previous genetic, rheological and breeding studies have shown that high molecular weight glutenin 
subunits (HMW-GSs) have an important influence on the bread making quality of common wheat 
varieties. To systematically study the function of HMW-GSs, we have generated a series of knockout 
mutants lacking the expression of one or more HMW-GS proteins in the genetic background of an elite 
Chinese wheat variety Xiaoyan 54. In the mean time, we have also developed RNAi lines lacking the 
expression of the 1Dx5 subunit or all five HMW-GSs in the genetic background of the bread wheat variety 
Bobwhite. Using the genetic materials prepared, we have begun to compare potential functional 
differences among different HMW-GSs in the control of bread making quality. For example, the silencing 
of 1Dx5 in Bobwhite led to drastic decreases in dough strength, Zeleny value and gluten index. More than 
five fold of reductions in development time and gluten stability were observed in the RNAi lines when 
compared with wild type control. In contrast, the knockout of 1Bx14 subunit in Xiaoyan 54 reduced 
significantly the parameters related to dough extensibility but not dough development time and stability. 
The latest progress of our research will be presented in the workshop. 
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Properties of Wheat Gluten Treated at High Hydrostatic 
Pressure as Affected by the Addition of Reducing 
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Germany. 

ABSTRACT  

Wheat gluten is the main by-product of the production of wheat starch. The heat-dried and ground product 
is called vital gluten. Vital gluten is commonly used in the baking industry as a component of flour 
improvers. However in many cases the quality of industrially produced dry gluten does not meet user 
requirements. In this study, wheat gluten was treated with high hydrostatic pressure (HHP) in presence of 
reducing carbohydrates to improve its techno-functional properties. Therefore wet gluten was mixed with 
different amounts of glucose, maltose, ribose or glycolaldehyde and then treated with HHP in various 
conditions (pressure, temperature, time). The rheological properties were then analysed by the mean of 
micro-extension tests. The changes in techno-functional properties were correlated with structural 
changes, which were determined by LC/MS-MS with electron transfer dissociation (ETD). 

INTRODUCTION 

During the production of wheat starch, wet gluten is isolated as the main by-product. After drying and 
grinding a product called 'vital gluten' is obtained (in 2007, EU production was approximately 800,000 t). 
Vital gluten is commonly used in the baking industry as a component of flour improvers. However, in 
many cases the quality of vital gluten does not meet user requirements. It has been shown that the 
functional properties of gluten can be modified by treatment with high hydrostatic pressure (HHP) 
(Apichartsrangkoon et al., 1999; Kieffer et al., 2007). If reducing carbohydrates are added during HHP 
treatment, the functional properties of gluten are expected to be modified much more than with HHP 
treatment without additives. Thus, the variety of possible applications can be increased. The changes in the 
chemical and physical properties are assumed to be caused by non-enzymatic glycation of lysine and 
arginine side chains, a consequence of the Maillard reaction. Therefore, the objective of this study was to 
analyse the influence of HHP on the technological and functional properties of wheat gluten in the 
presence of reducing carbohydrates like glucose or ribose and to identify glycation products in the gluten 
proteins. 

MATERIALS AND METHODS 

The industrially produced wet gluten used in this study was obtained from the manufacturing plant 
directly after separation from the starch. Wet gluten was mixed with additives for 5 min at 22 °C using a 
farinograph. The resulting material was then pressed into polypropylene tubes (4.6 x 60 mm), which were 
treated with HHP (for conditions see Table 1). The rheological properties were immediately analysed by 
micro-extension tests. The tubes were opened and equilibrated at 22 °C for 30 min. The gluten strands 
were then carefully removed from the tubes and extended using a texture analyser TA.XTplus (Stable 
Micro Systems) equipped with an SMS/Kieffer Dough and Gluten Extensibility Rig (Kieffer et al., 1981) 
until they disrupted. Maximum resistance to extension (RE) and extensibility (EX) were determined from 
the Kieffer-curves. After the micro-extension tests, the samples were dried at 50 °C in vacuo for 24 h and 
stored at -20 °C for further analysis. 
 
To identify posttranslational modifications generated by HHP, the gluten samples were reduced, alkylated 
with 4-vinylpyridine (Marchylo et al., 1989) and digested with α-chymotrypsin. The digests were 
analysed by LC/MS-MS (HPLC: Ultimate 3000, Dionex; MS: HCT PTM Discovery System, Bruker) with 
electron transfer dissociation (ETD) (Syka et al., 2004). Peptide characteristics of gluten proteins were 
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identified with the assistance of the Mascot™ database. Modified peptides were identified by comparing 
the MS-MS spectra with the spectra of the unmodified peptides and with special software.  
 
Table 1: Conditions of high hydrostatic pressure treatment of industrial wet gluten 
Parameter Setting/compound 

Pressure 0.1; 200; 400; 600 MPa 

Temperature 40; 60; 70 ; 80 °C 

Time 5; 10; 20; 60 min 
Additive glucose 

maltose 
ribose 
glycolaldehyde 

Concentrations 0; 0.5; 1; 2; 5 % based on gluten dry matter 

RESULTS AND DISCUSSION  

When gluten was exposed to a pressure of 200 MPa its strength decreased at low temperatures (40 and 
60 °C), due to increased proteolysis and unfolding of proteins (Kieffer et al., 2007). Under these 
conditions a decrease in RE and an increase in EX was observed. At higher pressure and/or high 
temperatures, gluten hardening was observed (Figure 1), i.e. RE increased and EX decreased. In general, 
at 80 °C and 600 MPa, the samples were so firm that there was almost no remaining extensibility. Earlier 
work (Kieffer et al., 2007) has shown that this hardening is caused by extensive thiol/disulphide 
interchange reactions at HHP resulting in a polymerisation of the gluten proteins. 
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Figure 1: Resistance to extension (RE) and extensibility (EX) of wheat gluten as affected by pressure and 
heat treatment (duration: 10 min) without additives. Black column: no treatment 
 
An increase in RE was also observed in presence of glucose or maltose. However, when these additives 
were used, the loss of EX, which was obtained without additives (Figure 1), was compensated in certain 
conditions. After addition of 5% glucose and treatment at 200 MPa and 70 °C for 10 min, EX was 88% of 
the native gluten instead of 76% without additives (Figure 2). Maltose had a similar but less distinct effect 
than glucose. High RE and high EX as induced by HHP treatment of gluten in presence of glucose and 
maltose can be considered as a significant improvement in rheological properties. 
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Compared to glucose or maltose addition, a greater increase in gluten strength was observed when gluten 
was supplemented with ribose or glycolaldehyde. Gluten hardening was also much stronger than the effect 
obtained with HHP treatment without additives. For example, HHP treatment without additives (200 MPa, 
70 °C, 10 min) increased RE by 240% compared to native gluten, whereas with 5% ribose or 
glycolaldehyde. an increase of respectively 325% or 599% was obtained (Figure 2). 
 

 
 
Figure 2: Kieffer-curves of high hydrostatic pressure treated wet gluten supplemented with reducing 
carbohydrates. Diagrams of untreated (native) an unsupplemented (n.a.: no additive) gluten are given for 
comparison. Conditions: 200 MPa, 70 °C, 10 min, 5 % (w/w) additive 
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Figure 3: Structures of protein modifications generated by nonenzymatic glycation. a), Nε-fructosyl-lysine 
(Amadori-product of glucose and ε-amino group of lysine); b), Pentosidine; c), Nε-carboxymethyl-lysine; 
d), N6-{2-[(5-amino-5-carboxypentyl)amino]-2-oxoethyl}lysine (glyoxal-lysine-amide, GOLA) 
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The extremely strong hardening effect of ribose and glycolaldehyde can be explained by the formation of 
crosslinks between the gluten proteins induced by the Maillard reaction. Schwarzenbolz et al., (2000) 
showed that at HHP, ribose reacted to compounds like pentosidine (Figure 3b), a crosslink between lysine 
and arginine side chains. This is also likely to occur in supplemented gluten during HHP treatment. Thus, 
polymerisation via disulphide bonds induced by thiol/disulphide interchange reactions is increased by 
additional Maillard crosslinks resulting in extremely strong gluten. According to Glomb and Pfahler 
(2001), a characteristic crosslink formed by glycolaldehyde is the glyoxal-lysine-amide (N6-{2-[(5-amino-
5-carboxypentyl)amino]-2-oxoethyl}lysine) (GOLA) (Figure 3d), which might also contribute to 
strengthening the gluten structure. 
 
To investigate the effects of glucose and maltose on the rheological properties of wheat gluten at a 
molecular level, the samples to which glucose had been added were analysed by LC/MS-MS with Electron 
Transfer Dissociation (ETD) (Syka et al., 2004). ETD is a new MS-MS technique, which is particularly 
suitable for detecting posttranslational modifications (PTMs) in proteins such as phosphorylation or 
glycoslyation. In contrast to the commonly used collision induced dissociation (CID), ETD leads to 
peptide fragments that still contain the modified amino acid side chain and, thus, provides a better chance 
of identifying the modification and of determining the amino acid sequence of the modified peptide from 
MS-MS spectra. Using this method, it was possible to identify lysine-containing peptides in chymotryptic 
digests of HHP treated supplemented gluten, i.e. EQQIVVPPKGGSF, a peptide derived from HMW-
subunits of glutenin (Anderson et al., 1989). ETD also enabled identification of the corresponding 
glycated peptide. The Amadori product (structural feature shown in Figure 3a) of this peptide was also 
present in the gluten digest. Figure 4 shows the CID and ETD spectra of the modified peptide. The main 

 

 
 
Figure 4: MS/MS-spectra of the Nε-fructosyl-lysine-derivative of the peptide EQQIVVPPKGGSF (3+) 
detected in wheat gluten after pressure treatment in presence of glucose (200 MPa, 70 °C, 20 min); CID: 
commonly used collision induced dissociation, ETD: electron transfer dissociation (K*: Nε-fructosyl-
lysine) 
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fragments obtained by CID were b9 and y5 ions with simultaneous elimination of fructose (∆m/z = -162). 
This behaviour indicates the occurrence of a glycated peptide (Frolov et al., 2006) but with the MS-MS-
spectrum we used, identification of the peptide per se was not possible (Figure 4). In contrast, with ETD, a 
more explicit spectrum could be created. Comparison with the ETD-spectrum of the unmodified peptide 
revealed the formation of Nε-fructosyl-lysine. To verify these results, the pressure experiments were 
repeated with synthetic peptides (results not shown). These additional experiments confirmed the 
formation of Nε-carboxymethyl-lysine (Figure 3c), another PTM. Based on these results, the effect of 
glucose and maltose on the technological properties of wheat gluten after HHP treatment can be explained 
as the generation of local 'hydrophilic spots' within the gluten proteins by transformation of lysine side-
chains to polar glyco-modifications such as Nε-fructosyl-lysine or Nε-carboxymethyl-lysine. These polar 
spots may improve storage of water between individual gluten proteins. The water may act as a lubricant 
and could counteract gluten firming via disulphide bonds by enabling the gluten fibrils to slip over each 
other. 

CONCLUSIONS 

Treating wet gluten with HHP in presence of reducing carbohydrates such as glucose and maltose is an 
efficient tool to improve rheological properties, because under certain conditions, high EX can be retained 
while RE increases. In contrast, the addition of carbohydrates with shorter C-chains, like ribose or 
glycolaldehyde, which are assumed to be more reactive than glucose and maltose, can be used to enhance 
polymerisation of the gluten by HHP treatment and produce a very firm material, which has the potential 
to be used as a bioplastic. Thus, depending on the type of reducing carbohydrate, there are several possible 
ways to modify the rheological properties of wheat gluten by varying the combination of pressure, 
temperature and the concentration of reducing carbohydrates. This could be an adequate tool box to adjust 
the techno-functional properties of gluten. From an analytical point of view, as a new LC/MS-MS 
technique, ETD proved its efficiency in detecting PTMs of proteins. It is also a promising technique to 
study the disulphide structure of wheat gluten, because disulphide bonds can also be considered as PTMs 
of proteins. 
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ABSTRACT 

The gluten proteins gliadin and glutenin are important for wheat flour functionality in bread making where, 
during baking, gliadin and glutenin cross-link through a heat-induced sulfhydryl (SH)-disulfide (SS) 
exchange mechanism. To study the kinetics of this reaction, bread was made with a gluten-starch 
flour model. The extractability of both glutenin and gliadin during model bread making were evaluated 
with SE-HPLC. RP-HPLC was used to determine specific changes in α-, γ-, and ω-gliadin solubility. 
Based on the changes in gliadin solubility during model bread making, reaction rates for α- and γ-gliadin 
losses were determined. From these results, we concluded that, when the internal crumb temperature 
approached 100 °C, α- and γ-gliadin cross-linked to glutenin through a SH-SS exchange reaction 
following first-order reaction kinetics. 

INTRODUCTION 

The changes in rheological properties of wheat gluten proteins, (monomeric gliadin and polymeric 
glutenin) during bread making are of considerable importance for bread characteristics. During baking, 
irreversible polymerization of gluten proteins occurs and contributes to bread structure and hence to 
quality. A decrease in the level of extractable protein with baking time has been observed (Lagrain et al., 
2007, Singh 2005). This can be ascribed to glutenin linking followed by glutenin-gliadin cross-linking, 
since the extractability of gliadins from bread is much lower than that from flour, and α- and γ-gliadins are 
affected more than ω-gliadins (Lagrain et al., 2007; Wieser et al., 1998). During baking, gliadin and 
glutenin polymerize through heat-induced SH-SS interchange reactions (Lagrain et al. 2007). Such an 
interchange reaction also occurs in other proteins and has been suggested to follow first order kinetics 
(Volkin and Klibanov 1987). To the best of our knowledge, the reaction kinetics for the heat-induced SH-
SS interchange reaction between α- and γ-gliadin and glutenin have not yet been studied during bread 
baking. Determination of reaction kinetics in bread making is very complex due to temperature gradients 
in the system, and the continuously changing physical properties of the dough/bread in terms of the 
volume and properties of the baking mass. Thus to tackle the reaction kinetics of gluten proteins in bread 
baking, it is necessary to reduce the complexity.  
Against this background, the objective of this work was to study reaction kinetics of gliadin-glutenin 
cross-linking through a SH-SS exchange reaction during gluten-starch bread baking. 

MATERIALS AND METHODS 

Materials 
Commercial vital wheat gluten [moisture content (mc): 6.16%, crude protein content (N x 5.7): 78.9% on 
dry basis (db), starch content: 10.4% on db] and starch (mc: 11.79%) were purchased from Syral (Aalst, 
Belgium). Gluten-starch blend for model bread making was prepared with 16% gluten and 84% starch.  
Bread making 
Gluten-starch model bread was made according to the procedure of Finney for 100 g of flour (Finney 
1984). Internal crumb temperature was measured by a K thermocouple with a PID controller (model 2132, 
Eurotherm Controls, Leesburg, VA, USA). Samples from the centre of the loaf were removed after 
different baking times. 
Size-exclusion high-performance liquid chromatography 
Size-exclusion high-performance liquid chromatography (SE-HPLC) was performed as described by 
Lagrain and co-workers (Lagrain et al. 2005), using an LC-2010 system (Shimadzu, Kyoto, Japan) with 
automatic injection. SDS extractability was determined by extracting (partially baked) bread samples 
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containing 1.0 mg protein (db)/ml with 0.05 M sodium phosphate buffer (pH 6.8) containing 2.0 % SDS. 
All analyses were performed in duplicate. Supernatants were loaded (60 µl) on a Biosep-SEC-S4000 
column (Phenomenex, Torrance, CA, USA). The elution profiles were divided into two fractions using the 
lowest absorbance reading between the two peaks as the cut-off point. The first fraction corresponded to 
the level of SDS extractable glutenin, the second to the level of SDS extractable gliadin. Total SDS 
extractable protein, gliadin and glutenin were calculated from the peak areas and expressed as percentage 
of the peak area of unheated gluten extracted with the above SDS buffer in the presence of 1.0% 
dithiothreitol (DTT). 
Reversed-phase HPLC 
(Partially baked) bread samples (500.0 mg) were extracted with 60% ethanol according to Wieser and co-
workers (Wieser et al. 1998) using an LC-2010 system (Shimadzu) with automatic injection. α-Gliadin, γ-
gliadin, and ω-gliadin were separated on a Nucleosil 300-5 C8 column (Machery-Nagel, Düren Germany) 
and distinguished based on absorbance minima between specific peaks. All analyses were performed in 
duplicate. The relative proportion of each type of gliadin was calculated as the ratio of the area of each 
type in the chromatogram to the total chromatogram area. 
Protein content determination 
Protein contents (N x 5.7) of the gliadin extracts in 60% ethanol were determined after ethanol removal by 
evaporation using an adaptation of the AOAC Official Dumas Method to an automated Dumas protein 
analysis system (EAS variomax N/CN, Elt, Gouda, The Netherlands). Protein contents from each gliadin 
extract were determined in duplicate. 
Data analysis 
Concentrations of the different types of gliadin during hydrothermal treatment were calculated from the 
protein contents of the gliadin extracts and the relative proportions of each type of gliadin. The rate 
constants for losses of gliadin solubility were estimated on the basis of a linear regression analysis of the 
natural logarithm of the residual extractable gliadin concentration as a function of treatment time.  

RESULTS AND DISCUSSION 

Effect of internal crumb temperature on protein SDS extractability during bread baking  
To minimize the effect of temperature gradients in the analysis, samples were taken from the centre of the 
loaf. Simultaneously, the temperature was measured in the centre of the dough/bread. Figure 1 shows the 
internal dough temperature during baking of gluten-starch bread models as a function of time. The 
temperature in the centre of the dough/bread increased from 30 to 95 °C in 13 min and then slowly 
increased to about 100 °C over the following 13 min. The crumb temperature in the centre slowly 
decreased when the bread was taken out of the oven and reached room temperature after about 2 h of 
cooling (Figure 1). 
During bread baking, the level of SDS extractable protein decreased to 19% at the end of the process. The 
heating step at the start of baking progressively reduced the level of SDS extractable glutenin, while the 
level of extractable gliadin remained constant. At temperatures exceeding 95 °C, the levels of both 
extractable glutenin and gliadin decreased. When the internal dough temperature reached 60 °C, glutenin 
extractability had already decreased by 46%, while 90% of the gliadin fraction remained SDS extractable. 
After 12 min of baking and an internal central crumb temperature of 90 °C, glutenin extractability had 
decreased by 80% and gliadin extractability by 27%. At the end of baking, SDS extractable glutenin was 
no longer present, while 30% of the gliadin was still extractable. In summary, at temperatures below 90 
°C, mostly glutenin polymerized. Above 90 °C, gliadin extractability decreased strongly. 
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Figure 1: Internal crumb temperature (solid line) of gluten-starch bread (100 g flour) during and after 
baking with indication of extraction yields with 2.0% SDS at different times. (●) Total SDS extractable 
protein, (■) SDS extractable gliadin and (▲) SDS extractable glutenin. [Reprinted with permission from 
Lagrain et al., (2008). Copyright 2008 American Chemical Society]. 
 
Reaction kinetics of gluten proteins during gluten-starch model bread baking 
Figure 2 shows the concentration of gliadin subgroups in 60% ethanol during gluten-starch model bread 
baking with a central crumb temperature > 95 °C. At this stage, the changes in both moisture content and 
crumb temperature were small. The baking step only had a small impact on ω-gliadin solubility, but both 
α- and γ-gliadin solubility decreased exponentially. The SH-SS exchange reaction can be written as  
 

SHSSRR(SS)R  SHR 21  21 ↔+  (1) 
In this reaction, the 60% ethanol insoluble glutenin (R1SH) reacts via a free SH group with an 
intramolecular SS bond of gliadin [R2(SS)] soluble in 60% ethanol leading to insoluble gliadin-glutenin 
(R1SSR2SH) entities (Lagrain et al., 2008). We investigated whether this reaction by gluten proteins 
follows first-order kinetics. This would be as follows: 
 

[ ] [ ](SS)R
d

(SS)Rd
2

2
k

t
=−

 (2) and hence, 
 

[ ] [ ]022 (SS)R(SS)Rln +−= ktt  (3) 
 
where [R2(SS)]0 is the initial concentration (mM) of a given type of gliadin. [R2(SS)]t is the concentration 
(mM) at time t and k is the first order reaction rate constant (min-1). 
 
The natural logarithm of the residual α- and γ-gliadin concentrations as a function of treatment time was 
best represented by a straight line. Indeed, the experimental points could be elegantly described using 
first-order kinetics assumptions (R² = 0.98) for losses in α- and γ-gliadin solubility. The rate constants for 
loss of α-gliadin ethanol solubility and of γ-gliadin during bread baking were respectively 0.11 min-1 with 
a half-life of 6.4 min and 0.13 min-1 with a half-life of 5.3 min. Hence, α- and γ-gliadin lost their 
extractability at comparable rates during bread baking. The fraction of gliadins that had lost solubility in 
60% ethanol after heat treatment was solubilised after reduction of the insoluble polymeric protein fraction 
with DTT. Thus, gliadin was incorporated in the latter fraction (results not shown). Overall, it can be 
postulated that, at temperatures exceeding 95 °C in the centre of bread, α- and γ-gliadin cross-links to 
glutenin through a SH-SS-exchange mechanism following first-order reaction kinetics. In contrast, ω-
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gliadin, which contains neither cysteine nor cysteine residues, is less involved in gliadin-glutenin cross-
linking. Reduction of SS bonds with DTT rendered all proteins in bread extractable and this confirmed 
that mainly SS covalent linkages between gluten proteins were formed during bread baking.  
 

 
Figure 2: Concentration of ω-gliadin (●), α-gliadin (▲) and γ-gliadin (■) soluble in 60% ethanol versus 
time during bread baking with an internal crumb temperature exceeding 95 °C. Trend lines were 
calculated with a first-order exponential rate law. (Adapted with permission from Lagrain et al., (2008). 
Copyright 2008 American Chemical Society.) 

CONCLUSIONS 

Gluten-starch model bread baking resulted first in polymerization of glutenin. The ω-gliadins did not react 
with other proteins. They did not contain cysteine groups and, hence, were not able to form disulfide 
linkages. In contrast to ω-gliadins, α- and γ-gliadins contained intramolecular disulfide bridges. At higher 
temperatures, they reacted with glutenin through a SH-SS exchange mechanism following first-order 
kinetics with comparable reaction rates. Reduction of SS bonds with DTT rendered all proteins in bread 
extractable and this confirmed that mainly SS covalent linkages between gluten proteins were formed 
during bread baking. 
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ABSTRACT 

The effects of transglutaminase (TG) on the properties of semolina dough and pasta cooking properties in 
durum-only and fibre-enriched pasta were investigated. TG was blended at levels 0, 0.05, 0.1, 0.25, 0.5 
and 1% of semolina weight with semolina and semolina/pollard (60% w/w) and semolina/guar gum (15%) 
mixtures. The addition of TG increased dough maximal resistance making the dough inextensible above 
1%. Optimum affects on dough strength were obtained at 0.5% TG and this was the dough that gave the 
firmest and least sticky pasta. A more extensive and thicker protein matrix was observed in the TG pasta 
by microscopy, indicating more cross-links were formed. TG was unable to overcome the negative impact 
of 60% pollard on cooking loss or 15% guar gum on stickiness. Gluten was generally more effective than 
TG in restoring the properties of pastas with added fibre.  

INTRODUCTION 

Transglutaminase (TG) (glutaminyl-peptide-amine γ-glutamyltransferase, E.C. 2.3.2.13) is an enzyme 
which catalyses an acyl transfer reaction between a γ-carboxyamide group in protein-bound glutamine and 
an ε-amino group in a protein-bound lysine side chain to form covalent cross-links of ε-(γ-Gln)-Lys 
bonds. TG is believed to cross-link the gluten protein in wheat dough and food containing gluten to 
produce high molecular weight polymers. TG seems to be most effective in improving the baking 
performance of flours with weak gluten, however too much cross-linking can have a negative impact on 
dough extensibility and bread quality (Basman et al., 2002; Bauer et al., 2003, Rosell et al., 2003). The 
textural properties of pasta are also sensitive to changes in gluten, so it is not surprising that TG has been 
investigated to rebuild textural properties in pasta where the starch-protein matrix has been damaged or 
disrupted. Basman et al., (2006) reported using TG to improve the cooking loss and sensory firmness and 
stickiness scores of spaghetti supplemented with bran. Typically, inclusion of bran in pasta formulations 
increases cooking loss and reduces pasta mechanical strength (Manthey and Schorno 2002). Aalami and 
Leelavathi (2008) added TG to spaghetti (0.5-3.0% w/w) and found breaking strength and cooked 
firmness increased while cooked stickiness decreased. To improve the nutritional value of pasta, bread and 
noodle products various ingredients have been used, however, in many if not most cases, the technological 
and sensory properties of the base foods are altered in undesirable ways. TG has found useful in 
overcoming some of these adverse effects in the case of bran (Basman et al., 2006) and barley/soy 
mixtures (Ahn et al., 2008) and in producing gluten-free pasta using a combination of gum and TG 
(Yalcin and Basman 2008). The purpose of this study was to determine the effect of microbial TG on 
semolina dough and spaghetti quality and determine if TG can restore the original spaghetti quality when 
large quantities of fibre are included in the pasta. 
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MATERIALS AND METHODS 

Materials 
Microbial TG was a gift from Swift (Veron TG); Guar gum (Nutriloid 200-LV2, TIC Gums, Belcamp, 
USA) and durum pollard were gifts from Weston Technologies. This is obtained during the milling of 
durum wheat and contains most of the embryo fraction of the grain together with bran. Gluten was 
extracted from commercial durum semolina by hand washing.  
Samples 
Commercial semolina sample was mixed with TG at 0, 0.05, 0.1, 0.25, 0.5 1.0% (w/w) in 1000 g 
quantities. Durum pollard (insoluble fibre) was mixed with semolina at a 60% substitution level. This 
mixture also had either TG (0.5% w/w) or durum gluten (2.5, 5 or 10% w/w) added. Guar gum (soluble 
fibre) was added to semolina at a 15% substitution level for optimum impact on pasta quality, determined 
in preliminary experiments.  
Dough and pasta measurements 
A texture analyser (TA.XT2) equipped with a Kieffer rig was used to perform small scale extension tests 
as described previously (Sissons et al., 2007). 1 kg batches of spaghetti were prepared and dried at low 
temperature (50°C). Cooked pasta was evaluated for texture, colour and cooking properties (Sissons et al., 
2007). 
Scanning Electron Microscopy (SEM) 
The microstructure of transverse and cross sections of optimally cooked then freeze-dried spaghetti 
strands suitably processed were viewed using a Jeol JSM 5800LV SEM. 

RESULTS AND DISCUSSION 

Increasing TG in the semolina sample increased Rmax significantly. EL initially increased, then started to 
decline at TG 0.25%, eventually falling below the semolina with no added TG (control) (data not shown). 
Above 0.5% TG made the dough tough and inextensible, consistent with previous reports in common 
wheat dough and gluten (Basman et al., 2002, Bauer et al., 2003). The effect of TG on pasta quality is 
shown in table 1. There was no affect of TG on brightness, redness or yellowness of pasta. This suggests 
the external structure of the pasta was not sufficiently affected by TG to alter the reflectance properties. 
Pasta cooking loss was also not affected by TG addition. TG decreased pasta water uptake only at the 1% 
dose, consistent with results reported by Aalami and Leelavathi (2008) for pasta and Wu and Corke (2005) 
for noodles, who found lower doses had no impact. A likely explanation is that the presence of extensive 
cross-links could restrict starch granule swelling during cooking and hence reduce pasta water uptake. 
Only the TG 0.5% dose significantly increased cooked pasta firmness. As it has been reported that TG has 
a more significant impact on weak gluten, this result might be dependent on the base semolina used which 
was from a strong commercial durum wheat sample. Similar results have been reported for noodle tensile 
strength (Wu and Corke 2005). Stickiness only decreased significantly at TG 0.5%. Cooked spaghetti 
stickiness is related to the proportion of surface material rinsed from the cooked spaghetti following 
draining (D’Egidio et al., 1982). If TG has enhanced the protein network through cross-linking, it is 
expected that this would reduce leaching of starchy material onto the pasta surface and thereby decrease 
stickiness. It seems that TG 0.5% is the optimal concentration for improving cooked pasta texture.  
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Table 1: Effect of different TG doses in commercial semolina on spaghetti cooking quality 
Sample Dry 

pasta 
L* 

Dry 
pasta 

a* 

Dry 
pasta 

b* 

Cooking 
loss  
% 

Pasta 
water 

absorption 

OCT 
(min) 

Firmness 
g 

Stickiness 
(Area)  

g/s 
No TG 66.4 3.0 49.5 5.4 163 14.3 758 9.1 

TG 0.05% 66.4 3.0 49.8 5.3 159 14.0 817 9.2 

TG 0.1% 66.9 2.8 50.0 5.4 158 14.0 813 10.7 

TG 0.25% 67.1 2.6 48.8 5.5 160 14.0 799 6.5 

TG 0.5% 67.0 2.8 50.0 5.5 154 13.8 853 5.7 

TG 1.0% 66.6 3.1 50.7 5.4 153 13.8 809 7.1 

LSD 0.4 0.2 0.8 0.4 4.7  41 1.6 

 
Impact of pollard in pasta and use of TG and/or gluten to restore properties 
The pollard fraction contains bran, embryo and some endosperm from the kernel. The addition of finely 
ground pollard to semolina at high levels of incorporation (>50%) was found to decrease cooked pasta 
firmness and greatly increase cooking loss (Table 2). Pollard contains insoluble fibre and this is thought to 
weaken the starch-gluten matrix in the pasta, affecting its textural properties adversely (Brennan and 
Tudorica 2008). Addition of optimum levels of TG determined previously (0.5%), increased firmness 
equivalent to control pasta but had no affect on cooking loss. Basman et al (2006) reported similar results 
with 15 and 30% substitution with bran in pasta increasing the total organic matter in the cooking water 
which could not be restored with TG addition (0.2, 0.4%). Adding gluten to the dough mixture 
progressively increased pasta firmness overcoming the deficiency caused by the substitution of semolina 
with pollard. Indeed, with 10% gluten, pasta firmness was significantly higher than control pasta. 
However, cooking loss was only marginally reduced from 9.9 to 8.7%, still much higher than the control 
pasta. It is possible that significant quantities of the solids lost in the cooking water are components of the 
pollard (embryo and bran fractions) not incorporated in the protein/starch matrix and hence insensitive to 
changes in this matrix from addition of gluten/TG . While firmness was restored to control pasta level 
using a dose of 5% gluten or 0.5%TG in a 60% pollard substituted pasta, cooking loss could not be 
restored.  
 
Table 2: Effect of pollard inclusion in pasta in the presence of TG or gluten on spaghetti quality. 
Sample OCT 

(min) 
Firmness 
(g) 

Cooking 
loss (%) 

Pasta (control) 13.5 387 5.1 
S+60% pollard 12.0 301 9.9 
S+60% pollard+0.5% TG 12.0 358 10.0 
S+60% pollard+2.5% Gluten 12.5 334 10.2 
S+60% pollard+5% Gluten 12.5 392 9.8 
S+60% pollard+10% Gluten 13.0 433 8.7 
LSD  36 0.5 
 
Impact of guar gum (GG) in pasta and use of TG and/or gluten to restore properties 
Guar gum is a water soluble galactomannan from the Indian cluster bean Cyamopsis tetra-gonoloba. This 
was selected as an ingredient because it readily absorbs water to form a gel affecting gut viscosity, acts as 
a soluble fibre and is a supplement in the treatment of diabetes, but can impact food texture negatively. 
Brennan et al., (1996) suggested that guar galactomannan can decrease the glycaemic index of foods by 
acting as a physical barrier to α-amylase–starch interactions. The inclusion of 15% GG into the pasta was 
found to greatly increase the pasta stickiness (Table 3) because the gum exudes during cooking and 
contributes to the mechanical resistance of removing the texture analyser probe from the pasta surface. 
Pasta firmness was not affected. In an attempt to reduce the release of guar gum from the pasta matrix 
gluten at increasing levels or TG, 05% was included in the dough formulation. The result of adding gluten 
was an increase in firmness, consistent with the increase in total gluten content. While stickiness was 
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reduced by gluten addition compared to the 15% GG pasta, it was still much higher than the pasta with no 
added GG. Adding TG was even less effective than gluten. Thus despite attempts to make a more 
condensed pasta structure; GG could still easily escape from the pasta during cooking, contributing to its 
high stickiness.  
 
Table 3: Effect of Guar Gum inclusion in pasta in the presence of TG or gluten on spaghetti quality. 
Pasta sample Stickiness (Peak Height) Firmness 
Semolina (control) 11.1 387 
S+0.5% TG 15.0 450 
S+15% Guar Gum 54.0 454 
S+15% GG+0.5%TG 50.6 519 
S+15% GG+2.5% Gluten 45.7 529 
S+15% GG+5% Gluten 45.3 572 
S+15% GG +10% Gluten 42.5 733 
LSD 3.6 39.0 
 
Microscopical examination of pasta structure 
SEM micrographs taken along the strand but looking into a cut section clearly showed the protein network 
with much of the starch removed during the cooking process (Fig. 1). The effect of 1% TG was 
particularly clear showing a thicker protein network. There also appeared to be a more continuous network 
with TG than in the control. It appears that the microstructure of cooked pasta becomes more cohesive 
with added TG, presumably due to increased cross-linking of gluten proteins.  
A  

 
B  

 
 

Figure 1: Scanning electron microscopy of longitudinal sections (below the surface) of cooked and 
freeze-dried spaghetti from control (A) and treated with 1% TG (B). 
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CONCLUSIONS 

Addition of TG to semolina dough made it stronger and less extensible. The spaghetti was firmer and with 
reduced stickiness, with optimum improvements achieved at TG 0.5%. The pasta also absorbed less water 
during cooking. These changes are probably related to the thicker and more extensive protein matrix in the 
cooked pasta observed using microscopy. TG was found to be of limited effectiveness in correcting 
deficiencies in texture caused by adding pollard or guar gum at the doses used while adding gluten was 
much more effective. At the doses of TG used in this study improvements in pasta texture were produced, 
even with a good quality semolina. However, the ability of TG to correct marked deficiencies in quality 
caused by added fibre is limited at the substitution levels employed here, probably because the structural 
changes in the pasta are significant and the poor mixing of the added fibres and the starch protein matrix 
cannot be remedied by additional cross-linking of gluten. 
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ABSTRACT  

The network forming ability of gluten proteins is of great importance for final pasta cooking quality. 
Redox agents were used to increase our insight into gluten protein reactions during the formation of the 
protein network in fresh pasta making and/or subsequent cooking. SE- and RP-HPLC data showed that 
gluten proteins polymerize during cooking of fresh pasta through thiol-related reactions between glutenin 
and/or gliadin-glutenin. The thiol blocking agent N-ethylmaleimide [13.8 µmol per g semolina protein, 
dry basis (db)] and, to a lesser extent, the oxidizing agent potassium iodate [2.3 µmol per g db protein] 
hindered gluten polymerization, in particular gliadin-glutenin copolymerization, during cooking. In 
contrast, the reducing agent glutathione (2.3 µmol per g db protein) favoured gluten polymerization in 
general and gliadin-glutenin copolymerization in particular. 

INTRODUCTION 

Gluten proteins (i.e. monomeric gliadin and polymeric glutenin) are of great importance for the cooking 
quality of dry and fresh pasta due to their network forming ability. During pasta mixing and 
extruding/sheeting, gluten proteins form a matrix that entraps starch granules and other minor constituents 
of durum wheat semolina. This matrix is transient as it arises from entanglement of the glutenin polymers 
as well as from dynamic thiol-disulfide exchange reactions (Veraverbeke and Delcour, 2002). During 
cooking of (fresh) pasta, competition between starch swelling and protein polymerization determines 
whether the final cooked pasta is firm and elastic (when a strong protein network is formed and starch 
particles are entrapped in this network) or rather sticky and soft (in the opposite case of significant starch 
swelling) (Resmini and Pagani, 1983; Bruneel et al., 2010). So far, little is known about the formation and 
properties of the protein network during fresh pasta making comprising both dough sheeting and the 
subsequent cooking step. In the present work, redox agents were used as a tool to study the protein 
polymerization reactions and gliadin-glutenin linking in particular. 

MATERIALS AND METHODS 

Materials 
Durum wheat semolina [moisture content: 13.0%, protein content (N x 5.7): 14.1% db] was commercially 
available. Moisture and protein contents were determined with the Approved Method 44-19 (AACC, 
1983) and with the Dumas combustion method (AOAC, 1995), respectively.  
 
Making and cooking of fresh pasta on a lab scale 
Durum wheat semolina (500 g, 14.0% moisture) and deionized water (173.2 mL, 40 °C) were mixed (15 
min, 60 rpm) using a Kitchen Aid Professional 5KPM50 mixer (Kitchen Aid, St. Joseph, MI, USA) to 
obtain a dough water absorption of 33.5%. The crumbly dough was then sheet rolled (three times at each 
thickness: 3.9; 2.9; 2.1; 1.5; and 0.9 mm) using a semi-automatic pasta sheet system (Model C280/C320, 
Capitani, Lomazzo Como, Italy), and cut into fresh tagliatelle strands (length: 7.0 cm, width: 1.0 cm, and 
thickness: 1.1 mm). These strands (20.0 g) were subsequently cooked in deionized water (500 mL) for 1, 
3, 5, 10 and 15 min. Samples of the crumbly dough, fresh pasta, and the different cooked pastas were 
freeze dried, and milled (< 400 µm) for further analyses. 
 
The following redox agents (expressed per g semolina protein, db) were added to deionized water prior to 
mixing: potassium iodate (2.3 µmol), glutathione (2.3 µmol), and N-ethylmaleimide (13.8 µmol), further 
referred to as KIO3, GSH and NEMI, respectively.  
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Extractability of gluten proteins in different solvents 
Sodium dodecyl sulfate (SDS) extractability of gluten proteins at different stages of fresh pasta making 
and the subsequent cooking steps was evaluated using size exclusion high performance liquid 
chromatography (SE-HPLC). Freeze dried samples (1.0 mg db protein/ mL) were extracted with sodium 
phosphate buffer (0.05 M, pH 6.8) containing 2.0% (w/v) SDS, hereafter referred to as SDS buffer, as well 
as with SDS buffer containing dithiothreitol (DTT, 1.0% w/v) and urea (2.0 M). Both extracts were loaded 
(60 µL) on a Biosep-SEC-S4000 column (Phenomenex, Torrance, CA, USA). Total SDS extractable 
protein (SDSEP) levels were calculated from the peak areas, and expressed as percentage of the peak areas 
of total proteins of semolina extracted with the SDS buffer containing the above specified levels of DTT 
and urea (Bruneel et al., 2010). Measurements were conducted in triplicate. 
  
Gluten proteins (100 mg db protein) were fractionated into a gliadin fraction using 60% ethanol (10 mL) 
and a glutenin fraction using Tris/HCl buffer (0.05 M, pH 7.5) containing 50% (v/v) propan-1-ol, 1.0% 
(w/v) DTT and 2.0 M urea (10 mL). These fractions were further separated on a Nucleosil 300-5 C8 
column (Machery-Nagel, Düren, Germany) into α-, γ- and ω-gliadins, and (B/C- and D-) low molecular 
weight (LMW) and high molecular weight (HMW) glutenin subunits (GS), respectively, using reversed 
phase (RP) HPLC. The relative quantities of the different protein types were calculated as the ratio of the 
area of each type in the chromatogram to the total chromatogram area (Wieser, 2000). Measurements were 
conducted in duplicate.  

RESULTS AND DISCUSSION 

Control pasta making 
In fresh pasta making, the SDSEP levels increased slightly during mixing and sheeting (Figure 1) as a 
result of conformational changes through hydration of semolina and depolymerization of glutenin 
polymers through mechanical stresses. After one minute of cooking, the SDSEP levels decreased 
significantly (P < 0.05), and further decreased when cooking time was prolonged to 15 minutes. Gluten 
polymerization thus increased with an increase in cooking time.  
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Figure 1: Extractabilities of gluten proteins in 2.0% (w/v) SDS during different stages of fresh pasta 
making and subsequent cooking in the absence (□) or presence of 2.3 µmol KIO3 (■), 2.3 µmol GSH (■), 
or 13.8 µmol NEMI (■) (all per g semolina protein, db). Key: S, semolina; CD, crumbly dough; FP, fresh 
pasta; CP1, CP3, CP5, CP10 and CP15, cooked pasta (1, 3, 5, 10 and 15 min, respectively). 
 
Figure 2 shows the extractabilities of α- and γ-gliadins and B/C-LMW-glutenin subunits during fresh pasta 
making and cooking. During cooking of fresh pasta, the extractabilities of α- and γ-gliadins decreased 
significantly (P < 0.05), while the apparent extractability of the B/C-LMW-GS increased. This was 
because the gliadins became extractable, i.e. were released, in the presence of the reducing agent DTT 
used to extract the so-called glutenin fraction. Whereas gliadins lack free thiol groups and are not reactive 
at room temperature, they link to glutenin at higher temperatures through thiol disulfide exchange 
reactions. It is clear that proteins polymerize during cooking of fresh pasta through thiol related reactions 
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between glutenin subunits and/or gliadin-glutenin. ω-Gliadin extractabilities did not change during pasta 
making and cooking (results not shown). 
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Figure 2: Gluten extractabilities (areas in RP-HPLC chromatograms) during fresh pasta making and 
cooking in the absence (□) and presence of 2.3 µmol KIO3 (■), 2.3 µmol GSH (■), and 13.8 µmol NEMI 
(■) (all per g of semolina protein, db): A) α-gliadin fraction, B) γ-gliadin fraction, and C) B/C-LMW-GS 
fraction. Key: S, semolina; CD, crumbly dough; FP, fresh pasta; CP1, CP3, CP5, CP10 and CP15, cooked 
pasta (1, 3, 5, 10 and 15 min cooking times, respectively).  
 
Pasta making in the presence of redox agents 
Adding KIO3 (2.3 µmol per g of protein, db) to control pasta making, which oxidizes free thiol groups 
and, thus reduces the level of free thiol groups, resulted in higher levels of SDSEP during cooking (Figure 
1). Thus, proteins polymerized less than in control pasta making. Also, the levels of extractable α- and γ-
gliadins were higher during cooking (Figure 2) due to a decrease in gliadin-glutenin copolymerization. In 
contrast, the SDSEP levels were higher during mixing and sheeting when the reducing agent GSH (2.3 
µmol per g protein, db) was added, due to the reduction of disulfide bridges. Also, slightly lower SDSEP 
levels were measured during cooking due to an increase in gliadin-glutenin cross-linking. The thiol 
blocking agent NEMI (13.8 µmol per g protein, db) was added at a concentration that was (theoretically) 
able to block all free thiol groups present in durum wheat semolina. However, little protein polymerization 
still occurred during cooking, probably due to earlier hidden thiol groups that became exposed during 
cooking and were then able to form disulfide bonds. 

CONCLUSIONS 

Cooking of fresh pasta results in protein polymerization through thiol related reactions. The thiol blocking 
agent and, to a lesser extent, the oxidizing agent reduced the level of gluten polymerization during cooking 
by hindering gliadin-glutenin reactions. The impact of the reducing agent was less pronounced but 
suggested an increase in gliadin-glutenin copolymerization. Further research is necessary to study the 
impact of gliadin-glutenin reactions on final pasta cooking quality. 
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ABSTRACT 

The high molecular weight polymeric fraction of gluten, glutenin macro-polymer (GMP) is closely linked 
with breadmaking quality of wheat. In this study, GMP was extracted from different Iranian wheat 
cultivars with different breadmaking performances. The correlation between the wet weight and (small-
strain deformation) rheological characteristic of GMP-gel and bread quality (loaf volume and height) was 
investigated. The results showed a significant correlation between gel amount and bread loaf volume and 
height. However, no positive significant correlation was found between small-strain deformation 
rheological characteristics (storage modulus and tan delta) and breadmaking characteristics. In conclusion, 
despite the fact GMP wet weight is accepted as a predictive measure of breadmaking quality, small-strain 
deformation rheological analysis of GMP-gel cannot be used for screening breadmaking quality among 
wheat cultivars. 

INTRODUCTION 

Proteins are recognized as the most important components governing the end-use quality of wheat 
(Aussenac et al., 2001). A large fraction of glutenins can be isolated from wheat flour as a gel layer named 
glutenin macro polymer (GMP) (Graveland et al., 1982). The importance of this polymeric glutenin 
fraction and its composition in assessing wheat quality and predicting the properties of the final product 
has been discussed (Moonen et al., 1986). A direct relation between the amount and the composition of 
GMP with breadmaking performance of wheat has been shown (Payne et al., 1987; Popineau et al., 1994). 
Bekkers et al., (2000) also found a positive significant correlation between the elastic modulus of GMP 
and dough development time during the mixing process. Information available in the literature mostly 
deals with the relation between the amount and composition of GMP with dough and bread characteristics. 
There is limited information about the small-strain rheological characterisation of GMP-gel and its 
relationship with breadmaking quality of wheat. Thus, the aim of this study was to study how the amount 
and small-strain deformation rheological characteristics of GMP gel relates to breadmaking quality. 

MATERIALS AND METHODS 

Wheat flour samples: Flour samples of 13 Iranian wheat cultivars of different breadmaking quality were 
kindly supplied by the Seed and Plant Research Institute, Jahad-Keshavarzi Ministry, Karaj, Iran. 
Total protein analysis: The total protein content of the flours was measured by NIR according to the 
method of Williams and Sobering (1993). The NIR apparatus was first calibrated using the conventional 
Kejeldal method.  
GMP wet weight measurement: GMP wet weight of flour samples was measured according to 
Graveland (1980) with some modifications: 0.1g flour was dispersed in 1.5 mL SDS (1.5% w/v) in good 
quality Eppendorf micro-tubes using a vortex mixer, followed by centrifugation in 40000×g for 55 min at 
a constant temperature of 20 ºC. Three distinct layers of supernatant, GMP-gel and starch sediment were 
obtained after centrifugation. The wet weight of GMP-gel was measured immediately after removing the 
supernatant. 
Small-strain rheological analysis of GMP 
Storage and loss modules and Tan delta of GMP-gels were measured according to the method of Don et 
al., (2003). 
Breadmaking and measurement of bread volume and height: A mini-baking procedure was performed 
to bake breads from the flours. The dough was mixed in a 2-kg spiral kitchen mixer (Klatronic, KM 3067). 
Tap water was added according to Farinograph water absorption of the flours. Two percent (w/w based on 
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flour weight) Nacl and 0.3% (w/w based on flour weight) bread improver (Ikaplus, Turkey) were added to 
the flours for the breadmaking test. An initial proof time of 30 min (at 30 ºC, RH=75%) was applied for 
the mixed dough before dividing, sheeting, rolling and moulding processes. Small pieces (20 g) of the 
different doughs underwent a final proof time of 60 min (at 30 ºC, RH=80%) in small baking tins 
(30×30×40 mm) before baking. Baking was carried out at 170 ºC for 30 min, until the crust formed. The 
rapeseed displacement method was used to measure the volume of baked loaves. After a vertical cut was 
made in the middle of the baked loaves, the height was measured. 

RESULTS AND DISCUSSION  

The results of protein, GMP wet weight, loaf volume and height measurements are shown in Table 1. 
Flours with higher GMP contents displayed better breadmaking performances with respect to loaf volume 
and height. Such a relation was not seen for total protein contents which cannot be used to distinguish 
differences in quality between wheat cultivars, as already reported by (Sapirstein and Suchy, 1999). 
The correlation between GMP wet weight and loaf characteristics is shown in Fig. 1. In this study, a 
significant correlation (r=0.810) was found between GMP and loaf height. The correlation coefficient 
between GMP and loaf volume was 0.716. From the literature, it is known that the polymeric fraction of 
gluten proteins, namely glutenin macro-polymer, is the most important component of the gluten network 
linked to end-use quality of the flour. Our results are also supported by findings of other researchers 
(Payne et al., 1987; Popineau et al., 1994; Singh et al., 1990). 
 
Table 1. The results of protein, GMP and bread analysis 
wheat cultivars Sardari Alamoot Shiroodi Dez Hamoon Azar2 Marvdasht Darab2 Zarrin Bezostaya Innia Pishtaz Tajan 

Protein (%) 12.2de* 11.9g 11.6cd 12.4cde 12.4fg 12.5ab 12.4bc 12.5a 12.6e 11.5ab 11.7a 12.2fg 12.2f 

GMP content (%) 146de 128e 163cde 168cd 132de 141de 157cde 230a 212ab 219ab 232a 164cde 186bc 

Bread volume 

(mL) 
57.5ef 55.0f 73.7c 60.0e 50.0g 67.7d 56.0ef 64.3d 79.7b 90.7a 90.7a 66.7d 77.5bc 

Bread height (cm) 3.8fg 3.6gh 4.2e 3.8f 3.5h 3.7fg 3.8f 4.3cd 4.6bc 5.6a 5.5a 4.3de 4.7b 

* Similar letters within each row represent statistical significance with 95% confidence (α=0.05)  
 
Although there was a significant correlation between GMP content and breadmaking quality, a small 
strain rheology study of the GMP gels extracted from the flours showed no significant correlation between 
storage modulus (G') and loaf characteristics (Fig. 2A, B). However, a relatively good correlation was 
found between tan Delta and loaf characteristics (Fig 2C, D). These results indicate that small strain 
rheological study of GMP gel cannot predict dough and bread properties. This is due to the fact that the 
deformation range in the small strain oscillatory test is limited and cannot be compared to that involved in 
breadmaking processes, i.e. proofing and baking. 
According to Safari-Ardi and Phan-Thien (1998), small deformation rheological measurements (dynamic 
oscillatory testing and creep recovery) cannot be used to explain the rheological behaviour relevant to 
bread-making, since the rheological behaviour of dough is highly non-linear. 
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Fig. 1. Correlation between GMP wet weight and bread height (A) and volume (B) 
 

 
 
Fig. 2. Correlation between small strain rheological parameters (G' and tan Delta) and bread volume (B 
and D) and height (A and C) 

CONCLUSIONS 

The relationship between the amount and small-strain rheological characteristics of GMP-gel and 
breadmaking quality of 13 Iranian wheat cultivars was investigated. The results showed a positive 
significant correlation between the amount of GMP wet weight and bread properties. However, storage 
modulus and tan Delta of GMP gel correlated well with the loaf volume and height. In conclusion, despite 
the fact that the amount of GMP gel is accepted as a predictive measure of breadmaking quality, small-
strain deformation rheological analysis of GMP-gel cannot be used for quality screening between wheat 
cultivars.  
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ABSTRACT 

The GMP test was compared with total protein content and other wheat quality indicators such as Zeleny 
number and SDS sedimentation for quality classification of Iranian wheat cultivars. The results showed no 
significant correlation between protein content and breadmaking characteristics (loaf volume and height). 
However, Zeleny number, SDS sedimentation and GMP tests showed significant correlations with loaf 
volume and height, although to different degrees. PLS regression analysis indicated that GMP wet weight 
is the most important predictor for bread quality compared to other tests. Thus, measurement of GMP wet 
weight can be regarded as a suitable predictive tool for bread quality, especially in wheat breeding studies 
where limited numbers of samples are required. Based on all the quality tests performed and the results 
obtained, PLS analysis also best classified the wheat cultivars into high and low quality classes. 

INTRODUCTION 

Proteins are recognized as the most important components governing bread-making quality of wheat 
(Aussenac et al., 2001). A large fraction of glutenins can be isolated from wheat flour as a gel layer named 
glutenin macro polymer (GMP) (Graveland et al., 1982). The importance of this polymeric glutenin or 
GMP fraction and its composition in assessing wheat quality and predicting the properties of the final 
product has been discussed in many studies (Moonen et al., 1986). Not surprisingly, the amount of gel 
protein is closely related to SDS1  sedimentation volumes of ground wheat flour (r = 0.95). The 
sedimentation test, introduced by Axford et al., (1978), and its predecessor, the Zeleny sedimentation test 
(Zeleny, 1947), have been widely used as small-scale tests of breadmaking quality in wheat breeding 
programmes. Sedimentation tests, although ostensibly easy to perform, are complicated by the need for 
two or more reagent solutions, and seemingly arbitrary time schedules for shaking the suspension, 
inverting, and resting the measurement cylinders. The SDS protein gel test, in contrast, is relatively 
straightforward. It requires only one solvent (SDS solution), one mixing step to disperse the flour, and 
ultracentrifugation to separate the glutenin-enriched gel. 
To our knowledge, there is no published data using the GMP gel test for predicting breadmaking quality in 
Iran. Thus, the aim of this study was to measure GMP wet weight in some Iranian wheat cultivars with 
different breadmaking qualities and to compare and correlate GMP data with those obtained in 
conventional quality tests in quality classification of wheat lines. 

MATERIALS AND METHODS 

Wheat flour samples: Flour samples of 13 Iranian wheat cultivars with different breadmaking quality 
were kindly supplied by the Seed and Plant Research Institute, Jahad-Keshavarzi Ministry, Karaj, Iran. 
The physicochemical characteristics of the flours are shown in Table 1. 
Total protein analysis: The total protein content of the flours was measured by NIR according to the 
method of Williams and Sobering (1993). The NIR apparatus was first calibrated using the conventional 
Kejeldal method. 
Measurement of SDS sedimentation, Zeleny number and GMP wet weight: SDS sedimentation was 
measured according to Carter et al., (1999). Zeleny number was measured according to AACC approved 
methods (AACC 54-11). We used the method of Graveland (1980) with some modification to measure the 
amount of GMP wet weight in flour samples: 0.1 g flour was dispersed in 1.5 mL SDS (1.5% w/v) in good 

                                                 
1 Sodium Dodecyl Sulphate 
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quality Eppendorf micro-tubes using a vortex mixer, followed by centrifugation in 40000×g for 55 min at 
a constant temperature of 20 ºC. Three distinct layers of supernatant, GMP-gel and starch sediment were 
obtained after centrifugation. The wet weight of the GMP-gel was measured immediately after removing 
the supernatant. 
Breadmaking and measurement of bread volume and height: A mini-baking procedure was performed 
to bake breads from the flours. The dough was mixed in a 2-kg spiral kitchen mixer (Klatronic, KM 3067). 
Tap water was added according to Farinograph water absorption of the flours and 2% (w/w based on flour 
weight) Nacl and 0.3% (w/w based on flour weight) bread improver (Ikaplus, Turkey) were added to the 
flours for the breadmaking test. An initial proof time of 30 min (at 30 ºC, RH=75%) was applied for the 
mixed dough before dividing, sheeting, rolling and moulding processes. A final proof of 60 min (at 30 ºC, 
RH=80%) using small pieces of the doughs (20 g) in small baking tins (30×30×40 mm) was performed 
before baking. Baking was carried out at 170 ºC for 30 min, until the crust formed. The rapeseed 
displacement method was used to measure the volume of baked loaves. After a vertical cut was made in 
the middle of the baked loaves, the height was measured. 
Statistical Analysis: All measurements were performed in triplicate. The linear simple regression was 
used to correlate the different quality tests performed in this study with bread characteristics. To better 
understand the impact of the different quality tests on bread characteristics, partial least square (PLS) 
regression was used according to the method of Tenenhaus et al., (2005). In other words, to find out which 
of these indicators (as independent variables) play the most important role in determining bread 
characteristics (loaf height and volume as dependent variables), the PLS regression method was used. 
Variable Importance Plot (VIP) was used to determine the fitting effect of PLS model. The VIP shows the 
statistical importance of independent variables to all dependent variables in the model. The non-
standardized VIP was applied directly to the original variables, without prior processing. As the units are 
different, they cannot discern the relative importance of variables. The standardized VIP allowed 
interpretation in terms of standard deviations. 

RESULTS AND DISCUSSION  

Table 1 lists the results of all quality measurements performed on wheat flour samples and bread baked 
from the flours. 
 
Table 1. The results of protein, SDS sedimentation, Zeleny, GMP and bread analysis 

Wheat cultivars 
Total 
protein 
(%) 

Zeleny 
number 
(mL) 

SDS-sediment 
(mL) 

GMP (g/100g 
DM flour) 

Loaf volume 
(mL)  

Bread 
height 
(cm) 

Sardari 12.2de* 24.0cd 1.39g 146de 57.5ef 3.8fg 
Alamot 11.9g 12.9g 0.83j 128e 55.0f 3.6gh 
Shiroodi 11.6cd 23.2cde 1.74e 163cde 73.7c 4.2e 

Weak 

Dez 12.4cde 25.1c 2.22c 168cd 60.0e 3.8f 
Hamoon 12.4fg 23.3cd 1.59f 132de 50.0g 3.5h 
Azar 2 12.5ab 19.5f 1.31h 141de 67.7d 3.7fg 
Marvdasht 12.4bc 19.3f 1.06i 157cde 56.0ef 3.8f 

Moderate 

Darab 2 12.5a 22.5ed 2.07d 230a 64.3d 4.3cd 
Zarrin 12.6e 22.2ed 2.18c 212ab 79.7b 4.6bc 
Bezostaya 11.5ab 31.4a 2.76a 219ab 90.7a 5.6a 
Innia 11.7a 28.4b 2.59b 232a 90.7a 5.5a 
Pishtaz 12.2fg 20.8ef 1.55f 164cde 66.7d 4.3de 

Strong 

Tajan 12.2f 22.2ed 1.74e 186bc 77.5bc 4.7b 
* Similar letters within each column represent statistical significance with 95% confidence (α=0.05)  
 
According to Table 1, the variation in total protein content in wheat cultivars does not follow a specific 
trend as one would expect from the classification presented in the table. This is due to the fact that the 
criterion ‘total protein’ cannot represent a difference in quality among wheat cultivars, as also reported by 
(Sapirstein and Suchy, 1999). 
SDS sedimentation and Zeleny test differentiate quality differences among wheat cultivars better. These 
tests are routinely used in cereal laboratories for evaluating wheat protein quality. However, they cannot 
be used alone in wheat breeding studies (Blackman and Gill, 1979) and so GMP analysis was recently 
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introduced as a complementary method. As can be seen in Table 1, GMP data can classify wheat cultivars 
according to their quality attributes. The volume and height of loaves baked from different flours are also 
shown in Table 1. Loaves made from strong wheat cultivars had greater volume and height than loaves 
made from weak ones, although there was some overlap between cultivars.  
Correlation of quality tests with bread characteristics: Figs. 1 and 2 show correlation diagrams 
between quality tests and bread characteristics. The correlation between total protein content and bread 
height (Fig. 1A) and bread volume (Fig. 2A) was not significant (α=.01). This is in accordance with 
previous studies (Sapirstein and Suchy, 1999). Thus, protein content cannot be regarded as a good quality 
criterion for wheat classification. Aside from total protein content, other wheat quality tests showed 
significant correlation with bread characteristics (Figs. 1 and 2). GMP content had the highest correlation 
with bread volume and height.  
 

 
 

Fig. 1. Correlation diagram of bread height with   
(A): total protein cont, (B): Zeleny number,   
(C): SDS-sediment, and (D): GMP content 

Fig. 2. Correlation diagram of bread volume with 
(A): total protein cont, (B): Zeleny number, 
(C): SDS-sediment, and (D): GMP content 

 

As can be seen in Figs. 1 and 2, among quality indicators, GMP content had the highest correlation with 
breadmaking performance. This is in accordance with the results of other researchers who stated that the 
polymeric fraction of wheat gluten (GMP) is the most important element of dough gluten network and 
thus predicts final product characteristics (Payne et al., 1987; Popineau et al., 1994; Sapirstein and Suchy, 
1999; Singh et al., 1990). 
 

 
Fig. 3. Variable Importance Plot (VIP) of bread 
height as dependant variable with independent 
variables (quality tests). 

Fig. 4. Variable Importance Plot (VIP) of bread volume as 
dependant variable with independent variables (quality 
tests). 
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So far we showed a positive and significant (α=0.01) correlation between Zeleny, SDS-sedimentation and 
GMP tests with bread characteristics. The results of the PLS regression method are shown in Figs. 3 and 4. 
As can be seen in these figures, GMP content had the highest VIP coefficient compared to other 
independent variables in evaluating bread height and volume, indicating a high impact for the GMP 
analysis. On the other hand, total protein content showed minus values for VIP, indicating no influence on 
the PLS regression model, compared to other independent variables. 

CONCLUSIONS 

The use of GMP analysis in evaluating breadmaking performance of Iranian wheat cultivars with different 
breadmaking qualities was compared to other conventional tests. The results showed that total protein 
content cannot be used as a quality indicator, whereas conventional quality tests such as Zeleny and SDS-
sedimentation can evaluate breadmaking quality successfully. GMP as a novel technique was compared to 
the conventional test and the PLS-regression model showed that the latter has the most significant impact 
in evaluating the breadmaking characteristics of different flours. 
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ABSTRACT 

Hydrogen bonds and hydrophobic interactions control the aggregation of gluten proteins during dough 
preparation and as a consequence, the rheological properties of the final product. However, little 
information is available so far concerning their behaviour during baking and mixing with starches. In this 
study, the importance of wheat proteins in these interactions was monitored by stress rheometry using 
temperature ramps produced with the S 50g mixer of the Brabender Farinograph, and by microscopy using 
wheat flour, remixed flour, and isolated gluten protein fractions. New profiles of a temperature ramp were 
developed. The temperature-ramp-methods for dough were thoroughly tested and improved to make them 
useful, to isolate the effects of the starch fraction and of gluten quality. Gliadins, which are said to exhibit 
mainly hydrophobic interactions, showed opposite rheological behaviour to that of glutenin at increasing 
temperatures. The importance of the gliadin / glutenin – ratio of cultivars, not only for dough firmness and 
stability in the cold phase of dough processing, but also during baking and in the industrial production of 
vital gluten, could be very well monitored by the use of the standard Brabender Farinograph S50g mixer 
with a standard cryostat. 
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ABSTRACT 

Differences in the protein composition of four wheat and five spelt wheat cultivars were analysed. The 
albumin/globulin fraction was almost the same in spelt and wheat. Significant differences were found in 
the gliadin and glutenin fractions of spelt wheat and common wheat. The gliadin to glutenin ratio was 
about 3.5 for spelt wheat and about 2 for common wheat. Comparison of the protein patterns of the 
Osborne fractions in spelt and common wheat showed that the chromatograms of the reduced gliadin 
fractions were most suitable for the classification of spelt wheat cultivars and for distinguishing them from 
common wheat. The patterns of the reduced gliadins showed one to three marker peaks that were not 
present in common wheat. Based on these peak markers, different spelt wheat cultivars were classified 
into five groups ranging from 'typical spelt wheat' to 'similar to common wheat'. Finally, the comparison 
of the glutenin fractions of spelt wheat and common wheat by RP-HPLC and by SDS electrophoresis 
showed that spelt wheat was deficient in the so called ω-bound gliadins, a minor portion of the ω-gliadins 
with a molecular mass of between 50.000 and 55.000, which are present in the glutenin fraction due to one 
cysteine residue in the amino acid sequence. This protein group might thus be used as a marker for 
common wheat to determine small amounts of common wheat in spelt wheat and products thereof. 

INTRODUCTION 

In the last 10 years, spelt wheat has gained new popularity as an "ancient cereal" and is therefore, 
increasingly cultivated mainly for its robustness, modesty, resistance to disease and high nitrogen 
assimilation capacity, particularly in organic farming and drinking water areas (Reents and Mueck, 1999). 
Products made with spelt, mainly baked goods, are becoming increasingly popular with consumers for 
their good taste, good digestibility and high tolerance in the case of wheat allergy. As a consequence, 
products made with spelt wheat are widely advertised and therefore yield a substantially higher price than 
common wheat and rye products (Schmitz, 2006). In this context, it is important for consumers and 
companies that manufacture products made with spelt wheat to know whether commercial spelt products 
have been mixed with common wheat. To date, these questions cannot be answered due to lack of 
information, and because there are no accepted methods to quantify the proportion of common wheat in 
spelt and its products. The aim of the present work was to compare common wheat and spelt flours by 
isolation, characterisation and identification of typical proteins and peptides as markers for the 
development of methods to quantify the proportion of common wheat in spelt products. 

MATERIALS AND METHODS 

Kernels from four common wheat (Akteur, Impression, Dekan, Cubus) and five spelt cultivars 
(Oberkulmer Rotkorn, Franckenkorn, Badengold, Balmegg, Hubel) were milled into white flours. The 
quantitative determination of flour proteins was performed by extraction (modified Osborne fractionation) 
with a buffered NaCl solvent (albumins, globulins), 60% (v/v) ethanol (gliadins) and a glutenin extraction 
solvent (glutenins) followed by reversed-phase high-performance liquid chromatography (RP-HPLC) 
analysis (Wieser et al., 1998). Additionally, kernels of 48 spelt cultivars were milled into wholemeal 
flours, which were analysed using the extraction/HPLC-method described above. The gliadin fraction was 
reduced with dithioerythritol prior to RP-HPLC. In addition, the glutenin fraction was separated by 
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). Electrophoretic separation was 
carried out on 10% Bis/Tris polyacrylamide gels (10 x 10 cm) in a 3-N-(morpholino)propanesulphonic 
acid- (MOPS) buffer system (Invitrogen). 
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RESULTS AND DISCUSSION 

A combined extraction/HPLC method was used to determine the qualitative and quantitative distribution 
of Osborne protein fractions and protein types. Flour proteins were stepwise extracted with a salt solution 
(albumin/globulin extract), with 60% ethanol (unreduced gliadin extract) and with 50% 1-propanol under 
reducing and disaggregating conditions (glutenin extract). A small portion of the gliadin extract was 
reduced with dithioerythritol (reduced gliadins). Aliquots of the extracts were separated on C18-RP-HPLC. 
Protein fractions and types were quantified by measuring UV absorption at 210 nm, which has been 
shown to be highly correlated with the quantity of protein (Wieser et al., 1998). The method was 
calibrated by analysing standard solutions of PWG gliadin, the reference gliadin provided by the prolamin 
working group (van Eckert et al., 2006). 
 
The percentages of the Osborne fractions based on the whole extractable protein are shown in Figure 1. 
Neither the absolute concentrations nor the percentages of the albumin/globulin fractions of common 
wheat (0.78 - 0.90 g/100 g flour) differed significantly from those of spelt (0.77 - 1.13 g/100 g). Very 
distinct and highly significant differences were found for the gliadin and glutenin fractions. The gliadin 
content of the wheat flours varied between 4.87 and 6.21 g/100 g and was significantly lower than the 
gliadin content of spelt (6.75 - 9.87 g/100 g). In contrast, the glutenin fractions were higher in the wheat 
flours (2.5 - 3.5 g/100 g) than in the spelt flours (1.9 - 2.5 g/100 g). Thus, the gliadin to glutenin ratio was 
approximately 3.5 for spelt wheat and only 2 for common wheat. 
 

 
 

Figure 1: Proportions of the Osborne fractions in flours of common wheat and spelt wheat 
 
With respect to typical differences in the HPLC chromatograms of common wheat and spelt wheat, the 
fractions of reduced gliadins were most useful, because reduced spelt gliadins contained up to five protein 
markers, which were not present in wheat gliadins. These markers thus allowed the classification of spelt 
cultivars into five groups. Groups 1 and 2 were most different from wheat; group 5 contained spelt 
samples whose gliadin patterns were similar to those of wheat. Three markers were present in the first 
group: marker 1 was a double peak at 10.5 min, marker 2 was a double peak at approximately 18 min and 
marker 3 was a large peak at around 21 min (Figure 2). Group 2 also contained markers 1 and 2, but 
differed with respect to marker 3, which was characterised by three peaks at 19.5 to 21.5 min. Group 3 had 
only two markers: marker 1 at around 10.5 min in agreement with groups 1 and 2 and marker 2 was 
missing. Marker 3 was the same as in group 1 (peak at around 21 min). Group 4 was partly deficient in 
marker 1, because there was only a single peak (like in the wheat chromatograms) instead of a double 
peak at 10.5 min. The double peak, which was eluted after approximately 18 min, corresponded to 
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marker 2. Marker 3 showed the same pattern as in group 2 (three peaks between 19.5 and 21.5 min). The 
chromatogram of group 5 revealed only marker 3 (three peaks between 19.5 and 21 min). This 
chromatogram was similar to that of common wheat, and the spelt cultivars of this group are known to be 
spelt/wheat crossbreeds. 

 
Figure 2: RP-HPLC chromatograms of reduced gliadins from different spelt wheat cultivars. Examples 
for the classification into five groups: 2a), group 1 cv. Altgold Rotkorn; 2b), group 2 cv. Oberkulmer 
Rotkorn; 2c), group 3 cv. Neuegger Weißkorn; 2d), group 4 cv. Balmegg; 2e), group5 cv. Albin 
 
Based on the results of the quantitative determination of the Osborne fractions, we considered it very 
important to analyse the glutenin fraction in detail, because of the higher glutenin content of the wheat 
cultivars. This was done by RP-HPLC and SDS-PAGE. As shown in the chromatogram of the wheat 
cultivar Akteur (Figure 3a, left side, lower chromatogram), three groups of glutenin subunits were present. 
As already described by Wieser et al. (2000), the ω-bound-gliadins (7 – 8.5 min) were followed by the 
HMW subunits (9 – 12 min) and the LMW subunits (13 – 20 min). RP-HPLC separation of glutenins from 
the spelt wheat cultivar Franckenkorn revealed a different protein profile (Figure 3a, left side, top 
chromatogram). In this chromatogram, only two groups of glutenin subunits were present, namely HMW 
(9 – 12 min) and LMW subunits (13 – 20 min). No ω-bound-gliadins were present in the glutenins from 
spelt. This result was confirmed by SDS-PAGE of the glutenin fractions of all the wheat and spelt 
cultivars investigated (Figure 3, right side). All glutenins from spelt wheat (lanes 5 – 8) were deficient in 
bands in the range of 50,000 – 55,000, whereas protein bands in this range were clearly visible in all 
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glutenins from wheat (lanes 1 – 4). These bands were described by Masci et al., (1991a, 1991b, 1993) as 
D-LMW subunits, which are likely to be identical to ω-bound gliadins. These proteins are very similar to 
ω-gliadins except for one cysteine residue in the D-LMW subunits, which is the reason that they are part 
of the glutenin fraction. 
 

 
Figure 3: Left side: RP-HPLC chromatograms of wheat (cv. Akteur) and spelt (cv. Franckenkorn) 
glutenins. Right side: SDS-PAGE of wheat and spelt glutenins (lanes 1 – 4: wheat cultivars; lanes 5 – 8: 
spelt cultivars). The molecular weight range of ω-bound gliadins is highlighted. 

CONCLUSIONS 

RP-HPLC profiles of Osborne fractions from wheat and spelt flour are suitable tools to distinguish 
common wheat and spelt wheat. The chromatograms of the reduced gliadin fraction can be used to classify 
spelt cultivars. The presence or absence of up to three spelt-specific marker peaks enables five groups of 
spelt to be distinguished ranging from 'typical spelt wheat' to 'similar to common wheat'. Spelt cultivars 
belonging to the latter group are wheat-spelt crossbreeds. ω-Bound gliadins were identified as wheat-
specific proteins by RP-HPLC and SDS-PAGE. Thus, this group of proteins can be used to detect and 
quantify small amounts of common wheat in spelt wheat and products thereof. 
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ABSTRACT 

It is widely accepted that the physical properties of dough largely influence bread-making quality. 
However, little is known about the relationship between bread-making quality and the physical properties 
of dough or dough stress during fermentation. Using the Creep method based on a Maxwell 2-element 
model, we measured the physical properties (instantaneous elasticity (E0), regularity coefficient of 
viscosity (ηN), relaxation time (τ0)) of various white bread doughs without yeast. The doughs were made 
from the flours of 12 genotypes of near-isogenic wheat with different high-molecular-weight glutenin 
subunit (HMWGS) composition. As in the present study, we assumed that the dough’s physical properties 
did not change due to fermentation, we determined the expansion stress on the different doughs during the 
final fermentation process by a method of numerical calculation that uses Euler’s difference method. The 
results indicated that dough with high elasticity values and a long relaxation time (τ0) showed the highest 
expansion stress during the fermentation process and that stress occurring at the end of fermentation (σend) 
was also high, while dough with the low τ0 showed a completely opposite trend. We also demonstrated 
that there was a close correlation between calculated σend and the dough’s gas retention at the end of 
fermentation or specific loaf volume (bread-making quality). These results show that the specific loaf 
volume (bread-making quality) of various white bread doughs can be greatly influenced by the dough’s 
physical properties (E0, ηN and τ0), which vary with differences in HMWGS composition. 
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ABSTRACT 

The rheological properties of wheat flours are mainly due to kernel prolamin composition. This class of 
proteins includes gliadins and glutenins, which are responsible for the viscosity and elasticity of doughs 
respectively. Protein content and gluten strength are the primary determinants of semolina quality, and 
there is general agreement that in durum wheat, the presence of the LMW-2/γ-45 allelic pattern and 
6+8/7+8 HMW-GS subunits is correlated with strong gluten genotypes and good pasta-making quality. 
Here we report the relationships between protein content and composition, the percentage of unextractable 
polymeric proteins (%UPP) and gluten strength, in a set of durum wheat RILs obtained by crossing two 
commercial wheat cultivars, Kofa and Svevo, both characterised by good technological performances. 
Results showed a positive correlation between LMW-GS Kofa-type and higher percentage of UPP and 
gluten strength. Further analyses allowed us to assign these subunits to the B-LMW group coded by Glu-
B2 locus. 

INTRODUCTION 

Gluten composition is the key factor in the quality characteristics of wheat cultivars. Seed prolamins 
(gliadins and glutenins) have been extensively studied to establish their relationships with flour/semolina 
properties. Gliadins are monomeric proteins capable of conferring viscosity to the gluten complex; 
glutenins are polymeric proteins joined by disulfide bonds that, when treated with a reducing agent, 
release high (HMW) and low (LMW) molecular weight subunits. Glutenins are the most influential 
components of dough strength and elasticity.  
Durum wheat with strong gluten and good viscoelastic properties is essential to produce pasta with 
superior cooking characteristics. In durum wheat, the quality of semolina is mainly related to the negative 
and positive effects of the LMW-GS patterns LMW-1/γ-42 and LMW-2/γ-45, respectively. Nevertheless, 
the inadequacy of the association between gluten quality and LMW-2 patterns has been shown, because in 
addition to Glu-B3 associated subunits, they include subunits encoded at Glu-A3 and Glu-B2 loci, which 
further influence dough viscoelastic properties, though to a lesser extent.  
Here we report the relationships between protein content and composition, percentage of unextractable 
polymeric proteins and gluten strength, in a set of durum wheat RILs (KS lines) obtained by crossing two 
commercial wheat cultivars, Kofa and Svevo, both characterised by good technological performances.  

MATERIALS AND METHODS 

Plant material. 249 RILs were produced by Società Produttori Sementi (Bologna, Italy) applying the 
single-seed descent method to progenies of a cross between the cultivars (cvs) Kofa and Svevo. Seed 
bulked in the F7 generation was used to sow the trials. Seed samples of the RILs and of the durum wheat 
parental lines cvs Kofa and Svevo were used for analyses. 
 
Protein extraction and separation. SDS-PAGE analysis. To check the homogeneity of each line, proteins 
were extracted from a single seed and from an aliquot (10 mg) of wholemeal flour. The gliadin fraction 
was previously removed by washing several times in 50% 1-propanol and the residual was extracted with 
50 mM Tris, 20% DMF, 1% DTT and γ-pyronin for 30 min. at 65 °C. Electrophoretic separation of HMW 
and LMW-GS was performed on SDS-PAGE (T=11, C=2,67). 
2D analysis (A-PAGE vs. SDS-PAGE). 100 mg of flour were extensively washed with 50% 1-propanol to 
eliminate the monomeric fraction. The residue was extracted with 80 mM Tris, 50% 1-propanol, 1% DTT 
for 30 min at 65 °C. After centrifugation at 10000 g for 20 min, the supernatant was precipitated with 4 
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vol of cold acetone and stored overnight at -20 °C. The pellet obtained was resuspended in 6 M Urea, 
0.14% Acetic acid, 1% DTT and separated by native PAGE at acidic pH. After the run, slabs of gel were 
cut, equilibrated and separated in the 2nd dimension by SDS-PAGE (T=11, C=2.67). Gels were stained o.n. 
in 12% TCA containing 5% CBB-R250 in absolute ethanol (1% v/v) and destained in deionized water. 
 
Size Exclusion Chromatography (SE-HPLC). 10 mg of flour were extracted with 1 ml of 50% ACN, 
0.05% TFA for 15 min under continuous stirring at room temperature. After centrifugation at 10000 g for 
10 min, the supernatant containing the soluble fraction, was filtered with a 0.22 µm PVDF filter and stored 
at 30 °C before analysis. The pellet was resuspended in 1 ml of 50% ACN, 0.05% TFA and sonified for 20 
s (output 25W) to solubilise unextractable polymeric proteins. After centrifugation and filtration, the 
sample was stored at 30 °C. SE analyses were performed using a TSK gel G3000swxl column (Tosoh 
Bioscience, Tokyo, Japan) and a mobile phase of 50% ACN, 0.05% TFA. Experimental conditions were 
as follows: flow rate 1 ml/min, wavelength 214 nm, column temperature 30 °C and run time 20 min. The 
chromatograms obtained were integrated and the peaks area used to determine the ratio of insoluble to 
soluble glutenin polymers (UPP). 
 
Glutograph analysis. The procedure was carried out according to the manufacturer’s instructions 
(Brabender GmbH & Co., Duisberg, Germany). For the Glutograph-E: wet gluten from 10 g of flour was 
used to measure the stretching and elastic properties of doughs. 
 
N-terminal sequencing and MS analyses. The determination of N-terminal sequences and the MS/MS 
analysis were performed at the Molecular Structure Facility Dept. of Davis University, California, USA.  

RESULTS AND DISCUSSION  

SDS-PAGE analysis. Two sets comprising 13 RILs each were selected according to their glutograph 
score (the best and the worst 13). Their HMW and LMW subunit composition is shown in Fig. 1a and 1b. 
Kofa and Svevo carried HMW-GS 6+8 and 7+8, respectively, encoded at the Glu-B1 locus; in addition, 
Kofa had an additional component in the LMW-GS that was not present in Svevo. The RILs with the best 
gluten characteristics (Fig. 1a) showed a prevalence of LMW-GS like in Kofa, whereas those with the 
worst gluten characteristics included progeny with LMW-GS, like in Svevo. 

 
Fig. 1. HMW and LMW glutenin subunits of RILs with best (a) and worst (b) glutograph values. 

 
Determination of unextractable polymeric proteins (%UPP). The percentage of unextractable 
polymeric proteins (% UPP) was determined for the two sets of RILs along with their parents Kofa and 
Svevo and compared with gluten strength as measured by glutograph (Table 1). Kofa had a higher 
glutograph value and %UPP than Svevo. RILs with the highest glutograph values and with Kofa-type 
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LMW-GS profile (Fig. 1a)) showed higher %UPP values, ranging from 47.8 to 55.4; whereas RILs with 
the lowesrt glutograph values and LMW-GS, like in Svevo (Fig. 1b), had lower %UPP values, ranging 
from 42.0 to 47.5. 
 

Table 1. % UPP (unextractable polymeric proteins) and glutograph values of RILs shown in Fig.1. 

    
 
 
 

 
2D Electrophoresis analysis. To identify the LMW subunits probably implicated in the quality of the best 
RILs, the total glutenins extracted from Kofa and Svevo were subjected to 2D analysis (Acid-PAGE vs. 
SDS-PAGE). The two patterns were very similar with the exception of two additional components present 
in Kofa (spots 1 and 2). (Fig. 2). 
 

                         
 

Fig. 2. Comparison of the 2D patterns of glutenin subunits present in Kofa and Svevo 
 
 

Protein identification. Mass spectrometry and sequencing analysis led to the identification of the two 
protein components present in the B-LMW glutenin group of Kofa. Both proteins were LMW m-type 
because the first N-terminal amino acid in the mature polypeptides was represented by a methionine. In 
particular, the sequencing performed on spots 1 and 2 gave the sequence METSXN. The presence of N in 
6th position is a new finding.  
Further comparisons by 2D analyses of Kofa with several durum wheat cultivars of known LMW-GS 
composition (supplied by J.M. Carrillo) led to the assignment of the two glutenin components of Kofa to 
the Glu-B2 locus. 
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CONCLUSIONS 

The obtained data indicate that the higher number of glutenin subunits in Kofa than in Svevo contribute to 
its superior dough technological characteristics, as a consequence of the increase in the amount of 
unextractable polymeric proteins. This indicates that it is possible to obtain further improvement from 
durum wheat germplasm possessing the LMW-2 allelic form.  
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ABSTRACT 

Electrophoretic analysis of gliadins and high and low molecular weight glutenin subunits (HMW-GS, 
LMW-GS) made it possible to determine the intra-varietal polymorphism of spring and winter wheat 
varieties registered in the Czech Republic. A model set of 26 gliadin and two glutenin lines (biotypes) of 
13 wheat varieties was characterised according to their technological quality and agronomical traits. The 
differences between the protein lines of wheat varieties underlined the need to keep an invariable ratio of 
single wheat lines in polymorphic wheat varieties. This information can be applied in the breeding of new 
varieties, in the area of registered variety maintenance and seed production. 

INTRODUCTION 

Variety is the basic element of crop production; its importance is mainly due to the fact that it represents a 
set of genetically fixed characteristics of a crop that predetermine the final production of a crop for a 
clearly defined purpose. A variety and/or cultivar (cultivated variety, abbreviated as cv.) is produced by 
intentional human activity, i.e. by breeding, and is defined as a set of plants in the framework of 
taxonomic classification within a plant species that differs from other similar species by at least one trait. 
Variety is defined by the characteristics for which it was registered (entered in the National Register of 
Plant Varieties). The typical characteristics of a variety must be maintained for the duration of registration, 
hence a variety must be stable in these characteristics. No markedly different plants must occur within a 
variety, i.e. uniformity must prevail within a variety. These basic legislative requirements for a variety can 
be summarized by the abbreviation DUS (distinctness, uniformity, stability). Wheat is the most frequently 
grown crop in the Czech Republic, which has resulted in a high number of registered varieties. As wheat is 
a self-pollinated crop with a low rate of cross-pollination (3-7%), the majority of varieties are pure lines or 
mixtures of isogenic lines (Chloupek 2000). This implies that wheat varieties may be homogeneous – 
single-line or heterogeneous – multi-line (polymorphic). Consequently knowledge of polymorphism in the 
electrophoretic structure of protein genetic markers (gliadins and glutenins) is necessary for the 
identification of wheat varieties by electrophoretic analysis of grain storage proteins. In polymorphic 
varieties, their genetic structure is characterized by the number and proportion of protein lines in the 
variety. The relative representation of protein lines in a polymorphic (heterogeneous) variety is essential 
for the stability of a registered variety, for its maintenance and growing, and for the control of variety 
trueness and purity in the evaluation of seed lots and commercial seeds. The intentional construction of a 
heterogeneous variety with respect to it protein structure can increase its adaptability or agronomical 
value. Disturbance of such equilibrium (change in the ratio of protein lines) can weaken the above-
mentioned characteristics. Protein lines of a given variety can differ in some agronomically important 
characteristics (Sontag-Strohm et al., 1996). 

MATERIALS AND METHODS 

Plant material:  Approximately one third of the registered varieties of spring and winter wheat listed in 
the National Register of Plant Varieties of the Czech Republic in 2003 were heterogeneous in the structure 
of storage proteins (Bradová, Šašek, 2005). In 2003 and 2004, a model set of standard samples of 
polymorphic varieties of spring and winter wheat was sown by hand in experimental fields at the Crop 
Research Institute. They were supplied by the Central Institute for Supervising and Testing in Agriculture 
(CISTA). From each two-row parcel, 30 spikes were collected from various plants of standard type at 
grain full ripeness. Gliadin and/or glutenin lines of each variety were determined by electrophoretic 
analyses of grains from the particular spikes. The grains were grouped according to the determined protein 
lines in the framework of a variety and the pure lines obtained in this way were resown, multiplied, and 
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evaluated in the harvest years 2005, 2006 and 2007. As experiments with the artificial infection by 
Fusarium culmorum were conducted nearby, the studied varieties were grown under increased infection 
pressure of head fusariosis. 
Electrophoretic methods: Gliadins and glutenins were extracted from single crushed wheat grains. 
Seventy-percent ethanol was used for gliadin extraction and electrophoretic patterns were determined by 
vertical electrophoresis in starch gel columns in acid Al-lactate medium in accordance with the standard 
CSN 46 1085-1 (1998). The method of Singh et al., (1991) was used for the extraction of LMW- and 
HMW-GS of wheat and their electrophoretic patterns were determined using a modified method of SDS 
PAGE, vertical electrophoresis in polyacrylamide gel (Laemmli, 1970); acrylamide/bisacrylamide 
concentration (T) and degree of cross-linking (C) were used at a ratio of T=10% and C=2.60%. The allelic 
gliadin blocks of bands were separated from the electrophoretic patterns of gliadins according to a 
published method (Šašek et al., 1998). LMW- and HMW-GS were identified by comparison with 
published catalogues (Branlard et al., 2003; Jackson et al, 1996; Payne and Lawrence, 1983). 
Methods of quality evaluation: Protein and starch contents was analyzed spectroscopically (NIRS) with 
an Anatris II apparatus. Protein quality was assessed with the SDS micro-sedimentation test (Dick, Quick, 
1983). The immunochemical technique ELISA was used to determine deoxynivalenol content (infection 
by fusariosis). Falling number (FN) was determined according to ICC (1991) standard No. 107 as a alpha-
amylase aktivity indicator. Combined infection by wheat dwarf virus and barley yellow dwarf virus 
(BYDV, BaYMV) was tentatively determined. 
Statistical analysis: Data (values of SDS test, starch content, protein content, FN) were evaluated by 
analysis of variance (ANOVA) with subsequent test of multiple comparisons (Fisher LSD test).  

RESULTS AND DISCUSSION 

A total of 28 pure protein lines separated from 10 heterogeneous varieties of winter wheat and three 
heterogeneous varieties of spring wheat were used for this study (Table 1). The varieties Astella, 
Karolinum, Meritto, Mladka, Sepstra, Solara, Aranka, Munk, Sandra and Ilona consisted of two gliadin 
lines, while the varieties Niagara and Windsor consisted of three gliadin lines. Gliadin polymorphism 
corresponded with LMW-GS polymorphism in six varieties (Karolinum, Mladka, Munk, Niagara, Solara, 
Windsor). As for HMW-glutenins, all the varieties were homogeneous. Only the Asta variety was included 
in this study as a glutenin heterogeneous variety, which is composed of two glutenin lines.  
 

Table 1: Gliadin and glutenin characteristics of wheat varieties (proportion of Gli/Glu lines) 
 

Gli allelic block loci LMW-GS loci HMW-GS loci 
Variety 

Line (%) 1-1A 2-1A 1B 1D 6A 6B 6D A3 B3 D3 Line(%) A1 B1 B2 
Winter wheat                                 
Asta A 100 4 0 4 1 2 2 19 a f c a 64 0 7+9 5+10 
               b 36 0 6+8 5+10 

A 72 2 0 1 2 1 1 1 d b c a 100 2* 7+9 5+10 
Astella 

B 28 2 0 1 2 1 1 4         
A 96 3 0 1 13 1 1 6 e/f b b a 100 0 7+9 5+10 

Ilona 
B 4 12 0 1 13 1 1 6         
A 67 9 0 3 1 3 1 2 a j c a 100 1 17+18 5+10 

Karolinum 
B 33 9 0 4 1 3 1 4 a g c      
A 58 4 0 4 1 2 1 1 a g c a 100 0 6+8 2+12 

Meritto 
B 42 4 0 4 1 2 4 1         
A 76 4 0 1 9 3 1 2 e/f b c a 100 0 7+9 2+12 

Mladka 
B 24 4 0 4 9 3 1 2 e/f f c      
A 72 2 0 1 1 1 1 1 d b c a 100 0 7+9 5+10 
B 19 2 0 4 1 1 1 1 d g c      Niagara 
C 2 2 0 4 1 1 1 9 d g c      
A 87 9 0 4 1 2 2 1 a g c a 100 0 7+9 2+12 

Sepstra 
B 13 9 3 4 1 2 2 1                 
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A 63 2 0 1 1 1 3 1 d b c a 100 0 7+9 5+10 
Solara 

B 33 2 0 1 3 1 3 1 d b a           
A 42 2 0 4 1 3 12 5 d c c a 100 0 6+8 2+12 
B 25 2 0 3 1 3 12 5 d j c        Windsor 
C 33 9 0 4 1 3 12 5 a f c           

Spring wheat                                 
A 26 0 2 1 1 4 1 1 a b c a 100 1 14+15 5+10 

Aranka 
B 74 0 2 1 1 2 1 1                 
A 66 0 2 1 7 4 1 1 a b b a 100 0 7+9 5+10 

Munk 
B 34 10 2 1 7 4 1 1 e/f b b           
A 54 0 2 1 7 2 1 1 a b b a 100 2* 7+8 3+12 

Sandra 
B 46 13 2 1 7 2 1 1                 

 
To assess the importance of gliadin and glutenin polymorphism of wheat varieties, the differences 
observed in the values of the technological quality traits that are characterized by higher heritability such 
as sedimentation value, which is an indirect indicator of bread-making quality, are crucial (Pedersen et al. 
2004). A statistically significant difference in this parameter was found between the gliadin lines of the 
Karolinum variety (Table 2). This difference is consistent with the occurrence of gliadin blocks markers of 
bread-making quality. Gliadin line “B” of Karolinum possesses GLD 1B4 block, i.e. a marker of higher 
bread-making quality (Šašek et al., 1998) while line “A” is characterized by GLD IB3 block, a marker of 
lower bread-making quality (Vyhnánek, Bednář, 2003, McIntosh R.A., 1992), and only the Karolinum 
gliadin line B is characterized by a statistically significantly higher sedimentation value than Karolinum 
“A”. 
 
Table 2: Value of measured quality parameters of wheat protein lines 

Variety Gli/Glu SDS (ml) Starch content (%) N-substance content (%) Falling number (s) 
  line avg F- test avg F- test avg F- test avg F- test 
Asta a 5.48 a 61.2 a 12.7 a 325 b 
  b 5.73 a 62.0 a 12.4 a 190 a 
Karolinum A 4.68 cd 62.4 cdefg 12.6 abcde 302 defg 
  B 5.95 ef 62.1 cdef 12.7 bcde 308 defg 
Mladka A 4.73 cd 62.1 cdef 11.0 abc 271 cd 
  B 4.93 cd 60.5 abc 13.3 efg 315 defg 
Niagara A 5.98 ef 62.2 cdefg 11.8 abcde 190 b 
  B 6.05 f 61.9 bcdef 12.1 abcde 214 bc 
  C 6.17 f 63.3 efg 12.8 bcdefg 396 hi 
Sepstra A 5.15 def 60.7 abc 12.7 abcde 280 cdef 
  B 4.73 cd 62.7 defg 11.4 abcde 342 efghi 
Windsor A 3.68 ab 63.9 g 11.0 abc 311 defghi 
  B 3.60 a 62.4 cdefg 11.3 abcd 330 defghi 
  C 3.98 abc 62.2 cdef 10.9 ab 277 cde 

Note: F-test - Fisher LSD test 
 
Statistically significant differences were found in starch content between the gliadin lines of the Sepstra 
variety and between the gliadin lines of the Windsor variety (Windsor “A” versus Windsor “C”). There 
was also a difference in protein content between the gliadin lines of the Mladka variety, and in the falling 
number (FN) between lines “A” and “C” of the Niagara variety. Table 2 shows there was a statistically 
significant difference for the glutenin lines of the Asta variety only in the falling number test. Differences 
in DON content in the lines of wheat tested were minimal and can probably be attributed to the influence 
of the year; the same conclusion was drawn concerning the incidence of BYDV and BaYMV (no 
symptoms of these diseases were observed in 2006 and 2007), (data not shown). These results show that 
the components (protein lines) of polymorphic varieties can differ in their technological or agronomical 
value, which has also been demonstrated by other authors (Sontag-Strohm et al., 1996, McLendon et al., 
1993, Šašek et al.1988). The variety Karolinum can be cited as an example: its gliadin structure confirms 
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the intentional construction of this variety aimed at both satisfactory bread-making quality and good 
resistance to stem rust. This variety is composed of two gliadin lines at a ratio of 2:1 (A/B) (Table 1), line 
A possesses the rye translocation segment T1BL.1RS, which carries the Sr 31 gene of resistance to stem 
rust and at the same time is responsible for the lower bread-making quality of the wheat flour (the 
presence of secaline genes). The marker was named GLD 1B3 (Šašek et al. 1998). Based on its qualitative 
parameters the variety is included in bread-making quality class A (high quality) (CISTA, Czech 
Republic). If the percentage proportion of line “B” decreased markedly, the entire variety would probably 
be modified to such an extent that its characteristics would correspond to bread-making quality class B 
(bread wheat) or C (wheat not suitable for baking). For these reasons the stability of the percentage 
proportion of protein lines in a variety is important. 

CONCLUSIONS 

The knowledge of intravarietal protein polymorphism of registered wheat varieties is important not only 
for organizations responsible for the maintenance of registered varieties but also for the seed production 
sector. This knowledge can be efficiently applied in the breeding of new varieties when it is important to 
know if the parental components used for crossing were homogeneous or heterogeneous (multi-line) 
varieties. 
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ABSTRACT 

The quantification of protein fractions (albumins+globulins, gliadins and Sum glutenins), their relations to 
technological parameters and HMW-glutenin subunits (GSs) were evaluated in a set of European wheat 
landraces and three commercial Czech wheat varieties, and 22 prevalent allelic combinations of HMW-
GSs were detected. The results of wheat landraces generally confirmed significantly higher protein, wet 
gluten contents and contents of all protein fractions (albumins+globulins, gliadins and Sum glutenins) as 
well as lower technological values (GI, Zeleny sed.) compared to commercial wheat varieties. The 
significantly higher technological values revealed the HMW-Glu allelic configuration: 2*; 7+9, 5+10. The 
presence of allelic subunits B1 (20) and D1 (2+12) had a negative effect on both technological 
characteristics and showed a closer relation to the higher albumin+globulin protein fraction. Similarly, the 
increase in albumins+globulins and the higher ratio of gliadins to glutenins predicted wheat materials with 
lower technological quality.  
Key words: Wheat landraces, HMW-glutenin subunits, protein fractions, technological quality 

INTRODUCTION 

Wheat landraces are varieties that were improved by farmers over many generations without the use of 
modern breeding techniques and were well adapted to their local environment. After the Second World 
War, intensive plant breeding programs led to the complete replacement of landraces by modern semi-
dwarf and high-yielding cultivars, resulting in a decrease in wheat genetic diversity (Bordes et al., 2008). 
The evaluation of wheat resources and the identification of local wheat landraces are essential to preserve 
wheat genetic resources, as well as to promote their sustainable use, and possibly to provide economic 
profits to farmers (dos Santos et al., 2009).  
High molecular weight subunits of wheat glutenins have become the most intensively studied group of 
wheat proteins because of their close link with bread-making quality (Payne 1987). These observations 
have already been confirmed and extended by a number of other laboratories and countries and are now 
routinely used in plant breeding programs (Shewry et al., 2001).  
Nevertheless, the high effectiveness of this predictive electrophoretic method decreases in large 
collections of wheat landraces due to their genetic heterogeneity and specific reaction to growing areas. In 
these cases it could be useful to analyze contents and mutual proportions of protein fractions (albumins, 
globulins, gliadins and glutenins). Their major influence on bread-making quality has been reported by 
many authors (e.g. Singh et al., 1990; Wieser and Kieffer, 2001). The need for significantly less flour than 
for standard analyses is another potential benefit.  
The present study aimed to quantitatively analyze the grain protein fractions of selected wheat landraces. 
Analyses were performed to identify relations between protein fractions and standard technological 
parameters and to detect prevalent HMW-GSs. 

MATERIALS AND METHODS 

67 European wheat landraces and three standard modern baking varieties (Samanta, Ilona and Šárka) were 
evaluated and were characterized by 22 prevalent allelic combinations of HMW-GSs. The plant materials 
were selected and cultivated in a set of small plot experiments in the Gene bank of CRI Prague in 2003, 
2004 and 2006. The analyses of grain protein composition included crude protein (CP) content using 
Kjeldahl’s method (ČSN EN ISO 20483) and the protein fractions (albumins+globulins, gliadins and Sum 
glutenins) separated using the standard Osborn method (Dvořáček et al., 2001). The standard 
technological parameters: wet gluten content (WG), gluten index (GI) (AACC 38-12) and Zeleny 
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sedimentation test (ČSN ISO 5529) were also characterized in the experimental plant material. The 
software “Statistica 7.0 CZ” was used for the evaluation of results. Analysis of variance (ANOVA), PCA 
and correlation analyses were used. Because of the elimination of the specific year impacts, parameters 
were transformed according to the following equation: Atrans (Lx; y) = A(Lx; y)/Â(y),  
where: 

A = the value of the respective tested parameter 
Lx = the respective tested wheat line 
Y = the respective year 
Â(y) = the average value of the parameter in the year (y) 

RESULTS AND DISCUSSION 

The results of wheat landraces generally confirmed significantly higher amounts of protein, wet gluten and 
of all protein fractions (albumins + globulins, gliadins and Sum glutenins) as well as lower technological 
values (GI, Zeleny sed.) than commercial wheat varieties (Table 1). In spite of the fact that the majority of 
landraces displayed lower technological values, four wheat landraces with excellent values for Zeleny 
sedimentation (≥47ml) and GI (≥80) (Stepowa-POL; Szekacz-HUN; Fleischman 481A-HUN and 
Fleischman 481B-HUN) were also detected. The allelic compositions of these two selected materials 
(Stepowa and Szekacz) showed the presence of HMW-Glu allelic subunits 1B (7+9) and 1D (5+10) linked 
with higher technological quality (Li et al., 2009). Nevertheless, except for allelic combinations B1 
(17+18) and (7+9), both Fleischman landraces were characterized by positive technological effects, by 
allelic subunit D1 (2+12) which significantly decreases bread-making quality. This indicates the presence 
of other technologically positive allelic combinations of gliadins and LMW - GSs in the wheat materials. 
The significant effect of gliadin subunits on bread-making quality have already been reported e.g. by 
Metakovsky et al., (1997). 
These significantly higher technological values were confirmed by the presence of HMW-GSs: (2*; 7+9, 
5+10) (Tab. 2-4). Combinations of the allelic subunits Glu-B1 (7+9) and Glu-D1 (5+10) are most often 
found in the bread wheat varieties currently registered in the Czech Republic (Bradová and Šašek 2005). 
On the other hand, the lowest technological quality was found in wheat landraces with the HMW-GS 
combinations (1; 20; 2+12) and (0; 20; 2+12) respectively. Simultaneously, the presence of these allelic 
combinations significantly confirmed the highest albumin+globulin fraction in crude protein. Thus, the 
presence of these allelic combinations could be useful for wheat breeding programs focused on improving 
nutritional value. A favorable effect of albumins and globulins on wheat nutritional value would be 
expected due to higher essential amino acid contents (primarily lysine) (Shewry et al., 2001). 
Concerning the strong year effect which can distort relations between the parameters tested (Fig. 1), the 
values obtained were transformed by the quotient of achieved annual average for each corresponding 
parameter. After this recalculation, we obtained the transformed PCA graph (Fig. 2). In accordance with 
the previous ANOVA test (Tables 2 - 4), the PCA analysis also detected a similar effect among HMW-GS 
combinations A1 (2*), B1 (7+9) and D1 (5+10) and higher value of the technological parameters tested 
(Zeleny sedimentation and GI). Similarly, the presence of allelic combinations B1 (20) and D1 (2+12) had 
a negative effect on values of both technological characteristics and showed a closer relation to the 
albumin+globulin protein fraction. No other specific allelic combinations with a similar influence on the 
technological parameters and protein fractions were observed (Fig. 2). Naturally, the identification of a 
new allelic combination with such an effect on wheat technological parameters is not frequent. A recent 
example was reported by the Chinese authors Li et al., (2009) who found in 615 wheat landraces a new 
HMW Glu allelic subunit 1B (6+16) with comparable positive effects on bread-making quality to the 
previously mentioned allelic combinations B1 (7+9) and D1 (5+10).  
The PCA graph also indicated the negative effect of increasing amounts of albumins+globulins in crude 
protein and a higher ratio of gliadin to Sum glutenin in the Zeleny sedimentation test (Fig. 2). On the basis 
of these results and characteristics of individual wheat landraces, it is possible to predict that lower values 
of albumins+globulins in crude protein (≤22%) in combination with a lower ratio of gliadins to Sum 
glutenins (≤75%) indicate wheat landraces with higher technological (bread-making) value. 



 

 

Tab. 1 Comparison of tested parameters between groups of registered modern varieties and wheat landraces 

Wheat materials Crude Protein 
(%) 

Alb+Glob 
(%) 

Gli 
(%) 

∑ Glu 
(%) 

WG  
(%) GI Gli / ∑Glu 

(%) 
Zeleny sed. 

(ml) 
Alb+Glob ratio in 
crude protein (%) 

Commercial varieties 14.40a 3.35a 4.77a 6.28a 30.68a 78.38a 76.33a 42.44a 23.32a 

Wheat landraces 16.90b 3.72b 5.90b 7.28b 40.35b 48.44b 82.69a 36.13a 22.14a 

The values of parameters marked by different letters are significantly different at P ≤ 0.05 
 

Tab. 2 Effect of identified HMW–Glu subunits (A1) on tested grain parameters  

HMW -GSs: - A1 N Crude Protein 
(%)  

Alb+Glob 
(%) 

Gli 
(%) 

∑ Glu 
(%) 

WG  
(%) GI Gli / ∑Glu 

(%) 
Zeleny sed. 

(ml) 
Alb+Glob ratio in 
crude protein (%) 

0 27 16.55a 3.69ab 5.69b 7.18a 37.67a 51.47b 80.36a 35.42a 22.37b 

1 34 16.98b 3.75b 5.94a 7.28a 41.79b 44.31a 83.74a 35.27a 22.22ab 

2* 9 16.81ab 3.61a 5.97a 7.24a 39.70ab 64.92c 83.62a 43.63b 21.53a 

The values of parameters marked by different letters are significantly different at P ≤ 0.05 
 
Tab. 3 Effect of identified HMW – Glutenin subunits (B1) on grain parameters  

HMW -GSs - B1 N Crude Protein 
(%)  

Alb+Glob 
(%) 

Gli 
(%) 

∑ Glu 
(%) 

WG  
(%) GI Gli / ∑Glu 

(%) 
Zeleny 
sed. (ml) 

Alb+Glob ratio in 
crude protein (%) 

7 1 18.26b 4.12a 6.68b 7.47ab 48.67c 40.29abcd 89.53a 30.67ab 22.56ab 
20 6 16.03c 3.90a 5.74ab 6.38b 36.08b 32.55a 91.65a 24.33b 24.43b 

17+18 3 17.33ab 3.82abc 5.88ab 7.63a 39.27ab 57.08cd 78.36a 38.44ab 22.15ab 
6+8 5 16.23ac 3.66bc 5.62a 6.96ab 37.94ab 35.27ab 81.96a 31.87ab 22.60ab 

14+15 1 17.43abc 3.75abc 5.97ab 7.70ab 46.00ac 40.24abcd 80.24a 34.67ab 21.56ab 
7+8 19 16.90ab 3.76ac 5.81ab 7.33a 39.45ab 47.68bc 80.99a 36.16a 22.37a 
7+9 35 16.84ab 3.63b 5.89ab 7.32a 40.77ac 55.75d 81.88a 39.30a 21.65a 

The values of parameters marked by different letters are significantly different at P ≤ 0.05 
 
Tab. 4 Effect of identified HMW – Glutenin subunits (D1) on grain parameters  

HMW -GSs - D1 N Crude Protein 
(%)  

Alb+Glob 
(%) 

Gli 
(%) 

∑ Glu 
(%) 

WG  
(%) GI Gli / ∑Glu 

(%) 
Zeleny sed. 

(ml) 
Alb+Glob ratio in 
crude protein (%) 

2+12 41 16.96b 3.73a 5.92a 7.32a 40.41a 44.10a 82.92a 34.02a 22.08a 
3+12 1 17.35ab 3.81a 5.74a 7.80a 44.53a 38.88ab 74.40a 37.67ab 21.98a 
4+12 1 17.42ab 3.91a 5.82a 7.69a 43.80a 26.56a 77.71a 32.67ab 22.53a 
5+10 27 16.49a 3.67a 5.75a 7.08a 38.88a 59.51b 82.14a 40.12b 22.35a 

The values of parameters marked by different letters are significantly different at P ≤ 0.05 
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Fig. 1 Mutual relationships among independent 
factors (HMW-GSs, Years) and tested grain 
parameters  

Fig. 2 Mutual relationships of detected HMW-GSs 
and tested parameters after data transformation 

 

CONCLUSIONS 

Finally, the combination of HMW-GS analysis and the assessment of the protein fraction can contribute to 
the prediction of bread-making quality during selection of wheat genetic resources especially when wheat 
materials show higher genetic polymorphism and insufficient flour is available for standard technological 
analyses. 
 
This work was supported by Ministry of Agriculture of the Czech Republic Nr.0002700604. 
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Relationship between high- and low molecular weight 
glutenin subunits and quality in a doubled haploid 

population of bread wheat 
A. VAN BILJON and M.T. LABUSCHAGNE  

Department of Plant Science, University of the Free State, P.O. Box 339, Bloemfontein 9300, South 
Africa. 

ABSTRACT 

It is well known that high-molecular weight (HMW) glutenin subunit composition plays an important 
role in determining wheat quality and in end-use properties of the grain. Even though low molecular 
weight (LMW) glutenin subunits have received less attention, they are also of great importance in 
determining quality (Lukow et al., 2002; Juhász and Gianibelli, 2006). The aim of this study was to 
determine the correlations between HMW-, LMW glutenin subunits and some quality characteristics. 
Twenty-five doubled haploid lines planted in two different locations over two years (2006 - 2007) 
were used to investigate the relationships. The doubled haploid lines were constructed from the F1 
cross between cultivars Kariega and Avocet. The grain protein was fractionated by Sodium Dodecyl 
Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) according to the method of Singh et al., 
(1991). Results indicated subunits 1 and null at Glu-A1, 7 + 8 and 17 + 18 at Glu-B1 and 2 +12 at Glu-
D1. It was found that mixograph development time (MDT) contributed the most to SDS sedimentation 
(20%). Grain protein content (GPC) contributed a further 14% and LMW181 and LMW211 
contributed a further ± 6%. With 12%, kernel hardness (HI) was the second largest contribution to 
GPC, and subunit Glu-B1 7 + 8 contributed a further 3% (P ≤ 0.1). Significant correlations were found 
between some of the LMW glutenin subunit fractions and SDS sedimentation, GPC, and MDT. Glu-
B1, 17 + 18 were positively correlated with SDS sedimentation and GPC and numerous LMW 
glutenin subunits revealed significant correlations in their banding patterns. To support future research 
and thereby improve wheat quality, it is important to investigate and identify these relationships. 
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Vital Wheat Gluten Characterization using Infraneo and 
Mixolab 

O. LE BRUN 1, N. BOINOT 1 and A. DUBAT 1 
1CHOPIN Technologies, 20 avenue M. Berthelot, 92 396 Villeneuve la Garenne, France. 

ABSTRACT 

Vital wheat gluten is one of the most popular improvers in the bakery industry. In spite of its industrial 
interest, instrumental methods to analyze physicochemical properties and rheological behaviour of this 
product are relatively rare. This study had two objectives: to develop near-infrared calibrations on 
Infraneo (Chopin’s NIR analyzer) to measure protein and moisture content in a few seconds, and to 
develop a Mixolab protocol to evaluate the rheological behaviour of different vital wheat gluten.  
Forty-eight vital wheat gluten samples with moisture contents ranging between 2.8% and 7.3% and 
proteins ranging between 70.9% and 82.3% were used for the near-infrared calibration. The 
calibrations obtained gave very good results (R2=0.95 and SECV=0.57 for proteins, R2=0.96 and 
SECV=0.16 for moisture content). 
Six samples of vital wheat gluten with different baking qualities were used for the rheological study. 
The resulting protocol (200 rpm, 75 g of gluten, 120% of hydration) was highly repeatable (the 
difference between two repetitions was less than 5%) and clearly distinguished the six samples tested. 
The combination of Mixolab and Infraneo enabled rapid and complete scoring of vital wheat 
gluten samples. 
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Applying genetic engineering to understand the 
contributions of various seed proteins to wheat flour 

properties 

A. BLECHL 1, B. BEECHER 2, J. LIN 1, S. ALTENBACH 1, W. HURKMAN 1, S. SLOANE 1,  
C. TANAKA  1 and W. VENSEL 1 

1USDA-Agricultural Research Service, Western Regional Research Center, Albany, CA, USA. 
 2USDA-Agricultural Research Service, Pullman, WA, USA. 

ABSTRACT 

The contributions of individual seed proteins and protein families to wheat dough visco-elasticity can be 
uncovered by comparison of the end-use properties of flours prepared from the seeds of closely related 
genotypes that differ only or mainly in the presence/absence of those proteins. Genetic engineering allows 
us to make these changes in a purposeful way by introducing new genes into wheat that encode native 
proteins or variants with altered compositions. Such an approach has already yielded insights into the 
differing contributions of adding or raising the levels of native high-molecular-weight (HMW-) glutenin 
subunits to dough mixing properties. These experiments have shown that subunit Dx5 contributes to 
dough strength in ways that are quantitatively and qualitatively different from the contributions of subunits 
Ax1 or Dy10 (Popineau et al., 2001; Barro et al., 2003; Blechl et al., 2007) 
 
We have applied the genetic engineering strategy to assess the contributions of rye proteins to the 
properties of doughs from cultivars such as “Bobwhite” that contain the 1BL.1RS translocation from 
“Petkus” rye (Secale cereale). This translocation includes at least part of the Sec-1 locus, which encodes 
the omega and 40K gamma secalins. An RNA interference (RNAi) vector was constructed with the 
promoter from the 1Dy10 gene driving expression of a double-stranded RNA covering 500 bp of the 
coding region of an omega secalin gene isolated from “Bobwhite”. Introduction of the RNAi construct 
into “Bobwhite” resulted in decreases of at least two 40-50kDa seed protein bands that could be 
distinguished by SDS-PAGE of 50%-propanol-soluble extracts. Proteomic analyses showed that a 
transformant homozygous for the RNAi transgene exhibited losses of eight 2-D gel spots identified as 
secalins and four spots identified as wheat omega gliadins. Some, but not all, spots identified as wheat 
gamma gliadins showed decreased levels in the transformant compared to the parent. The effects of these 
protein changes on the small-scale mixing properties of doughs made from the transgenic flour will be 
reported. These studies show that genetic transformation is a useful way to change the levels of seed 
proteins or protein families and to allow comparisons of the effects of these changes in isogenic 
backgrounds.  
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ABSTRACT 

Transgenic wheat (Triticum aestivum L.) plants expressing the AmA1 protein from A. hypochondriacus 
were produced and tested. The ama1 gene, encoding the 35-kDa protein with high essential amino acid 
contents (including five cysteine residues) was controlled by a wheat endosperm-specific promoter 
(1Bx17 HMW-GS). RT-PCR and Western blot analyses on developing endosperm tissues confirmed the 
proper function of the promoter. No significant changes in total protein content were found in the flour 
from transgenic lines, while the AmA1 protein was present in reasonable quantities showing close 
correlation with the increase in essential amino acid content. The ratios of the polymeric-to-monomeric 
proteins and the unextractable polymeric protein in the flour from most of the transgenic lines were 
significantly higher than in the control samples, indicating the positive effects of the amaranth protein on 
flour end-use quality. The significantly higher dough development time, peak resistance and stability of 
the dough from flour sample T4-28-1-1, measured with a micro z-arm mixer, proved that stronger and 
more stable dough can be produced from this transgenic wheat flour. SE-HPLC analysis of the protein 
sample extracted from the dough indicated that the AmA1 protein, through its free SH groups, had 
integrated into the protein matrix of the gluten formed during dough development. These results 
demonstrate that the transgenic approach is a method of choice to improve not only the essential amino 
acid content of wheat flour but certain functional quality attributes as well. 

INTRODUCTION 

Wheat is one of the most important food crops for about half of the human population. Its nutritional 
quality is mainly determined by the low essential amino acid content of the storage proteins. In particular, 
lysine and threonine are present in limiting amounts in the prolamin protein fraction of the flour, because 
high amounts of essential amino acids are lost during the milling process with the removal of the aleurone 
layer and the embryo. Several attempts have been made to improve amino acid contents, for example the 
lysine content, of important crops by conventional breeding and mutagenesis (see review by Gibbon and 
Larkins 2005). Experiments using the gene technology approach to express wild type or recombinant 
storage proteins with the desirable amino acid profiles have also been carried out on cereals (reviewed by 
Shewry 2007; Zhu et al., 2007). 
Grain of the pseudo-cereal Amaranthus hypochondriacus has a high protein content (17–19% of seed dry 
weight), compared with traditional crops (~10%). More than half of the total seed proteins consist of the 
highly nutritive (essential amino acid rich) and easily digestible globulins and albumins (Raina and Datta 
1992). The AmA1 storage protein contains high levels of essential amino acids (Table 1), and unlike the 
2S albumin in the Brazil nut, it is a non-allergenic albumin. This has been confirmed by a hypersensitivity 
test (Chakraborty et al., 2000) and by the fact that amaranth flour is used to prepare unleavened bread in 
Mexico and Central- and Latin America, and is an important component in many other food products. 
Due to its free SH groups, AmA1 protein is able to form disulphide bonds with other proteins resulting in 
longer polymeric proteins. Dough reconstitution experiments indicated that 3% amaranth albumin in the 
total protein content of the flour has a positive influence on dough quality (Oszvald et al., 2009a). We 
believe that the expression of this protein in transgenic wheat could also play a positive role in flour end-
use properties. 
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MATERIALS AND METHODS 

Constructs carrying the marker gene and the gene of interest 
Plasmid pAHC25 was co-bombarded with the transformation cassette called AmA1-pTLZ (6.4kb) 
(Oszvald et al., 2008) carrying the endosperm specific 1Bx17 HMW-GS promoter (1.8kb). 
Transformation and regeneration of wheat 
Wheat (Triticum aestivum L.) plants (cv. Bobwhite and Cadenza) were grown under controlled conditions, 
immature scutella were isolated, precultured and bombarded, then transgenic plantlets regenerated under 
selection pressure, following published protocols (Sparks and Jones 2004; Tamas et al., 2004). 
Nucleic acid isolation and analysis 
PCR analyses for the marker gene (bar) and transgene were carried out following the protocols of Sparks 
and Jones (2004) and Tamas et al., (2009), respectively. 
Southern-blot hybridization and chemiluminescent detection were carried out as described in the DIG 
System User’s Guide for Filter Hybridization (Roche, UK). 
RNA was isolated from various plant tissues and the iScript cDNA Synthesis Kit (Bio-Rad) was used to 
synthesize cDNA. 
Protein analysis of the transgenic seeds 
Total proteins were extracted from single half grains or flour samples. The separated proteins were blotted 
and then probed with polyclonal AmA1 antibody. 
To characterize the protein content and the essential amino acid composition of the flour, seeds were 
milled on a laboratory Mini-Mill (METEFEM Ltd, Hungary) and sieved. The protein content of the flour 
samples was measured by the Kjeldahl method (factor of 5.7). 
Indirect ELISA was performed for the quantification of the AmA1 protein in transgenic wheat flour. All 
steps were carried out as described by Kang et al., (2003). 
Essential amino acid composition was quantified using the protocol of Adebowale et al., (2007). 
SE-HPLC was carried out as described by Batey et al., (1991). The amount of unextractable polymeric 
protein (UPP%) was calculated according to Gupta and MacRitchie (1994). 
Dough mixing studies 
These studies were carried out in a prototype micro z-arm mixer (METEFEM Ltd, Hungary) (Haraszi et 
al., 2004). Mixing curves were recorded during the dough-making process and Dough Development Time 
(DDT), Peak Resistance (PRmax), Stability (ST), Resistance at Breakdown (BD) were determined as 
described by Oszvald et al., (2008). SE-HPLC analysis of dough samples taken at peak time from the 
micro z-arm mixer was also performed. 
Statistical analysis 
All measurements were made in triplicate. Significant differences between samples were determined by 
ANOVA analysis. The samples were clustered using multivariable exploratory techniques. Statistica 7.0 
program (StatSoft, Inc., 2006, Tulsa, OK, USA) was used for statistical evaluation. 

RESULTS AND DISCUSSION 

Regeneration and DNA analysis of the transgenic wheat plants 
Twelve independent transgenic lines carrying both the bar gene and the gene of interest (ama1) were 
identified by PCR. All the lines were morphologically identical to the control, and had a normal seed set. 
Southern-blot analysis of T1 Cadenza lines 28 and 58 confirmed the stable integration of the transgene into 
the genome and showed different insertion patterns. The number of hybridizing bands indicated the 
number of insertions (one in line 28, three in line 58) and confirmed the independent transformation 
events. 
Expression of amaranth albumin (AmA1) in transgenic wheat endosperm 
The transcription of the ama1 gene showed tissue specificity. Transcripts were identified by RT-PCR in 
the starchy endosperm, and detected neither in leaf nor in root tissues, as published earlier for other 
foreign genes under the control of wheat endosperm specific promoters (Oszvald et al., 2007). 
Western-blot analysis of the protein from the developing endosperm tissue (at 17, 24 and 31 DPA) in 
transgenic lines Bobwhite 15 and Cadenza 28 showed that the AmA1 protein accumulated in increased 
amounts like normal storage proteins. 
Protein content and essential amino acid analyses of the flour 
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Flour samples were produced from the bulked seeds of ama1 PCR positive transgenic lines Bobwhite 15 
and Cadenza 28, 59, 80, 83. No significant changes were found in the protein content of the flour from T2, 
T3 and T4 seeds. Our results are similar to data published by Uthayakumaran et al., (2003), who observed 
no difference between transgenic and non-segregating wheat lines when the 1Dx5 HMW-GS protein was 
expressed under the control of wheat endosperm specific promoter (1Bx7 HMW-GS). On the other hand, 
a remarkable increase (35-45%) was measured in the total protein content of transgenic potato tubers 
expressing the AmA1 protein (Chakraborty et al., 2000). This was probably due to the very low amount 
(1.15%) of protein in the untransformed tuber. 
The expression level of the recombinant AmA1 protein in the flour samples produced from T2 and T3 
seeds represented 1.78–2.41% of the total protein. The highest AmA1 protein content was measured in 
line 28 (2.41% T2 and T3 seeds, 2.57% T4 seeds). Our results are consistent with data published by 
Altpeter et al., (1996), who introduced the otherwise missing 1Ax1 HMW-GS subunit gene into the spring 
wheat variety Bobwhite under the control of its own promoter. The subunit accumulated in 0.6–2.3% of 
the total protein content in different transgenic lines. 
The amount of accumulated AmA1 protein was in close correlation with the increase in the essential 
amino acid content of the flour sample (7.3% Lys, 4.0% Thr, 3.8% Tyr, Table 1). These findings are very 
important, since the amino acids lysine, threonine and tyrosine are highly deficient in common wheat 
flour. 
 
Table 1: Amino acid composition of the flour protein from transgenic line 28, in bulked T2 and T4 
transgenic seeds. In parentheses, the increase (%) in amino acids in transgenic flour compared to 
untransformed wheat flour is presented. 

Essential amino acid g / 100g protein 
Amino 
acid AmA1 

protein 
Cadenza 
(donor) T2-28 T4-28-1-1 

His 2.79 2.26 2.28 (0.9) 2.29 (1.2) 

Ile 6.51 3.38 3.46 (2.4) 3.48 (3.0) 

Leu 8.42 6.53 6.58 (0.8) 6.62 (1.4) 

Lys 7.70 2.19 2.33 (6.4) 2.35 (7.3) 

Phe 7.16 5,03 5.08 (1.0) 5.10 (1.4) 

Thr 5.44 2.53 2.61 (3.1) 2.63 (4.0) 

Tyr 7.00 2.61 2.71 (3.8) 2.71 (3.8) 

Val 5.38 4.28 4.34 (1.4) 4.36 (1.9) 

Data correspond to the mean values ± SE (0.01) calculated on the basis of three replicates. 
 
The enhancement achieved in the present experiments was lower than that achieved either in transgenic 
maize (up to 44%) by Rascón-Cruz et al., (2004) or in transgenic potato (up to fourfold) by Chakraborty et 
al., (2000). Considering the results of Barro et al., (1997) and Vasil et al., (2001), who produced 
transgenic wheat stably transferring high copy numbers of the transgene and a high-expression level 
through several generations (Rakszegi et al., 2005; Shewry et al., 2006), it might be possible to increase 
the amount of amaranth protein using transgenic lines with multiple copies. In that case, the essential 
amino acid content in the flour might increase substantially (above 30% for lysine). 
Size exclusion HPLC analysis of the flour 
To assess possible changes, like S–S bond formation, in gluten proteins and hence in the bread-making 
quality of the transgenic flour due to the over-expression of ama1 transgene, size exclusion-HPLC 
analysis was carried out. The glutenin to gliadin ratio and UPP% increased significantly (5.5-10.1% and 
4.4-9.9%, respectively) in all transgenic flour samples from T2 seeds tested, compared to control lines. 
This indicates an improvement in the bread-making quality of the flour, as Uthayakumaran et al., (1999) 
confirmed that an increase in the polymeric to monomeric ratio and UPP% had significant effects on 
dough properties (i.e. increased dough development time and bread loaf volume). Improved flour quality 
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could also arise from the increase in protein content and changes in the HMW to LMW glutenin subunit 
ratio in the flour, but no significant changes were detected in these parameters in our work. 
Dough mixing studies 
The positive effects of amaranth storage proteins on the quality of wheat dough are well known (Ayo 
2001; Silva-Sanchez et al., 2004) and one of the explanations of this feature may be the presence of free 
SH groups. To estimate the impact of the AmA1 protein containing 5 Cys residues out of 304 amino acids, 
on the rheological properties of the flour from mature T3 seeds of Bobwhite 15, Cadenza 28, 59, 80 and 83 
lines and T4-28-1-1 seeds, were measured with a micro z-arm mixer. Figure 1 shows the results of the T4-
28-1-1. Three significantly higher parameters (dough development time 4.22 min, peak resistance 583 VU 
and stability 1.4 min) demonstrated that stronger and more stable dough can be produced from this 
transgenic wheat flour than from the control line (3.52 min, 483 VU, 0.8 min, respectively). SE-HPLC 
analysis of the protein sample extracted from this dough confirmed that the recombinant protein had 
integrated into the protein matrix of the gluten formed during dough development, improving its elasticity. 
 

 
Figure 1: Mixing curves recorded during dough making in the bowl of the z-arm mixer, on the control 
flour from the Cadenza wheat variety and on the transgenic wheat flour from T4-28-1-1 

CONCLUSIONS 

This is the first report on the production of transgenic wheat plants expressing highly nutritive (rich in 
essential amino acids) amaranth protein. The accumulated AmA1 protein not only showed close 
correlation with the increase in essential amino acid content but rheological studies on the flour samples 
from T3 and T4 seeds confirmed the significant positive impact of the recombinant protein on dough 
functionality. Our results demonstrate that gene technology is a feasible approach to improve both the 
nutritional- and the end-use quality of wheat flour. 
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ABSTRACT 

In an attempt to improve the breadmaking quality of wheat by elaborating novel gene combinations useful 
in wheat breeding programmes, homoeologous recombination between wheat homoeologs has been 
induced to increase copy number of genes of interest. This approach was used to duplicate Glu-1 locus 
coding for high molecular weight glutenin subunits (HMW-GS). These endosperm proteins play an 
important role in the end-use quality of wheat flour, which is a complex character influenced by both 
genetic factors and plant growth conditions. Duplication of the Glu-A1 and Glu-D1 loci were obtained in 
the hexaploid wheat cv. Courtot, through translocations between the long arm of both chromosomes 1A 
and 1D using the ph1b mutation. Amongst all the translocated lines produced, two lines duplicated 
respectively for the Dx2+Dy12 genes (Glu-D1) and Ax2* gene (Glu-A1) were characterized at the 
proteomic, rheological and technological levels. The cumulative and interaction effects on gluten strength 
and mixing properties of dough associated with duplication of Glu-1 loci were assessed. The genetic 
approach described, performed without GMO technology, led to novel genetic combinations aimed at 
broadening the natural genetic variability of wheat quality. 

INTRODUCTION 

Wheat quality depends on protein composition and grain protein content. High molecular weight glutenin 
subunits (HMW-GS) play an important role in determining the viscoelastic properties of gluten and 
breadmaking quality of wheats. Allelic variation in composition of HMW-GS encoded at Glu-1 loci is 
associated with major differences in breadmaking properties, in particular in glutenin aggregation and 
gluten rheological behavior (Branlard et al., 1992, 2001). Improvement of wheat quality is tightly linked 
to the number of HMW glutenin subunits expressed in a genotype (Halford et al., 1987) which in turn, has 
an impact on protein content and hence on rheological and technological properties. Manipulation of the 
Glu-1 locus has been exploited through GMO technology to insert additional glutenin genes in wheats. In 
many cases, until recently, serious defects in bread wheat quality were associated with transgene 
overexpression of certain HMW glutenin alleles, in particular Dx5 and/or Dy10. Deleterious effects on 
quality resulted even when additional transgenic subunits were expressed under their own promoters. 
Another problem that remains concerning GMO technology are multiple insertions of transgenes in 
wheats inducing gene silencing or a dramatic increase in dough strength which cannot be used with 
conventional breadmaking processes. 
 
This is why our group attempted to duplicate Glu-1 loci in bread wheat with a natural method using the 
ph1b mutation to develop modified genotypes. Hexaploid and tetraploid wheat possess a well-
characterized gene locus Ph1, which controls the specificity of chromosome pairing in meiosis (Riley and 
Chapman 1958) by reducing the stability of non-homologous/homoeologous pairs in the late stages of 
formation of the telomere bouquet (Martinez-Perez et al., 2003). Until now, induction of homoeologous 
recombination in wheat improvement is generally regarded only as a means to introduce novel genes into 
wheat from related wild species. However it can also be used within wheat species to modify gene dosage 
and create novel glutenin gene combinations useful in triticale and wheat breeding programmes. 
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MATERIALS AND METHODS 

Experiments were performed with the cultivar Courtot, a French semi-dwarf winter bread wheat with good 
breadmaking qualities. The cultivar Courtot has the HMW glutenin profile Ax2*, Bx7+By8, Dx2+Dy12 
encoded at Glu-A1, Glu-B1 and Glu-D1 respectively. Courtot lines monosomic for chromosome 1A or 1D 
have been crossed with the intervarietal substitution line Courtot ph1b to induce homoeologous 
recombination using the ph1b mutation (Sears 1977). Details of the methodology and selection procedure 
of recombinant lines are described in Dumur et al., (2009a, b). Among all the translocated lines we 
produced, two lines, RR240 and RR239, arising from independent homoeologous recombination events 
were studied in detail at the cytogenetical, molecular and biochemical levels. 
 
Both translocated lines and Courtot were grown in three environments (Rennes, Le Moulon, Clermont 
Ferrand) in 2002 and analysed for agronomic and quality traits. Flour samples obtained for each line from 
trials were used in a French breadmaking test performed according to the CNERNA method (Rousset et 
al., 1979). 

RESULTS AND DISCUSSION 

Molecular and cytogenetical characterization 
 
Both translocated lines were characterized using molecular markers and in situ hybridisation. In the line 
RR240, a fragment of wheat chromosome 1D containing the Glu-D1 locus encoding the Dx2+Dy12 
subunits was distally translocated to the long arm of chromosome 1A, physically representing 25% of the 
length of the recombinant long arm. It was assumed that the line RR240 has the glutenin profile 2-12 7-8 
2-12 and this was confirmed by transfer of the translocated chromosome 1AS.1AL-1DL in the durum 
wheat cultivar Joyau (Dumur et al., 2009a). 
 
In the second line RR239, a 1A chromosome fragment carrying the Glu-A1 locus encoding the subunit 
Ax2* was interstitially translocated to the long arm of chromosome 1D. The line RR239 has the glutenin 
profile 2* 7-8 2*. Duplication of the subunit Ax2* on chromosome 1D was confirmed by transferring the 
translocated 1D chromosome in the intervarietal substitution line Courtot 1R(1A) (Dumur et al., 2009b). 
 
Quantitative variations of Glu-1 loci 
 
Two-dimensional gel electrophoresis (pH 3-10) was performed to reveal the majority of seed storage 
proteins, glutenins and gliadins. Changes in the composition of endosperm proteins induced by the 
translocated 1AS.1AL-1DL and 1DS.1DL-1AL-1DL chromosomes were respectively investigated by 
comparing the protein patterns of the recombinant lines RR240 and RR239 to the pattern of the Courtot 
reference line. The significant quantitative variations detected for HMW-GS are listed in Table 1.  
 
In the line RR240, the amount of subunit Dy12 increased between 140 and 200% according to the isoform 
spots. Non-significant quantitative variations were observed in subunits Bx7 and By8 (Glu-B1) and in 
duplicated subunit Dx2 (Glu-D1). In the line RR239, all the glutenin subunits were over-expressed. The 
quantitative variations were consistent with previous results (Dumur et al., 2004) observed in the 
aneuploid lines of Courtot. Substituting the Glu-D1 locus by Glu-A1 could lead to a decrease in the total 
HMW-GS amount in RR239 seeds which could be genetically compensated by increased amounts of 
subunits Ax2*, Bx7 and By8 and explained as a non-specific gene-dosage compensation. 
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Table 1: Significant quantitative variations of HMW glutenin subunits deduced from endosperm 
proteomic analysis. The percentage of variation, calculated for each isoform spot that differed, is 
expressed as a percentage of the volume of the same spot in Courtot. 
 

Line RR240 Line RR239 
subunits % variation / Courtot subunits % variation / Courtot 
Dx2 = Ax2* 228 
Dy12 140 Ax2* 511 
Dy12 200 Bx7 245 
Bx7 = Bx7 330 
Bx7 = By8 177 
By8 =   
 
 
Grain quality characteristics and breadmaking properties 
 
Both Courtot and translocated lines (RR240, RR239) were characterized in field trials at Rennes, Le 
Moulon and Clermont Ferrand, France, in 2002. Significant genotypic differences were found in yield, 
Zeleny and dough strength (Table 2). In line RR240, greater dough strength and Zeleny sedimentation 
volume were observed, whereas no significant variation was observed in protein content and grain 
hardness. These results can be directly linked to the duplicated subunits Dx2+Dy12 which were associated 
with dough extensibility and higher loaf volume when flour protein content was above 13%.  
 
In line RR239, lower results were obtained. However the Glu-A1b allele associated with the Glu-B1b 
allele is considered as an interesting and complementary combination in bread wheat (Payne 1987; 
Branlard et al., 1992), subunit Ax2* conferring gluten extensibility and subunits Bx7+By8 being 
associated with good breadmaking quality and dough strength. Quality results could be associated with 
changes in the x-/y-type ratio for HMW glutenin subunits and changes in the specific interactions between 
individual subunits correlated with unsuitable alleles encoded at Glu-3 and/or Gli-1 in the cultivar Courtot. 
 
Table 2: Agronomic and some quality characteristics of Courtot and its derivatives lines RR240 and 
RR239 obtained from trials in 2002. 
 

 unit Courtot RR240 RR239 
Duplicated subunits   2-12 2* 
Protein content %dw 13.9 14.7 14.3 
Grain hardness mL/%prot 81.8 76.6 82.6 
Zeleny mL/%prot 45.3 53.3 ** 25.6 *** 
Yield T/ha 9.6 8.0 * 8.4 
Strength W 10-4J 216 317 ** 116 *** 
CNERNA test /300 196 215 140 * 
* P<0.05 ** P<0.01 *** P<0.001 
 
No significant difference was detected in the baking parameters although the RR240 scores were slightly 
higher than in Courtot (data not shown). This was mainly due to differences in magnitude in the baking 
values of the line RR240 depending on the location of the trial. In line RR239, over-expression of subunit 
Ax2* led to weaker dough strength, which in turn had an impact on breadmaking quality. 
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CONCLUSIONS 

Chromosome engineering, at least between homoeologous group-1 chromosomes, enables the 
development of novel gene combinations within bread wheat. Depending on the duplicated subunits, 
higher or lower rheological and breadmaking qualities can be obtained. The increase in the number of 
HMW-GS resulting from the duplication of Glu-D1a allele enhanced dough elasticity and resistance to 
some degree. This should be of particular interest in triticale and wheat breeding programmes when a 
stronger mixing character is desired.  
 
However, the contribution of duplicated subunits to quality depends on the HMW-GS encoded by the B 
genome, but as well as on LMW-GS and gliadins expressed at Glu-3 and Gli-1 by group-1 homoeologues. 
Selection based on intravarietal effects of glutenin subunits from Courtot into Courtot exploit only a small 
proportion of the available genetic variability in wheats. Introducing the translocated chromosomes in 
other cultivars with different alleles could optimize end uses for rheological and breadmaking purposes. 
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ABSTRACT 

Key words: Chromosome engineering, durum wheat quality, glutenin subunits. 

 
Chromosome engineering consists in the transfer of chromosomal segments between wheat and related 
Triticeae species through manipulation of the homoeologous pairing process. Such an approach has been 
successfully used in manipulating gluten composition of durum wheat. Both high- and low molecular 
weight glutenin subunits associated with the 1D chromosome of bread wheat were introgressed to 
chromosome 1A of durum with, in particular, the pairs of high molecular weight glutenin subunits 5+10 
and 2+12 present at the Glu-D1 locus, and the two major alleles present at the Glu-D3 locus were 
introduced into durum wheat. Further crosses of these materials with a durum wheat line with the 
1BL.1RS translocation and a durum wheat line null at both the Glu-A1 and Glu-B1 loci resulted in the 
production of materials which are being tested for quality characteristics in order to elucidate the role of 
quantitative and qualitative differences associated with glutenin subunits in durum wheat.  

 



Xth International Gluten Workshop, 2009 

175 

Dough properties of transgenic wheat transformed with Cys-
mutated low-molecular-weight glutenin genes 
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ABSTRACT 

Cysteine (Cys) residues in glutenin are associated with the dough strength of wheat via the formation of 
disulphide-bonds. To understand the role of each Cys residue in a glutenin molecule, wheat was 
transformed with mutated forms of a low molecular weight glutenin subunit (LMW-GS) gene in which 
each of the four Cys residues in the encoded proteins was individually replaced by a serine and a C-
terminal epitope tag was added to allow detection. Expression cassettes were constructed using either the 
high molecular weight glutenin subunit (HMW-GS) 1Dx5 gene promoter or a LMW-GS gene promoter. 
Immature embryos of the UK wheat cv. ‘Cadenza’ were co-bombarded with each of the above constructs, 
together with a common vector ‘pAHC25’ carrying the bar gene which confers resistance to 
phosphinothricin (PPT). The efficiency of transformation, measured as the proportion of PCR-positive T0 
plants per 100 immature embryos bombarded, was 5.35%. Expression of protein encoded by the transgene 
was detected by western blots of seed extracts using an anti-C-myc antibody. The total efficiency of 
protein expression of the transgenes in T1 seeds was 45.1%. Determination of dough strength 
demonstrated that perturbation of disulphide-bond formation between Cys residues in the CCxQL and 
LxxC or PxxC motifs caused reductions in dough strength.  

INTRODUCTION 

HMW-GS and LMW-GS are major determinants of dough strength and thus of breadmaking quality of 
wheat. The HMW-GS and LMW-GS are present throughout the starchy endosperm although the former 
are concentrated in the central endosperm regions and the latter in the peripheral region and subaleurone 
cells. The Cys residues in glutenin are associated with the dough strength of wheat via formation of 
disulphide-bonds. However, it remains to be determined which features of the glutenin protein are most 
important for dough strength. To understand the role of each Cys residue in a glutenin molecule, 
transgenic wheats were produced which over-expressed Cys-mutated LMW-GS genes under a HMW-GS 
and a LMW-GS promoter and their dough properties determined. 

MATERIALS AND METHODS 

Nine transformation plasmids were constructed carrying mutated or wild type forms of an ‘s-type’ LMW-
GS gene originating from durum wheat (accession No. Y14104). The primary structure of protein encoded 
by the Y14104 and the predicted scheme of disulphide-bond formation by Cys residues are shown in Fig. 
1. Tosi et al., (2005) demonstrated that transgenic durum wheat over-expressing the wild type Y14104 
gene had stronger dough than non-transgenic control wheat. The Cys1, Cys2, Cys7, and Cys8 residues 
were individually replaced by serine using mutant gene constructs (Fig. 1). The expression cassette was 
constructed using the mutated coding sequence driven by the HMW-GS 1Dx5 gene promoter (Lamacchia 
et al., 2001) or a LMW-GS gene promoter (Stöger et al., 2001) and all the cassettes included an in-frame 
C-myc tag at the 3’ end of the coding region. Immature embryos of the UK wheat cv. ‘Cadenza’ were co-
bombarded with each of the above constructs and a common vector ‘pAHC25’ carrying the bar gene 
which confers resistance to PPT (Sparks and Jones, 2004). The selection of regenerated plants and potting 
were as described by Sparks and Jones (2004). 
 T0 plants that showed PCR amplification of the full length transgenes were grown in a greenhouse and 
protein expression in half seeds was detected by western blotting using an anti-C-myc antibody. The 
second halves of positive seeds, containing the embryos, were then used for propagation. The number of 
transgene insertion sites was estimated by western blotting, based on the ratio of positive grains to the total 
number of seeds tested.  
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Flour of six transgenic lines at T2 or T3 generation, corresponding to the five constructs described in 
Table 3, was analysed for dough strength using a 2g Mixograph and using a small-scale (20 ml) SDS-
sedimentation volume test.  

RESULTS AND DISCUSSION  

The total efficiency of transformation, measured as the proportion of PCR-positive T0 plants per 100 
immature embryos bombarded, was 5.35% (Table 1). The total efficiency of protein expression of the 
transgenes in T1 seeds was 45.1% (Table 2). 

 

 

 

 

 

 

 

 

 
Fig. 1. The primary structure of protein encoded by the LMW-GS transgene (Y14104) in transgenic 
wheat.  
The encoded protein consists of 350 amino acid residues. The predicted scheme of disulphide-bond 
formation by Cys residues is shown. Each Cys is numbered from the N-terminus. Cys1, Cys2, Cys7, and 
Cys8 were individually replaced by serine using mutant gene constructs.  
 
Table 1. Transformation efficiencies of the T0 transgenic wheat 

Name of construct1  No. of 
scutella (A) 

No. of PCR-

positives (B）2 

efficiencies  

（%, B/A×100） 

pLMW:LMW1B:myc  412 19 4.61  

pLMW:LMW1BCys1:myc  587 28 4.77  

pLMW:LMW1BCys2:myc  466 14 3.00  

pLMW:LMW1BCys7:myc  423 18 4.26  

pLMW:LMW1BCys8:myc  462 22 4.76  

pHMW:LMW1BCys1:myc  630 31 4.92  

pHMW:LMW1BCys2:myc  578 40 6.92  

pHMW:LMW1BCys7:myc  427 25 5.85  

pHMW:LMW1BCys8:myc  484 42 8.68  

total  4469 239 5.35  
1pLMW, LMW-GS gene promoter; pHMW, HMW-GS gene (1Dx5) promoter; CysX, 
point-mutated cysteine replaced by serine; myc, C-myc tag protein. 
2The transgene was detected by PCR in each plant. 

NH2- -COOH

Intramolecular bond Inter- or intramolecular
bond?

Intermolecular bond?
Intramolecular bond

Intermolecular bond?
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Table 2. Transgene protein expression in T1 transgenic seeds 

 
Seven transgenic lines were selected based on the demonstration of transgene expression in seeds using 
western blot analysis of extracted glutenins with an anti-C-myc antibody (Fig. 2). Western blot analysis of 
total SDS-soluble proteins extracted under non-reducing conditions revealed that the little of the protein 
encoded by the transgenes was in monomeric form in the transgenic lines with Cys2- and Cys8- mutated 
(Fig. 3). Dough mixing showed that transgenic lines expressing Cys2- and Cys8- mutant constructs 
(pHMW:LMW1BCys2:myc and pHMW:LMW1BCys8:myc) gave weaker dough than other Cys-mutated 
lines although the protein contents of four Cys-mutated lines were similar (Table 3). This indicates that the 
Cys2- and Cys8- mutated transgene proteins are incorporated into glutenin polymers but may function as 
terminators in polymerisation, resulting in reduced dough strength. It is also possible that disulphide bonds 
formed between Cys in the CCxQL (Cys5, 6) and LxxC (Cys2) or PxxC motifs (Cys8) contribute to high 
levels of glutenin polymerisations. 
 

Table 3．Dough properties of transgenic wheat with Cys-mutated LMW-GS genes1 

 

Name of construct  No. of reproductive PCR-
positive T0 plants (A)1 

No. of plants 
expressing C-myc (B) 

efficiencies  

（%, B/A×100） 

pLMW:LMW1B:myc  19 8 42.1  

pLMW:LMW1BCys1:myc  28 4 14.3  

pLMW:LMW1BCys2:myc  14 2 14.3  

pLMW:LMW1BCys7:myc  18 0 0.0  

pLMW:LMW1BCys8:myc  21 12 57.1  

pHMW:LMW1BCys1:myc  28 18 64.3  

pHMW:LMW1BCys2:myc  38 24 63.2  

pHMW:LMW1BCys7:myc  25 12 48.0  

pHMW:LMW1BCys8:myc  42 25 59.5  

 total  233 105 45.1  
1The transgenes were detected by PCR. 

2g-mixograph  

Name of construct name of line 

Predicted 
no. of loci 
containing 
transgene2 

genera
tion 

Protein 
content 

（%） 

Peak 
Time 

（min.） 

Envelope 
area 

 

MSDSS

（ml）3 

- B2296RIP1 - - 5.6d 2.15d 27.6cd  4.6c 

pLMW:LMW1B:myc B2296R5P3 1 T3 18.8a 5.43a 38.2a  12.2a 

pLMW:LMW1B:myc B2296R6P1 1 T3 18.9a 4.76ab 35.0ab  11.7a 

pHMW:LMW1BCys1:myc B2366R2P1 1 T2 12.2c 3.59bc 30.5bc  9.0b 

pHMW:LMW1BCys2:myc B2307R8P1a 1 T2 12.7b 1.49d 20.7d  4.5c 

pHMW:LMW1BCys7:myc B2311R8P1 2≦ T2 12.4bc 4.36ab 26.7cd  8.6b 

pHMW:LMW1BCys8:myc B2314R6P5 2≦ T2 12.0c 2.57cd 20.9d  8.5b 
1B2296R1P1 is a regenerated line from an unbombarded embryo. Each line is derived from a single T1 seed. Tukey's 
multiple test was performed for double measurements of each parameter. Means with the same letters are not 
significantly different at 5% level.  
2The number was predicted by the proportions of positive grains on western blot analysis of more than 20 T1 grains 
of each line. 
3Small-scale (20 ml) SDS-sedimentation volume. 
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Fig. 2. Western blot analysis of glutenin fractions extracted from flour of transgenic wheat using an anti-
C-myc antibody 
(A) SDS-PAGE of 50 µg of glutenin protein; B2296RIP1 (1, `non-transgenic`), B2296R5P3 (2, `non-
mutated`), B2296R6P1 (3, `non-mutated`), B2366R2P1 (4, `Cys1-mutated`), B2307R8P1a (5, `Cys2-
mutated`), B2311R8P1 (6, `Cys7-mutated`), and B2314R6P5 (7, `Cys8-mutated`). (B) Western blotting of 
25 µg aliquots of the same samples as in (A). Sizes of molecular weight markers (M) are shown on the 
left. Arrows indicate transgene products. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3. Western blot analysis using an anti C-myc antibody of total protein fractions extracted from flour 
of transgenic wheat with SDS under non-reducing conditions  
(A) SDS-PAGE of 50 µg aliquots of protein; each lane corresponds to that in Fig. 2. (B) Western blot 
signals for the same samples as (A). Sizes of molecular weight markers (M) are shown on the left. Arrows 
indicate transgene products. 
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CONCLUSIONS 

Determination of dough strength demonstrated that perturbation of the formation of disulphide bonds 
between Cys in the CCxQL and LxxC or PxxC motifs in the model LMW-GS resulted in a reduction in 
dough strength.  
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ABSTRACT 

Low-molecular-weight glutenin subunit (LMW-GS) composition in bread wheat is a critical determinant 
of gluten properties. However, identification of Glu-3 alleles is difficult, due to the complex nature of each 
of the individual locus encoding LMW-GSs. Because of their importance, unification of Glu-3 
nomenclature to facilitate the exchange of information about the effects of individual LMW-GS alleles on 
dough functionality is considered important. Hence, we shared 107 cultivars possessing various Glu-A3, 
Glu-B3 and Glu-D3 alleles from Argentina, China, France, Japan and Mexico. Using 2D electrophoresis, 
N-terminal amino acid sequencing and gene analysis, new Glu-3 alleles were identified among these 
materials. For Glu-B3, we found an additional LMW-GS in cultivars that have Glu-B3b, Glu-B3g and Glu-
B3i in common. The N-terminal sequence of this LMW-GS was METSQIPGLEKP, which has not been 
reported previously. A specific-primer set was developed to detect this allele by PCR. Temporary 
designations for these alleles are Glu-B3ab, Glu-B3ac and Glu-B3ad, respectively. Two new Glu-D3 
alleles were also identified. These alleles were characterized by the absence of two different LMW-GSs. 
Temporary designations for these alleles are Glu-D3l and Glu-D3m. The presence of these alleles is 
indicated by the absence of specific PCR products that correspond to the LMW-GSs. These results show 
that a combination of protein and gene analyses is important for the identification of new Glu-3 alleles. 

INTRODUCTION 

Allelic variation in high-molecular-weight glutenin subunits (HMW-GSs) and low-molecular-weight 
glutenin subunits (LMW-GSs) affects the properties of dough made with different wheat cultivars. LMW-
GS composition in bread wheat is a critical determinant of gluten properties (Branlard et al., 2001, Eagles 
et al., 2006, Gupta et al., 1994, Liu et al., 2005, Maruyama-Funatsuki et al., 2005). Gupta and Shepherd 
(1990) assigned allelic designations to groups of LMW-GSs that are encoded at each of the Glu-A3, Glu-
B3 and Glu-D3 loci and selected standard cultivars that covered the allelic variation they observed. 
However, subsequent use of Glu-3 nomenclature has not been consistent among laboratories, due to the 
complexity of Glu-3 alleles, different separation methods and different standard cultivars used by 
researchers (Branlard et al., 2003, Ikeda et al., 2006, Singh et al., 1990). It is very important to unify the 
different Glu-3 allelic nomenclature systems in use, as this will allow information to be shared regarding 
the effects of individual alleles on gluten properties more readily and its application around the world in 
breeding programs where there is a desire to improve gluten properties. In a previous study, a working 
group comprising four laboratories plus an international institution, shared cultivars and compared results. 
This ring test confirmed that there were inconsistencies in identifying Glu-3 alleles between laboratories 
due to differences in separation and identification methods (Ikeda et al., 2008). That study also found new 
Glu-3 alleles present in a number of the cultivars analyzed. In the current study using 2D electrophoresis, 
N-terminal amino acid sequencing and gene analysis, characterization of some new Glu-B3 and Glu-D3 
alleles is described.  

MATERIALS AND METHODS 

A total of 107 cultivars were shared among the participating groups; 19, 20, 23, 14 and 31 cultivars from 
Argentina, France, Japan, China and CIMMYT (Mexico), respectively, and included Nanbukomugi, Hope, 
North American and Australian cultivars. The Glu-3 nomenclature system used is that described in the 
“Catalogue of gene symbols for wheat” (http://wheat.pw.usda.gov). Two-dimensional (2D) gel 
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electrophoresis and determination of the N-terminal amino acid sequences were carried out according to 
Ikeda et al., (2006). The chromosomal location of LMW-GSs was determined using Chinese Spring null-
tetrasomic lines and linkage analysis. DNA was extracted from mature seeds according to the method of 
Ikeda et al., (2002). PCRs were performed in a total volume of 25  µl containing 0.1 mM of each dNTP, 5 
pmol of Glu4 and Glu5 (Ikeda et al., 2002), 0.5 U of HotstarTaq Plus DNA polymerase (Qiagen), x1 
CoralLoad buffer (Qiagen) and about 50 ng of total DNA. Reactions were performed according to the 
following protocol with Veriti (9600 emulation mode, Applied Biosystems): denaturation at 95 °C for 5 
min; 35 cycles of 95 °C for 15 sec, 58 °C for 30 sec, and 72 °C for 30sec; and a final extension at 72 °C 
for 5 min. PCR products were electrophoresed on 1.0 % (w/v) agarose gel in TAE buffer. Cloned PCR 
products were sequenced.  

RESULTS AND DISCUSSION 

For Glu-B3 alleles, the number of LMW-GSs varied among cultivars. A new LMW-GS in cultivars 
thought to possess Glu-B3b, Glu-B3g or Glu-B3i (Table 1) is reported here for the first time. Compared to 
other LMW-GSs, the position of the new LMW-GS was between the LMW-GSs classified as groups 1 
and 2 (Ikeda et al., 2006), but slightly basic pI (Fig. 1). The N-terminal amino acid sequence of this LMW-
GS was METSQIPGLEKP, glutamine residue at position 5. It could also possibly be classified as LMW-
mq5 according to Clarke et al., (2003). We cloned and sequenced a Nanbukomugi genomic DNA 
fragment that encodes the same N-terminal amino acid sequence (DDBJ acc. AB517594) and based on the 
deduced amino acid sequence, the number of cysteine residues was eight, the same number found in the 
other LMW-GSs. The relative position of cysteine residues meant that it is a type I LMW-GS according to 
Ikeda et al., (2002), while the C-terminal amino acid sequence was the same as that of group 2. We 
provisionally named alleles containing this extra LMW-GS, Glu-B3ab, Glu-B3ac and Glu-B3ad. PCR 
primer pairs were also developed to identify the LMW-GS gene. Using primers Glu64 (5’-
GGAGACTAGCCAAATCCCTG-3’) and Glu59 (5’- GTTGTTGCGGTCGAAGT-3’), a 0.3 kbp PCR 
product is indicative of the presence of this subunit (Fig. 2). This subunit is not found in cultivars with 
Glu-B3b (Gabo), Glu-B3g (Glenlea) and Glu-B3i (Norin 61). 
 
Table 1. Cultivars carrying a new LMW-GS (LMW-mq5) encoded by Glu-B3. 

Glu-B3ab Nanbukomugi, Hope 

Glu-B3ac 2137, ACA 801, Klein Proteo, Proghorn, Thesee 

Glu-B3ad AC Vista, Buck Pingo, Carnamah, Cranbrook, Heilo, Jagger, 
Opata, Pioneer, Rempart, Ruso, Shiranekomugi, Tasman 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Comparison of 2D gel profiles of Brimstone (Glu-A3c, Glu-B3g, Glu-D3c) and Thesee (Glu-A3c, 
Glu-B3ac, Glu-D3l). Arrows point to LMW-GSs encoded by Glu-B3 and Glu-D3. An arrowhead points to 
the new LMW-GS encoded by Glu-B3. Dashed circles indicate missing subunits not encoded by Glu-D3 
in Thesee. Numbers indicate groups classified by Ikeda et al., (2006). 
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Fig. 2. PCR products amplified with a primer set Glu64/Glu59.  
M. φX174/HaeIII digest and λ/HindIII digest, 1. Gabo (Glu-B3b), 2. Nanbukomugi (Glu-B3ab),  
3. Glenlea (Glu-B3g), 4. Thesee (Glu-B3ac), 5. Norin 61 (Glu-B3i), 6. Heilo (Glu-B3ad). 
 
For Glu-D3 alleles, we differentiated two new alleles. One allele was characterized using 2D 
electrophoresis and was associated with the absence of two LMW-GS spots corresponding to groups 5 and 
8/9 (Fig. 1). The N-terminal amino acid sequence of group 5 was METSRVPGLEKP (LMW-mr5). The N-
terminal amino acid sequence of group 8/9 was METSCIPGLERP (LMW-mc5). Although in a previous 
report, we called this new allele Glu-D3j, we have since provisionally renamed it Glu-D3l to unify our 
assignment with Glu-D3 assignments by Appelbee et al., (2009). Some cultivars with this allele include 
Amadina, CA9722, Courtot, Etoile De Choisy, Festin, Heilo, Jagger, Jing 411, Pepital and Thesee. While 
Courtot and Jagger are considered to have good bread-making properties, the contribution to end-product 
quality by Glu-D3l needs to be investigated. 
We also observed the absence of spots corresponding to groups 4 and 10 in Darius. The N-terminal amino 
acid sequence of group 4 was SHIPGLEKPSQQ (LMW-s). The N-terminal amino acid sequence of group 
10 was METRCIPGLERP (LMW-mc5). This group 10 LMW-GS can be distinguished from group 8/9 by 
an arginine residue at position 4 and higher protein content (Fig. 3). In this cultivar, other LMW-GSs 
encoded by Glu-D3 (groups 1, 5 and 8/9) were expressed (Fig. 3). We have provisionally named this new 
Glu-D3 allele Glu-D3m.  
Darius is known to have a null Gli-D1 allele (Branlard and Dardevet, 1994) so a large deletion spanning 
the Gli-D1 locus and part of the Glu-D3 locus might have occurred in this cultivar. Further analysis is 
necessary to clarify the nature of this mutation using genomic sequence data in these loci. Darius is also 
known to have good bread-making properties (Branlard and Dardevet, 1994). Appelbee (2007) showed 
that isolines containing Glu-D3 alleles that do not express linked Gli-D1 subunit(s) possess desirable 
dough characteristics. Here, further analysis is necessary to clarify whether it is the effect of the new 
LMW-GSs identified in Darius or the null gliadin allele encoded by Glu-D3 and Gli-D1, respectively, 
which convey favourable processing quality.  
These two new Glu-D3 alleles were identified by the absence of PCR products using groups 5- and 10-
specific primer sets developed by Ikeda et al., (2006) (Fig. 4). Unexpectedly for Darius, which lacks group 
4 LMW-GSs, the group 4-specific primer set amplified a PCR product. This discrepancy remains to be 
clarified.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Comparison of 2D gel profiles of Cappelle Desprez (Glu-A3d, Glu-B3g, Glu-D3c) and Darius (Glu-A3d, Glu-
B3g, Glu-D3m). Arrows point LMW-GSs encoded by Glu-D3. Dashed circles indicate spots absent in Darius. 
Numbers indicate groups classified by (Ikeda et al., 2006). 
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Fig. 4. PCR products amplified with group-specific primer sets.  
A. PCR product amplified with group 5-specific primer sets. 1. Chinese Spring (Glu-D3a), 2. CA9722,  
3. Jing 411, 4. Courtot, 5. Etoile De Choisy, 6. Festin, 7. Petipal, 8. Thesee, 9. Amadina, 10. Heilo,  
11. Jagger. B. PCR products with groups 1 (g1)-, 4 (g4)-, 5 (g5)- and 10 (g10)-specific primer sets.  
1. Chinese Spring (Glu-D3a), 2. Gabo (Glu-D3b), 3. Darius (Glu-D3m). M. φX174/HaeIII digest. 

CONCLUSIONS 

In this study using 2D electrophoresis in combination with N-terminal amino acid sequence information, 
we describe new Glu-B3 and Glu-D3 alleles. The 2D electrophoresis technique is very powerful to 
identify the presence/absence of particular LMW-GSs. Identification of these new alleles is difficult with 
1D SDS-PAGE, but correctly conducted 1D SDS-PAGE analysis is suitable to identify small molecular 
weight differences among LMW-GSs. Combining the data obtained by these methods will help identify 
new alleles. Allele (Glu-B3) and group (Glu-D3) specific PCR marker sets confirm these alleles, but the 
PCR method does not necessarily detect allelic variation, as in the case of the group 4 LMW-GS in Darius. 
For breeding purposes, Glu-3 allele specific DNA markers should help identify known alleles and allow a 
greater rate of genetic improvement via marker assisted selection (MAS) (Appelbee et al., 2009, Wang et 
al., 2009, Zhang et al., 2004, Zhao et al., 2007). However, protein analysis is still necessary to confirm the 
new alleles and would also be the best way to confirm protein expression. We also need to consider allelic 
variation present at the Gli-1 loci, which are tightly linked to Glu-3, if we aim to understand the effect of 
Glu-3 alleles on gluten properties.  
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ABSTRACT 

Canada’s reputation as a supplier of wheat with strong gluten characteristics for making leaven bread and 
for blending with weaker gluten wheat originated with the landrace Red Fife. The settlement of western 
Canada was based on the production and export of wheat that could command a premium price to offset 
the long overland and water transportation costs. To reduce business risk for producers and meet the 
requirement for strong gluten and excellent milling properties, an early maturing landrace from India, 
Hard Red Calcutta, was hybridized with the late maturing Red Fife in 1892. Marquis, derived from the 
cross, expressed the highly sought for combination of strong gluten and excellent milling properties of 
Red Fife with early maturity and wide adaptation. By 1923, Marquis was grown on about 90% of the 
Canadian wheat acreage. Since 1923, 91 cultivars have been rated eligible for top grades of Canada 
Western Red Spring wheat. The role and continuity of high and low molecular weight glutenin subunits 
are demonstrated even though multiple parents with different glutenin subunits were used. 

INTRODUCTION 

Wheat with intrinsic high milling properties and strong gluten for breadmaking has been the objective of 
wheat breeding programs in Canada since 1886 (Saunders and Shutt, 1889). Red Fife met the quality 
parameters but was often damaged by killing frosts which occurred before the crop matured. The early 
maturing Hard Red Calcutta was hybridized with Red Fife in 1892 to recombine the best features of both 
parents. The offspring, Marquis, was identified in 1907 as having milling and baking properties similar to 
Red Fife, matured about seven days earlier and had comparable grain yield. Subsequent efforts to breed 
wheat cultivars with improved resistance to diseases and insects and increased productivity have 
consistently been combined with milling and baking properties equal to or better than Marquis. Prior to a 
new cultivar being released eligible for grades of Canada Western Red Spring, it must demonstrate milling 
and baking properties equal to or better than Marquis or subsequently designated standards of quality. 
 
The importance of the gluten proteins to dough-mixing strength and breadmaking quality is known 
universally. In this paper, we discuss the occurrence of high molecular weight (HMW) and low molecular 
weight (LMW) glutenins and omega gliadins in selected landraces and cultivars that have been important 
to wheat development in Canada. The HMW-glutenins provide the greatest contribution to quality 
whereas the LMW-glutenins and the tightly linked omega gliadins provide a supplemental influence on 
dough strength and extensibility. The maintenance of specific gluten protein in the germplasm of the 
Canadian wheat breeding programs has enabled the development of a significant wheat industry known 
internationally for consistently high quality wheat. We examined the HMW- and LMW- glutenin subunits 
and d-zone omega gliadins associated with the parental genotypes and cultivars eligible for grades of the 
premium breadmaking market class, Canada Western Red Spring, and its predecessor the Manitoba class. 

MATERIALS AND METHODS 

Selected cultivars or landraces used in Canadian hard red spring wheat breeding programs and the most 
popular cultivars grown historically were analyzed for their HMW- and LMW- glutenin subunit and d-
zone omega gliadin compositions. Electrophoresis evaluation of HMW- and LMW- glutenin was carried 
out according to the procedure of Lukow et al., (2007). A minimum of five kernels per cultivar were 
analyzed except for cultivars which had more than one biotype in which case a minimum of 10 kernels per 
cultivar were analyzed. Omega gliadins were extracted from individual kernels with 50% 1-propanol and 
were run on 1 mm thick 10% T, 1.3% C acrylamide gels until the tracking dye reached the bottom of the 
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gel. Nomenclatures used were: Payne and Lawrence (1983) for HMW-glutenin subunits, Khelifi et al., 
(1992) for d-zone omega gliadins, Gupta and Shepherd (1990) for Glu-A3 and Glu-D3 LMW-glutenin 
subunits, and Cornish and Lukow (1996) for Glu-B3 LMW-glutenin subunits. The separation of the 
HMW-glutenin subunits 2 and 2* was visible on the omega gliadin gels. 

RESULTS AND DISCUSSION  

HMW- and LMW-glutenin and omega gliadin composition of parental germplasm and 10 cultivars grown 
on at least 20% of the Canada Western Red Spring (CWRS) wheat acreage for one or more years 
demonstrate a great deal of diversity (Table 1, Fig. 1a and b). The cultivar Marquis, released in 1907, was 
selected deliberately for ‘good quality’ (i.e. strong and extensible gluten) to make bread and to provide the 
capacity to carry weaker gluten wheats equal to its parent Red Fife, the source of HMW-glutenin subunits 
(7+9 and 5+10).  
 

Marquis differs from Red Fife for the LMW-glutenin Glu-D3 allele (a vs. c) and omega gliadin D1 (d11-
12 vs. d7-8’). Garnet, which eventually was classified as not equal to Marquis in breadmaking properties, 
was similar to Marquis only for the HMW-glutenin subunits. Thatcher is considered to have breadmaking 
quality equal to Marquis (Fraser and Whiteside, 1956). However, Thatcher differs from Marquis for 
HMW-glutenin Glu-A1 (2* vs. 1), LMW-glutenins Glu-A3 (e vs. g), Glu-B3 (h vs. b), and Glu-D3 (c vs. 
a), and omega gliadins A1 (N/d9 vs. N), B1 (d3’-6’-8’  vs. d3) and D1 (d7-8' vs. d11-12). Selkirk is the 
only major cultivar to have HMW-glutenin Glu-B1 (6+8), and differs from Marquis by LMW-glutenin 
Glu-A3 (e vs. g) and Glu-D3 (g vs. b) and omega gliadins A1 (d9 vs. N) and B1 (d2-4 vs. d3), and is 
known to have stronger and less mellow gluten than Marquis. The cultivars Manitou, Neepawa, 
Columbus, and Katepwa are almost identical to Thatcher. AC Barrie has subunit composition very similar 
to Thatcher but is heterogeneous for HMW-glutenin Glu-B1 (7+8 and 7+9). The source of HMW-glutenin 
Glu-B1 (7+8) in AC Barrie is from the parents Tezanos Pintos Precos or Tobari 66, which have Frontana 
in their ancestry (Table 1). 
 

Table 1: HMW-glutenin and omega gliadin subunit compositions and LMW-glutenin allelic composition 
of ten Canada Western Hard Red Spring cultivars and parental germplasm used to develop cultivars. 

Cultivar  
(Year of release 

or trait) 

Glu-
A1 

Glu-
B1 

Glu-
D1 

Glu-
A3 

Glu-
B3 

Glu-
D3 

ω- 
gliadin 

A1 

ω-
gliadin 

B1 

ω-
gliadin 

D1 
Reference 

Hard Red Calcutta 
(earliness) 

2* 7+8 2+12 c c a N d4'-5' d11-12-13  

Red FifeZ 

(1842) 
1 7+9 5+10 g b c N d3 d7-8' 

Newman 
1928 

MarquisZ 

(1907) 
1 7+9 5+10 g b a N d3 d11-12 

Newman 
1928 

GarnetZ 

(1925) 
N,2
* 

7+9 5+10 e g b N/d9Y d2-4 d7-8’ 
Newman 

1928 
ThatcherZ 
 (1935) 

2* 7+9 5+10 e h c N/d9Y d3'-6'-8' d7-8' 
Hayes et al., 

1936 

S-615  
(stem solidness) 

1’Y 20 5+10 e i a N d5' d11-12  

Frontana  
(Lr, Sr, PHS_r) 

N 7+8 2+12 c dY b N d5-6' d11-12  

SelkirkZ  
(1953) 

1 6+8 5+10 e g a d9 d2-4 d11-12 
McCallum and 
DePauw 2008 

ManitouZ 
 (1965) 

2* 7+9 5+10 e h c N/d9Y d3'-6'-8' d7-8’ 
Campbell et al., 

1967 
NeepawaZ 

(1969) 
2* 7+9 5+10 e h c N/d9Y d3'-6'-8' d7-8’ Campbell 1970 

ColumbusZ 

(1980) 
2* 7+9 5+10 e g c d9 d2-4 d7-8' 

Campbell and 
Czarnecki 1981 
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KatepwaZ 
(1981) 

2* 7+9 5+10 e h c N/d9Y d3'-6'-8' d7-8' 
Campbell and 

Czarnecki 1987 

Atlas 66 
(high protein) 

2* 13+16 2+12 c f a N N d11-12  

Carazinho 
(high protein) 

N 7+8 2+12 c dY b N d5-6' d11-12  

Sonora 64 (Rht) 1 17+18 5+10 dY h b d8-9-10Y d3'-6'-8' d11-12-13  

Tezanos Pintos 
Precoz (Rht) 

2* 7+8 5+10 c i c N d5' d7-8'  

Tobari 66 (Rht) 1 7+8 5+10 c i c N d5' d7-8'  

AC BarrieZ (1994) 2* 
7+8 
7+9 

5+10 e h c N/d9Y d3'-6'-8' d7-8' 
McCaig et 
al., 1996 

Clark (Sm1) 1 22+23Y 2+12 c g a d9 d2-4 d11-12  

Sumai #3 (FHB) N 7+8 2+12 c i b N d5' d11-12  
Z Cultivars grown on a minimum of 20% of CWRS area for one or more years. 
Y Allele uncertain. 
 
HMW-glutenins Glu-A1 (N, 1’), Glu-B1 (13+16, 17+18, 20, 22+23) and Glu-D1 (2+12) and LMW-
glutenins Glu-A3 (d), Glu-B3 (d, f, i) have not been detected in a commercial CWRS cultivar. Omega 
gliadins B1 (d4’-5’, d5’, d5-d6’, N) have not been found in a CWRS cultivar, and possibly A1 (d8-9-10).  
 

 
Fig.1a: SDS-PAGE of HMW- and LMW- glutenin subunits in selected cultivars. 
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Fig. 1b: SDS-PAGE of d-zone omega gliadins in selected cultivars. 
1. Gabo, 2. Chinese Spring, 3. Hard Red Calcutta, 4. Red Fife, 5. Marquis, 6. Thatcher, 7. Frontana,  
8. Katepwa, 9. Columbus, 10. S-615, 11. Sonora 64, 12. Atlas 66, 13. Tobari 66, 14. Sumai #3, 15. Clark, 
16. Carazinho, 17. AC Barrie, 18. Tezanos Pintos Precoz. 
 
The role of LMW-glutenin and omega gliadins is less clear. Some of our research has shown that the full 
complement of appropriate HMW- and LMW-glutenins is required to produce a particular dough strength, 
i.e. the extra-strong Canadian cultivar Glenlea is composed of HMW-glutenins: 2*, 7+8, 5+10 (with over-
production of subunit 7) and LMW-glutenin alleles: g, g, c. LMW-glutenins and omega gliadins often are 
complementary to the main effect produced by HMW-glutenin. 
 
The source of the seed for electrophoretic analyses and interpretation of results is very important. For 
example, the seed of Hard Red Calcutta used in the breeding programs (and for analyses here) was 
homogeneous in HMW- and LMW-glutenin subunits and the omega gliadins. However, a second source 
of this landrace gave six different combinations of these protein subunits including omega gliadins that 
were not present in the original source (data not shown). 
 
Between 1923 and April 30, 2009, 82 cultivars have been registered by the Canadian Food Inspection 
Agency and classified by the Canadian Grain Commission to be eligible for the top grades of CWRS, 
formerly the Manitoba grades, with another nine candidates supported for registration in 2009. Since the 
early 1900s, only eight cultivars, in addition to Red Fife and Marquis, have been grown on more than 20% 
of the CWRS acreage for one or more years. Continuity and improvement of the milling and baking 
properties of the Marquis-type was achieved through the Canada Seeds Act, which regulates the 
registration of cultivars and the Canada Grain Act, which regulates the eligibility of new wheat cultivars in 
a market class.  
 
Assessment of candidate cultivars for quality suitable for the Canada Western Red Spring grades is based 
on data generated by the Grain Research Laboratory, Canadian Grain Commission. Rheological properties 
are determined by farinograph and may be supplemented by extensograph and alveograph analyses. 
Baking properties have been based on various American Association of Cereal Chemists baking methods 
and more recently, on the Canadian Short Process (Preston et al., 1982). A candidate cultivar is classified 
as eligible for grades of the Canada Western Red Spring market class if its protein content, milling, 
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rheological and baking properties are equal to specified standards such as Marquis (1925 to 1979), 
Neepawa (1980 to 2003), and the mean of five checks deemed to represent the upper and lower 
boundaries of acceptability (2004 to present).  

CONCLUSIONS 

A limited number of HMW- and LMW-glutenins and omega gliadins contribute to the composition of 
cultivars eligible for the Canada Western Red Spring market class. The HMW-glutenin subunits Glu-A1 
(1, 2*), Glu-B1 (7+8, 7+9), Glu-D1 (5+10), and LMW-glutenins Glu-A3 (e, g), Glu-B3 (b, g, h) and Glu-
D3 (a, b, c) have been deployed in the CWRS wheat cultivars. The omega gliadins A1 (N, d9), B1 (d2-4, 
d3, d3’-6’-8’ ) and D1 (d7-8’, d11-12) have been used. Together these glutenin and gliadin proteins 
contribute to the outstanding reputation for quality of Canadian wheat. 
 
Acknowledgements: The authors express their appreciation to Agriculture and Agri-Food Canada for the resources 

to carry out this study. 
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ABSTRACT 

This study included 226 commercial cultivars and elite breeding lines from the U.S. Pacific Northwest. 
Two or more individual seeds of each variety were extracted for high molecular weight glutenin subunits 
(HMW-GS) and analyzed using SDS-PAGE. Bands were assigned visually and with the aid of image 
analysis software. Varieties were also analyzed by PCR for several common Glu-A1 and Glu-D1 alleles. 
Based on SDS-PAGE and visual assessment of HMW-GS, there was a high level of disagreement 
between/among seeds of the same variety for one or the other Glu1 loci (43%). Digital image analysis of 
gels with the aid of internal standards improved band assignment (27% of varieties). Good separations 
with discontinuous distributions were obtained for Ax1 vs. Ax2* and Dy10 vs. Dy12. Molecular markers 
were evaluated for Glu-A1 AxNull, Ax1 and Ax2*, and Glu-D1 Dx2, Dx3, Dx5, Dy10 and Dy12. Marker-
to-protein agreement rates were on the order of 73-91%. HMW-GS composition was variable across 
market types, although the hard ‘bread’ wheats clearly had a lower proportion of AxNull, and a higher 
proportion of Dx5+Dy10. Nevertheless, all market types could potentially be improved and made more 
consistent if desirable HMW-GS haplotypes could be selected for. Lastly, there seems to be the need for a 
more reliable, less ambiguous means of identifying HMW-GS; a high level of intra-variety heterogeneity 
may be an issue. 

INTRODUCTION 

The U.S. Pacific Northwest (PNW), comprised of the states of Washington, Idaho and Oregon, produces 
about 8 million metric tons of wheat annually. This region is somewhat unique in that it grows winter and 
spring wheats, hard and soft wheats, white and red-grained wheats, and club and lax-head (‘common’) 
wheats. Most types have distinctive end-uses, which are in part related to their gluten-forming proteins. 
A survey of high molecular weight glutenin subunits (HMW-GS) (‘alleles’) has not been conducted within 
each of the important PNW gene pools as represented by released cultivars and unreleased elite breeding 
lines. Further, the correspondence of stained protein bands in SDS polyacrylamide gel electrophoresis 
(SDS-PAGE) and DNA molecular markers has not been evaluated for wheats of this region. 
Specific types included here were soft white winter (SWW), soft white spring (SWS), soft white club, 
hard white winter (HWW), hard white spring (HWS), hard red winter (HRW), and hard red spring (HRS). 
In commerce, SWW and SWS are co-mingled, as are HWW and HWS. Club is a sub-class of soft white 
and may include winter or spring-sown types. HRW and HRS are separate classes. 

MATERIALS AND METHODS 

Germplasm were obtained from the USDA-ARS Western Wheat Quality Laboratory, Washington State 
University, Pullman, WA. HMW-GS were extracted from single seeds and were analyzed by SDS-PAGE 
(11% T, 0.45% C) gels using Bio-Rad vertical Protean II (20-cm gels). Two to six individual seeds of each 
variety were analyzed. For each gel, Chinese Spring (Glu-A1xNull, Glu-B1x7+y8, Glu-D1x2+y12), Paha 
(Glu-A1x2*, Glu-B1x6, Glu-D1x2+y12), Eltan (Glu-A1x1, Glu-B1x7+y9, Glu-D1x5+y10), and WPB926 
(Glu-A1x2*, Glu-B1x17+y18, Glu-D1x5+y10) were included as standards. 
Gels were evaluated first by eye, and HMW-GS were assigned based on relative mobility to known 
standards in each gel. Subsequently, images of the gels were captured on a flatbed scanner, stored as TIF 
files, and analyzed using LabImage 1D L340 (v.4.1 Kapelan Bio-Imaging, Leipzig, Germany). Each gel 
was individually analyzed. Apparent molecular weights for the HMW-GS were assigned, using the 
information provided by Ng and Bushuk (1989) and the internal standards. 
DNA was extracted from 3-5 day old seedlings using a CTAB method (Stewart and Via, 1993) with a few 
modifications: the plumule was cut into 2-cm pieces and placed in extraction tubes containing silica gel 
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and dried for 4-5 days. PCR amplifications were performed in 12-µL reactions with 1.2 µL PCR buffer (15 
mM MgCL2), 0.96 µL dNTPs (2.5 mM MgCL2), 0.48 µL magnesium chloride (25 mM), 0.06 µL forward 
primer (10 uM-M13 tail [Oetting et al., 1995]), 0.3 µL reverse primer (10µM), 0.24 µL M13 labeled 
primer (Applied Biosystems, Foster City, CA), 0.12 µL of Taq DNA polymerase (5 units/µL) (New 
England BioLabs), 4.64 µL water and 4 µL of DNA (25 ng/µL). PCR conditions were an initial 
denaturation of 94 °C for 3 min; 41 cycles of three consecutive steps of 94 °C for 1 min, 50°C to 65 °C 
(Tm specific) for 1 min, 72 °C for 1 min, 72 °C for 10 min, and 4 °C to end. PCR products (amplicons) 
were resolved in an ABI 3730XL Genetic Analyzer (Applied Biosystems, Foster City, CA) using 50-cm 
capillaries. A CASSUL 445 internal molecular weight standard was included in all samples (Symonds and 
Lloyd 2004). The ABI-generated profiles were screened using GeneMarker v.1.5 software (SoftGenetics, 
State College, PA). 

RESULTS AND DISCUSSION 

A total of 226 wheat varieties were assayed for high molecular weight glutenin subunits using SDS-
PAGE; only the Glu-A1 and Glu-D1 loci results are presented here. Gels were visually evaluated and 
bands were assigned subunit designations based on the relative mobility of ‘unknowns’ to four standard 
sample lanes per gel. Of the 226 varieties, most (213) had 2 or 3 seeds assayed (always one seed per lane). 
Repeated seeds were run and scored ‘blind’, independent of previous results. Repeated seeds were 
analyzed on different gels. 
In a high proportion of these varieties (n=97, 43%), one or more of the repeated kernels differed in subunit 
composition at one or the other Glu1 loci. Possible (and probable) causes included mis-assignment of band 
identity, and heterogeneity within a variety. At the Glu-A1 locus, no bias was apparent in variable band 
assignment, whereas at the Glu-D1 locus, a greater proportion of disagreement involved Dx2 vs. Dx3, but 
a number of Dx2+Dy12 vs. Dx5+Dy10 discrepancies were also observed. 
The first cause (band mis-assignment) was evaluated by analyzing digital images of the gels using 
LabImage software. Each gel was analyzed separately and bands were assigned without consideration of 
results from other gels. This system produced non-overlapping estimated mobilities for subunits Ax1 and 
Ax2* at Glu-A1 (Fig. 1). Mean, standard deviation and range of the estimated mobilities of subunits Ax1 
and Ax2* are provided in Table 1. For the Glu-D1 locus, the identity of subunit Dx2 was considered in the 
context of the presence/absence of subunit Dy12, and the assessment of Dx5+Dy10. The lower standard 
deviations for subunits Dx5 and Dy10 suggest that these subunits were more accurately (and correctly) 
assigned compared to the other subunits where a greater variety of subunits of similar mobility are 
possible. 

 
Figure 1: Glu-A1x1 vs. Glu-A1x2* 
 
Considering the image analysis, the visual assignment of subunit Ax1 and Ax2* was supported for all 
varieties. The image analysis approach scored the remaining varieties as AxNull at Glu-A1, however 
visual assignment had scored eight of these as Ax2*and one as subunit as Ax1. Duplicate seeds of most of 
these nine varieties had also been scored as Dx2+Dy12 and as Dx3+Dy12. 
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Table 1: Relative mobilities of HMW-GS as determined by gel image analysis 
 Glu-A1  Glu-D1 

 null 1 2*  2 12 3 5 10 
Mean -- 144.0 136.3  136.1 90.6 135.2 129.9 93.8 
Standard 
deviation 

-- 1.4 1.6  1.4 1.3 1.1 1.1 0.8 

Minimum -- 141.1 133.0  129.9 84.7 133.3 127.7 91.9 
Maximum -- 147.2 140.3  139.7 93.5 136.6 134.5 96.3 
n 63 70 93  88 100 12 126 126 

 
The image analysis fully supported all Dx5+Dy10 and Dx2+Dy12 visual assignments. Image analysis 
supported 9 of 10 varieties that had at least one seed visually scored as Dx3+Dy12, the remaining variety 
had two seeds scored as Dx2+Dy12. However the image analysis had estimated the mobility of the subunit 
as 136.6, which is at the upper range for subunit Dx3 (Table 1), but well within the range for subunit Dx2. 
These results highlight the fact that the estimated mobilities for subunits Dx2 and Dx3 exhibited 
considerable overlap and neither method could unambiguously assign their identity (Fig. 2). 
 

 
Figure 2: Glu-D1x2 vs. Glu-D1x3 
 
The next enterprise was to compare molecular marker results with the protein gel results. The markers 
Umn25 and Umn26 discriminate Glu-D1 subunits Dx2 vs. Dx5, and Dy10 vs. Dy12. Dx also produces 
polymorphic amplicons for subunits Dx5 and Dx2 (Liu et al., 2008). Of the 126 varieties assigned Glu-D1 
subunits Dx5+Dy10 based on the gel image analysis, 111 produced the appropriate-sized amplicons with 
Umn25 and Umn26. Dx-340/357 corroborated this result in all but four instances (in these four, the PCR 
reaction had failed). Marker-to-protein gel validation rates were therefore 88% for the Umn markers, and 
similarly 91% for Dx-340/357 marker. 
Of the remaining 15 Dx5+Dy10 gel-classified varieties, eight varieties had one or both reactions with 
Umn25 and Umn26 fail. However, in all eight, the appropriate sized amplicon was produced with Dx. The 
last seven varieties produced no amplicon with any of the three Dx5+Dy10 markers, but all produced 
amplicons for Dx2+Dy12 (see below) suggesting that those varieties were heterogeneous. However, in 16 
of 17 total seeds of these varieties, gel image analysis had assigned Dx5+Dy10. 
Conversely, five varieties that produced Dx5+Dy10 amplicons with all three Umn25, Umn26 and Dx 
markers had been assigned either Dx2+Dy12 or Dx3+Dy12 by gel image analysis. However, re-
examination of the gel data indicated that three of nine individual seeds had been assigned subunits 
Dx5+Dy10, again suggesting within-variety heterogeneity. 
Marker Umn26 additionally produced a larger band for subunit Dy12 (smaller band for subunit Dy10). 
The subunit Dy12 amplicon was produced in 98 varieties. Six of these had been classified as Dx5+Dy10 
by gel image analysis (see above); conversely 10 varieties classified by gel analysis as possessing subunit 
Dy12 produced either no amplicon (n = 5, reaction failures) or produced the amplicon associated with 
subunit Dy10 (n = 5). 
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Umn25 and Dx both produced amplicons for subunit Dx2. Results were highly consistent with 85 varieties 
producing amplicons from both markers. Additionally four varieties had an amplicon with Umn25 (but not 
with Dx), and nine with Dx (but not Umn25). Of the 12 varieties assigned subunit Dx3 (Table 1), 10 
produced amplicons with either Umn25, Dx, or both, suggesting that either subunit Dx3 was not correct or 
that again, there was heterogeneity within the varieties. In total, 20 varieties were scored as having at least 
one kernel with subunit Dx3 based on gel image analysis. 
Lastly, it should be mentioned that for three varieties, all three Glu-D1 PCR markers produced a product 
(six amplicons total each variety), and that one additional variety produced both subunit Dy10 and Dy12 
with Umn26 (no other amplicons were produced on this variety with the other two markers). Ostensibly, 
these would be considered heterozygotes. The likelihood of that is open to conjecture. 
Returning now to Glu-A1, the marker Umn19 produces two different sized fragments, one corresponding 
to Glu-A1 subunit Ax1 or AxNull, the other to subunit Ax2* (Liu et al., 2008). Of the total 226 varieties, 
107 produced the subunit ‘Ax1/Null’ amplicon, 102 produced the Ax2* amplicon and 10 produced no 
amplicon; five of the preceding varieties produced both the Ax1/Null and the Ax2* (Table 2). 
Of the 102 varieties that produced the Ax2* amplicon, only 74 were identified as possessing this subunit 
based on the gel image analysis; the other 28 were identified as having either subunit Ax1 or were AxNull. 
This resulted in only a 73% agreement rate. Similarly, calculating agreement on the basis of 93 varieties 
identified from gel image analysis as carrying Ax2* (Table 1), the rate would be 80%. Of note, among the 
two or more seeds analyzed by SDS PAGE, a variance at the Glu-A1 locus existed among 45 (20% of 
varieties) indicating a high level of heterogeneity at this locus or inherent difficulty in assigning subunits, 
even with the aid of image analysis software. 
The amplicon generated using Umn19 that corresponds to subunit Ax1 or AxNull was observed in 107 
varieties. When the amplicon was present, it was in relatively good agreement with the gel analysis 
results: only five varieties did not agree (all with two or more seeds), whereas four varieties had at least 
one of the seeds assigned as Ax2*. The results would indicate (counterintuitively) that identification of 
subunit Ax1 vs. Ax2* in gels is more highly accurate than is the identification of AxNull vs. Ax2*. For 
varieties assigned subunit Ax1, 61 agreed with the marker analysis and nine disagreed. For varieties 
assigned the AxNull allele, 33 agreed with the marker data, 24 did not. 
In this last section, a summary is provided regarding the allele frequencies in the various gene pools / 
wheat market types included in the study. Based on SDS-PAGE with gel image analysis, the SWW and 
SWS had a high proportion of Null alleles at Glu-A1 (42 and 61%, respectively). Club wheats, which are 
known for their very weak and extensible doughs, were 60% Null Glu-A1. Sub-unit Ax1 had a low 
proportion of representation among the soft wheats: zero (club) to 17% (SWW). SWW and club wheats 
were approximately 40% Ax2*, whereas 26% of SWS were Ax2*. Very few hard red wheats carried the 
Glu-A1 Null (zero HRS, 8% HRW). The HRW were represented by three varieties, Residence, a European 
cultivar of very poor bread baking quality and two elite breeding lines from the Washington State Univ. 
winter wheat breeding program. Similarly, only 5% of HWS were AxNull, whereas 21% of the HWW 
were Null. Among the red and white hard wheats (spring and winter), the proportion of Ax1 ranged from 
32% in HWW to 63% in HRW (both spring types had 40%). The proportion of hard wheats with Ax2* 
ranged from 29% in HRW to 60% in HRS. 
At the Glu-D1 locus, most (68%) SWW were Dx2+Dy12, followed by 17% 3+12 and 15% Dxy+Dy10. In 
contrast, the SWS were about half Dx2+Dy12 and Dx5+Dy10 (57 and 43%, respectively). Club wheats 
had a high proportion of Dx2+Dy12 (80%) with the remainder Dx5+Dy10. Somewhat as expected, the 
hard wheats had a high proportion of Dx5+Dy10 (93, 90, 100, and 58%, HRS, HRW, HWS, and HWW, 
respectively). From this standpoint, it was somewhat surprising that they were not uniformly 100% 
Dx5+Dy10, especially HWW, which was 42% Dx2+Dy12. An additional interesting feature of the Glu-
D1 locus in these breeding pools was the presence of Dx3+Dy12 in SWW (17%); one HRW elite breeding 
line also carried Dx3+Dy12. This haplotype was not present in any other market types.  
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The following list is a summary of HMW-GS haplotypes for each market type (n): 
Club:  AxNull/Dx2+Dy12 (8), AxNull/Dx5+Dy10 (4), Ax2*/Dx2+Dy12 (8) 
SWW: AxNull/Dx2+Dy12 (18), AxNull/Dx3+Dy12 (10), Ax1/Dx2+Dy12 (4), Ax1/Dx5+Dy10 (7), 
 Ax2*/Dx2+Dy12 (23), Ax2*/Dx3+Dy12 (1), Ax2*/Dx5+Dy10 (3) 
SWS: AxNull/Dx2+Dy12 (6), AxNull/Dx5+Dy10 (8), Ax1/Dx2+Dy12 (1), Ax1/Dx5+Dy10 (2), 
 Ax2*/Dx2+Dy12 (6) 
HWS: AxNull/Dx5+Dy10 (1), Ax1/Dx5+Dy10 (8), Ax2*/Dx5+Dy10 (11) 
HWW: AxNull/Dx2+Dy12 (4), Ax1/Dx2+Dy12 (1), Ax1/Dx5+Dy10 (5), Ax2*/Dx2+Dy12 (3), 
 Ax2*/Dx5+Dy10 (6) 
HRW: AxNull/Dx2+Dy12 (3), AxNull/Dx5+Dy10 (2), Ax1/Dx2+Dy12 (1), Ax1/Dx3+Dy12 (1), 
 Ax1/Dx5+Dy10 (18) 
HRS: Ax1/Dx5+Dy10 (12), Ax2*/Dx2+Dy12 (2), Ax2*/Dx5+Dy10 (16) 
 
In terms of overall HMW-GS haplotypes, the hard spring wheats (HRS and HWS) were the most uniform 
with 93-95% being either Ax1/Dx5+Dy10 or Ax2*/Dx5+Dy10. The HRW group had the highest 
proportion of a single haplotype, Ax1/Dx5+Dy10 (72%). The SWW, SWS and HWW groups had not 
more than 35% of any one Glu-A1/Glu-D1 haplotype. These results suggest that those wheat types with 
either more stringent end-use quality requirements or narrower germplasm base have more consistent 
allele frequency, whereas those types with less stringent requirements and greater breeding activity are 
more variable.  

CONCLUSIONS 

We found that the assignment of HMW-GS based on visual assessment only to be prone to error. Digital 
image analysis of gels significantly improved subunit assignment. Yet, there was a relatively high 
‘disagreement’ rate between protein gels and PCR marker data. The indication that PNW germplasm are 
highly heterogeneous will need to be considered in either future breeding strategies or in HMW-GS 
screening strategies. Two different DNA markers for the Glu-D1 alleles were in very high agreement such 
that only one would be needed. Future work will examine and include the subunits coded for by the Glu-
B1 locus. The LMW-GS were captured in the digital gel images and their analysis could be attempted 
using the image analysis software. 
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ABSTRACT 

Low-molecular-weight glutenin subunits (LMW-GS) play an important role in determining the end-use 
quality of common wheat by influencing the viscoelastic properties of dough. A standard system of 
nomenclature for LMW-GS alleles is proposed to unify the nomenclature used in different laboratories. 
The nomenclature is based on the analysis of a collection of 103 genotypes of common wheat from 12 
countries by SDS-PAGE, IEF×SDS-PAGE (2-DE), MALDI-TOF-MS and PCR analysis. At Glu-A3, all 
allelic variations can be reliably identified by 2-DE and PCR. However, alleles Glu-A3e and Glu-A3d 
cannot be routinely distinguished from Glu-A3f and Glu-A3g based on SDS-PAGE and allele Glu-A3a 
cannot be rapidly distinguished from Glu-A3c by MALDI-TOF-MS. At Glu-B3, alleles Glu-B3b’ and Glu-
B3b* can only be observed by SDS-PAGE and 2-DE, respectively. Allele Glu-B3d cannot be 
distinguished from Glu-B3i based on 2-DE and MALDI-TOF-MS, and allele Glu-B3b cannot be 
distinguished from Glu-B3f based on PCR. At Glu-D3, allele Glu-D3c* can only be identified by 2-DE, 
but Glu-D3d cannot be identified based on it. Allele Glu-D3c cannot be distinguished from Glu-D3d based 
on MALDI-TOF-MS. A list of 18 cultivars including Neixiang 188, Lumai 23, Chinese Spring, Aca 801, 
Amadina, Angas, Avocet, Bluesky, Cappelle-Desprez, Darius, Ernest, Gabo, Glenlea, Halberd, Heilo, 
Insignia, Kitanokaori, Marquis, Nanbu-komugi, Neepawa, Norin 61, Opata, Pavon, Renan, Seri 82, 
Thesee and Wilgoyne is proposed to cover variations identified in the collection investigated. Among 
them, Chinese Spring, Opata, Seri 82 and Pavon are recommended as core checks in each SDS-PAGE gel. 
It is supplied with 2-DE photographs of 21 standard cultivars for discriminating the allelic variations of 
LMW-GS. The seed of this standard set is available on request. It is believed that the utilization of the 
suggested set of standard cultivars can greatly improve the efficiency of identifying LMW-GS alleles and 
understanding the influence of individual LMW-GS on gluten and dough properties, and on end-use 
quality.  
 
This collaborative analysis was published in the following paper: 
Liu L, Ikeda TM, Branlard G, Pena RJ, Rogers WJ, Lerner SE, Kolman MA, Xia X, Wang L, Ma W, Appels R, 

Yoshida H, Wang A, Yan Y and He Z. Comparison of low molecular weight glutenin subunits identified by 
SDS-PAGE, 2-DE, MALDI-TOF-MS and PCR in common wheat. BMC Plant Biology 2010, 10:124. 
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ABSTRACT 

Wild species of wheat are useful sources of genetic variation for crop improvement. They have been used 
to improve wheat tolerance to different biotic and abiotic stresses. However, their potential for improving 
wheat quality has not been widely investigated. In this study, we used 177 disomic addition lines 
belonging to 17 wild species of wheat. Dough strength of the addition lines was evaluated in three 
consecutive years and 11 addition lines with strong dough were selected. Rheological parameters of six 
addition lines revealed better quality for bread-making. Among the selected addition lines, wild barley  
(Hordeum chilensis) chromosome 1Hch addition line did not reach the desired level of dough strength. S-
genome, Aegilops searsii and Ae. longissima homoeologous group-1 addition lines showed improved 
dough strength for the three consecutive years and remained stable. Chromosome 1E addition line of 
Thinopyrum elongatum and 1Mg addition line of Ae. geniculata showed improved dough strength. But 
spontaneously appeared 1Mg (1D) and 1E (1D), substitution lines, showed very bad dough strength. Th. 
intermedium chromosome 1Agi long arm ditelosomic addition line showed improved rheological 
characteristics, especially mixing time in spite of no expression of 1D encoded HMW-glutenin subunits. A 
few plants in which an alien chromosome was lost and which showed no expression of 1D encoded 
HMW-glutenin subunits had very bad quality characteristics. But unlike 1E or 1Mg encoded proteins, 
which could not show their effect in the absence of the 1D chromosome, 1Agi HMW-glutenin subunits 
not only improved it to the level of the background cultivar but significantly further improved it. We 
speculate that the 1Agi HMW-glutenin allele might be equivalent or better than the 5+10 (Glu-D1d) allele. 
Sequencing of HMW-glutenin genes from Th. intermedium and its addition line showed interesting 
variations that are discussed.  

INTRODUCTION 

Wheat flour becomes viscous elastic dough when mixed with water. This property has a major impact on 
processing and on the quality of end products such as bread, noodles and biscuits. The viscoelasticity of 
the dough is attributable to gluten composed of gliadin and glutenin proteins specific to wheat endosperm. 
Gliadins are monomeric proteins with virtually all disulphide bonds existing within the same molecule, 
whereas glutenins are polymeric proteins with disulphide bonds between individual molecules forming 
networks. Glutenins are classified into high-molecular-weight glutenin subunits (HMW-GSs) and low-
molecular-weight glutenin subunits (LMW-GSs) (Payne and Corfield 1979). HMW-GSs are coded in 
unique Glu-1 loci on homoeologous group-1 chromosomes, whereas LMW-GSs consist of a multigene 
family consisting of 30-40 genes (Cassidy et al., 1998). Rice, maize and other cereals do not possess seed 
storage proteins that form gluten.  
Tribe Triticeae is a taxon of the grass family Poaceae and includes about 350 species in 30 genera. Barley 
and rye are members in this tribe, but they do not form gluten. Since the yield and adaptability of barley is 
comparable to those of wheat, the specific texture of wheat dough, due to gluten is one of the reasons 
wheat was chosen as one of the major staple foods in the world, with rice. However, this character could 
be recognized because wheat had a talent suitable as cereal crops such as adaptability to various 
environmental conditions. If wheat had not been a suitable crop plant, the unique nature of the seed 
storage proteins might not have been discovered.  
In this context, we decided to start to evaluate seed storage proteins in Triticeae species other than wheat. 
Since many of the kernels of the wild species are too small to measure their viscoelasticity, we 
investigated the collection of wheat lines with alien chromosomes in ‘Tottori Alien Chromosome Bank Of 
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Wheat’ (TACBOW), which was established with the support of the Japanese National Bioresouce Project-
Wheat, (NBRP-Wheat).  

MATERIALS AND METHODS 

A total of 177 disomic addition lines (DALs) of wheat belonging to different wild species (Ae. 
umbellulata, Ae. caudata, Ae. longissima, Ae. searsii, Ae. peregrina, Ae. tauschii, Ae. geniculata, Secale 
cereale, Th. intermedium, Th. elongatum, H. chilense, Leymus racemosus, L. mollis, Psathyrostachys 
huashanica, Haynaldia villosa, Elymus trachycaulus and E. ciliaris) were obtained from the NBRP-
Wheat, Japan, for initial screening. Most of these addition lines were grown in a well fertilized field in 
Tottori University, Japan, in four replications with at least three plants in each replication. 
Protein electrophoresis of reduced total proteins and unreduced gliadins (1.5M Dimethyl formamide 
soluble) were carried out using 10% and 17.5% polyacrylamide gels respectively. Grain and flour 
characteristics, rheological studies, size exclusion high performance liquid chromatography (SE-HPLC) 
for unextractable polymeric proteins, and cloning and sequencing of HMW-GSs were carried out as 
described previously (Garg et al., 2009b). ANOVA or ANCOVA was carried out using Statview software 
to determine the level of significance of different parameters between the lines studied. 
For chromosome analysis, mitotic chromosomes were prepared from root tip cells using the acetocarmine 
squash method and used for fluorescence in situ hybridization (FISH) and genomic in situ hybridization 
(GISH) analysis. Probes for FISH/GISH were prepared according to Garg et al., 2009b. Images were 
captured using a cooled CCD camera (CoolSnap fx; Photometrix). 

RESULTS AND DISCUSSION  

From the SDS-PAGE, HMW glutenin and gliadin profiles of 177 disomic addition lines, 24 
homoeologous group 1 addition lines were identified based on presence of additional HMW-GSs and 
gliadins. The dough strength of the addition lines was evaluated in three consecutive years, and 11 
addition lines with strong dough were selected. Rheological parameters of six addition lines revealed 
better breadmaking quality. These included DALs of H. chilensis, Ae. searsii, Ae. longissima, Ae. 
geniculata, Th. intermedium and Th. elongatum. Among the addition lines selected, H. chilensis 
chromosome 1Hch showed improved quality characteristics compared to background CS for the three 
consecutive years. A careful look at the GISH and SDS-PAGE indicated that this line was substitution line 
1Hch (1A) rather than an addition line. CS chromosome 1A has been known to have negative effect on 
breadmaking quality. The improved quality characteristics of the substitution line can thus be either due to 
the negative effect of chromosome 1A or to the positive effect of 1Hch chromosome. We thus decided to 
compare its quality characteristics with those of rye substitution line 1R (1A). Comparison of two 
substitution lines indicated that 1Hch (1A) line did not have better quality characteristics than the 1R (1A) 
substitution line. Rye proteins are considered to have bad effects on wheat breadmaking quality, so we 
speculate that barley is not a potential substitute for improving wheat breadmaking quality. 
S-genome, Aegilops searsii (Garg et al., 2009a) and Ae. longissima (Garg et al., 2007) homoeologous 
group-1 addition lines expressing gliadins and glutenin proteins in the wheat genetic background showed 
improved dough strength for the three consecutive years and remained stable, and these lines may thus be 
potential resources for improvement of wheat bread-making quality. 
Chromosome 1E addition line of Th. elongatum (Garg et al., 2009a) and 1Mg addition line of Ae. 
geniculata (Garg et al., 2008) showed improved dough strength for two years but dropped below the 
background CS in the third year. GISH analysis indicated that in the third year, this line spontaneously 
gave rise to chromosome 1D substitution line i.e. chromosome 1D was preferentially eliminated and the 
alien chromosome was retained. This indicates that chromosome 1E and 1Mg encoded proteins cannot 
replace those of chromosome 1D; they might be able to replace those of chromosome 1A or 1B. It further 
underlines the importance of chromosome 1D in wheat breadmaking quality.  
Th. intermedium (Garg et al., 2008) chromosome 1Agi long arm ditelosomic addition line showed 
improved rheological characteristics (especially mixing time) in spite of no expression of 1D encoded 
HMW-glutenin subunits. A few plants in which alien chromosome was lost and showed no expression of 
1D encoded HMW-glutenin subunits showed very bad quality characteristics. But unlike 1E or 1Mg 
encoded proteins, which could not show their effect in the absence of 1D chromosome, 1Agi HMW- 
glutenin subunits in the absence of Glu-D1 not only improved it to the level of the background cultivar but 
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further improved it significantly. This line even had a straight growth habit and better grain yield than the 
background cultivar. We speculate that the 1Agi HMW-glutenin allele might be equivalent or better than 
the 5+10 (Glu-D1d) allele. Sequencing of HMW-glutenin genes from Th. intermedium and its addition 
line revealed interesting variations. The X-type HMW-GS gene sequenced from the addition line had a 
basic structure similar to known wheat HMW-GS genes with unique features. It had an extra cysteine 
amino acid in the repetitive region near the C-terminal. HMW-GS Glu-D1d (5+10) coded by D-genome of 
wheat has an extra cysteine amino acid in the repetitive region towards the N-terminal end which is 
considered to be better than all other alleles and genes in terms of dough strength and good bread-making 
quality. The extra cysteine found in the X-type HMW-GS gene from Agi addition line might be 
responsible for the better quality performance of this addition line.  
One X-type and one Y-type HMW-GS gene are located on the long arm of homoeologous group 1 
chromosomes. In this study, we cloned four Y-type HMW-GS genes that belonged to Th. intermedium 
chromosome in the addition line. The first one was 1959 bps with sequence similarity with known Y-type 
HMW-GSs. It had five cysteine amino acids in the N-terminal, one in the repetitive region towards the C-
terminal, and one in the C-terminal as is usually found in the known Y-type HMW-GSs. The second one 
was 1959 bps with a similar arrangement of cysteine amino acids. A stop codon was present in the N-
terminal region making it different from the first one. The third one was smaller (1890 bps) with only 
three cysteine amino acids in the N-terminal region rather than the five usually found in the Y-type HMW-
GSs. The difference in its size and in the number of cysteine amino acids made the third one different 
from the others. The fourth one was much smaller, with 1173 bps with four cysteine amino acids in the N-
terminal region. The difference in its size and in the number of cysteine amino acids made the fourth one 
different from the three others.  

 

 
 

Schematic structure of High molecular weight glutenin subunits (HMW-GSs) of wheat and Thinopyrum 
intermedium (cloned from its addition line). Chromosome 1D encoded Dx5, Dy10 have been shown for 
reference. Th. intermedium chromosome 1Agi encoded x-type, Glu1Agix has one extra cysteine amino 
acid in the repetitive region like Glu1Dx5 but towards the C-terminal region. Four different types of y-
type HMW-GSs rather than just one were sequenced from the chromosome 1Agi. These subunits differed 
by size, number and position of cysteine amino acids and stop codon.  
 
It was very interesting to find four rather than one Y-type HMW-GS on one chromosome. In order to 
confirm the presence of four Y-type HMW-GSs, we cloned and sequenced Y-type HMW-GSs from the 
wild Th. Intermedium, which was collected from the NBRP-Wheat. However, it was not the original Th. 
intermedium used in the construction of the addition line as the latter was not available. We were able to 
sequence five different Y-type HMW-GSs with 1959, 1959, 1950, 1737 and 1137 bps with 5, 5, 5, 6, 6 
cysteine amino acids respectively in the N-terminal region. One with 1959 bps and 5 cysteines was the 
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usual Y-type HMW-GSs (e.g. Dy 10), while the other one had two stop codons in the repetitive region 
near the N-terminal end. Overall, the variation found in the Th. intermedium addition line was similar to 
that found in wild Th. intermedium. This implies that a lot of useful variation is available in wild Th. 
intermedium. As the importance of the Th. intermedium chromosome in the addition line was clear, we 
attempted to make a translocation line with chromosome 1A of wheat. For this we crossed this line with 
Nulli 1A tetra 1B CS line and then with PhI, ph1b (homeologous pairing mutant lines) and several 
cultivars and then selfed and backcrossed as required and screened the material for the translocation line. 
However, no translocation line was found. We were able to generate translocation line in other selected 
addition lines, Th. elongatum, Ae. longissima etc. but not in Th. intermedium. The reason might be that the 
Th. intermedium chromosome in the addition line is telocentric rather than a normal full chromosome. The 
centromeric end might have synthesized telomeric repeat sequences and became very stable and unable to 
participate in the centromeric misdivision and generation of a centric translocation line. Rather it was 
transformed to isochromosome in some progeny plants with two long arms fused at the centromere and 
again converted to a telocentric chromosome in the next generation. Thus other approaches like X-rays or 
heavy ion beam are needed for the generation of translocation of this telocenric chromosome. 

CONCLUSIONS 

Wild species of wheat are very useful resources for wheat improvement. The S-genome 1Sl and 1Ss 
addition lines of Ae longissima and Ae. searsii are potential resources for improving wheat bread-making 
quality. The 1E and 1Mg addition lines of Th. elongatum and Ae. geniculata also had good effects on 
wheat quality, in the addition state. These lines could not replace chromosome 1D and showed a major 
reduction in dough strength in chromosome 1D substitution lines. The Th. intermedium chromosome 1Agi 
long arm ditelocentric addition line without expression of wheat chromosome 1D encoding HMW-GSs 
not only maintained dough strength but further improved it. This line also showed better agronomical 
performance than the background cultivar. Cloning and sequencing of HMW-GSs from this addition line 
revealed Th. intermedium specific X-type with extra cysteine amino acid. Four rather than one Th. 
intermedium Y-type genes varying in size, number of cysteine amino acids, and number and position of 
stop codons were observed in the addition line. By using PhI and ph1b (homeologous pairing mutant lines) 
we were not able to generate a translocation line of the Th. intermedium long arm with the wheat 
chromsome. Thus other approaches like X-rays or heavy ion beam are needed for the generation of 
translocation of this telocenric chromosome 
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ABSTRACT 

This report describes MALDI-TOF identification of two main wheat glutenin components, the high 
molecular weight glutenin and the low molecular weight glutenin subunits, which play an important role 
in determining wheat dough quality as they confer the visco-elastic properties to the dough required for 
mixing and baking performance. For HMWGS identification, a collection of 103 genotypes of common 
wheat from 12 countries were used to analyze the composition of HMW-GS by SDS-PAGE and MALDI-
TOF-MS. Results indicated that MALDI-TOF technology is suitable for analyzing most HMW-GS alleles. 
The allelic diversity at Glu-B1 locus includes subunits 6+8b*, 7, 7+8, 7+8a*, 7b*+8, 7OE, 7OE+8, 7OE+8a*, 
7OE+8b*, 7+9, 13+16, 14+15, 17+18 and 20. The rapid identification of HMW-GS capability of MALDI-
TOF-MS is discussed in relation to its value for screening lines in wheat breeding programmes, especially 
in discriminating subunits 7OE, 8a* and 8b* associated with superior quality. A new glutenin subunit 7b*+8 
was found in Japanese germplasm Eshimashinriki. For the LMWGS, a total of 227 germplasms collected 
from France, CIMMYT, Japan, China and Australia were used, including a set of standard single allele 
materials. Optimizations were focused on protein extraction and instrument settings to generate 
reproducible diagnostic profiles for each of the known wheat LMWGS alleles. Results revealed a total of 
35 unique MAIDI-TOF profile patterns among the genotypes considered in this study. Characteristic or 
diagnostic MALDI-TOF peak patterns were identified for 18 common LMW glutenin alleles using this 
procedure, including respectively six alleles (a, b, c, d, e f), seven alleles (a, c, d, f, g, h, i) and five alleles 
(a, b, c, d, f) at Glu-A3, Glu-B3 and Glu-D3 loci. The study demonstrated the high resolution of MALDI-
TOF technology in the analysis of LMW glutenin subunits. It also suggests that variations in LMW 
glutenin alleles are more abundant than defined by the current nomenclature system. A joint international 
effort may be needed to assign allele symbols to these newly identified alleles and to determine their 
effects on end-product quality attributes. 
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ABSTRACT 

To reveal the genetic properties of an Afghan wheat collection maintained in a Japanese genebank, 
variations in high molecular weight-glutenin subunits were investigated in 410 Afghan wheat accessions. 
The high molecular weight-glutenin was analyzed by SDS-PAGE. In the 410 Afghan wheat accessions, 38 
combinations of Glu-1 alleles were found. The most frequent combination was Glu-A1c, Glu-B1b, Glu-
D1a, and this combination was shared by 64.6% of the Afghan accessions. Three alleles were found at the 
Glu-A1 locus. The frequency of allele Glu-A1c was the highest (74.6%). Eight alleles were found at the 
Glu-B1 locus, among which Glu-B1b shared 72.7%. The other seven alleles were minor alleles whose 
frequencies were less than 4%. Ten alleles were found at the Glu-D1 locus. The most frequent allele was 
Glu-D1a (84.9%). Glu-D1m shared 6.1% and the frequencies of other alleles were less than 3%. Moreover, 
we found an unreported high-molecular-weight glutenin subunit in an accession from central Afghanistan. 
The molecular weight of this subunit was slightly larger than that of subunit 7. This novel subunit and the 
allele encoding it were named 2.8 and Glu-D1br, respectively. Since the Dy-type subunit 12 was also 
detected in this accession, it was considered that the new allele Glu-D1br encodes subunits 2.8+12. The 
complete sequence of subunit 2.8 was determined. The nucleotide sequence of subunit 2.8 was determined 
to verify its novelty. An homology search of published sequences confirmed that subunit 2.8 was really 
undiscovered until now. 

INTRODUCTION 

In modern breeding, landraces play an important role as a genetic resource, supplying various useful traits 
to cultivars. Practical breeding research using landraces has been carried out in several crops, including 
rice, maize, and legumes as well as wheat. For bread wheat (Triticum aestivum L.), the importance of 
landraces is more critical than for other crops because due to its hybrid origin, wheat does not have a 
direct wild ancestor with the same genomic constitution (Kihara 1944, McFadden and Sears 1946). 
Landraces are thus the only primary gene pool for bread wheat. Several studies using wheat landraces 
have achieved successfully introduced useful agronomic traits such as semi-dwarfness (Borlaug 1968), 
disease resistance and preferred flour quality into cultivars. 
Afghanistan is one of the centres of genetic diversity for many important crops. However, long years of 
war and drought in recent decades have led to the loss of the region’s genetic resources and destroyed the 
basis of agriculture. Afghan wheat landraces were collected in three botanical expeditions organized by 
the Kyoto University Scientific Expedition to Karakoram and Hindukush (we called it “KUSE 1955”), 
Thomas’s expedition (“Thomas 1965”), and Kyoto University Scientific Expedition to Southwestern 
Eurasia (“SGK 1978”; Kawahara 2005). These materials are maintained at the Plant Germplasm Institute 
at Kyoto University. 
In this study, we used these genetic resources to evaluate and characterize wheat landraces from 
Afghanistan. We also investigated the genetic relationship between landraces of Afghanistan and 
neighbouring countries. 
We analysed the characteristics of high molecular glutenin subunits (HMW-GS) which is the major 
endosperm storage protein in wheat. This protein is encoded by three homoeologous loci located on group 
1 chromosomes (Payne et al., 1981). The homoeologous loci were defined as Glu-A1, Glu-B1, and Glu-
D1, and the latter two loci encode two duplicated genes (Payne and Lawrence 1983). The terms x- and y-
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types (Bx, By, Dx, and Dy) are used for the two duplicated genes. To assess the diversity of agronomic 
traits and to discover new alleles that would improve bread-making quality, a number of studies have 
analysed the genetic diversity of HMW glutenin subunit composition in wheat landraces collected from 
various countries, including Japan (Nakamura 2000), China (Cong et al., 2005), Pakistan (Tahir et al., 
1996), and Europe (Gregova et al., 2006). 
In this study, we investigated the genetic components of the HMW glutenin subunit composition in 
Afghan landraces. We report the discovery of a new HMW-GS in 1Dx. 

MATERIALS  

Two sets of Afghan landraces were used in this study. The first consisted of 475 accessions of hexaploid 
wheat originating from Afghanistan (410), Iran (33) and Pakistan (32), which were used for HMW-GS 
analysis. These accessions were divided into 11 groups based on their collection site. 

METHODS 

SDS-PAGE analysis 
HMW glutenin subunit composition was analyzed by SDS-PAGE as described by Payne et al., (1981). A 
single kernel from each accession was ground into powder. The powder was suspended in Tris-HCl buffer 
(pH 6.8) containing SDS, 10% (v/v) glycerol, and 5% (v/v) 2-mercaptoethanol and was shaken for 1h r at 
4 ˚C. The slurry was heated at 100 ˚C for 3 min. After centrifugation for 5 min at 15,000 rpm, 300 µl of 
the supernatant were loaded into the slot of a 10% polyacrylamide gel. Electrophoresis was conducted at 5 
mA constant current for 1 hr followed by 10 mA constant current for 1 hr, and 20 mA constant current 
until the tracking dye, bromophenol blue, reached the bottom of the gel (about 9 h). The gels were stained 
overnight with 12% (w/v) acetic acid solution containing 5% (v/v) ethanol, and 0.05% (w/v) Coomassie 
Brilliant Blue R-250. De-staining was carried out with water. 
 
Sequencing of the Glu-1 gene 
The complete sequence of a newly discovered HMW glutenin subunit was determined. The whole coding 
region was amplified by PCR using genomic DNA as a template. The following six Dx-type specific 
primers were used: (a) 5'-ATGGCTAAGCGGTTAGTCCT-3', (b) 5'-CTGGCTGGCCGACAATGCGT-3', 
(c) 5'-AGCTTCTCCGCAACGGCCAG-3', (d) 5'-CCACGCTAACATGGTATGAGC-3', (e) 5'-
GCTGCTGCCCTTGTTGCAC-3', and (f) 5'-CTATCACTGGCTGGCCGACAA-3', of which (a) and (b) 
were the forward and reverse primers used for PCR amplification, respectively, and the remainder were 
the primers used for walking sequencing. The position and direction of the primers are shown in Fig. 2. 
Primers (a), (b), (c), and (d) were derived from D’Ovidio et al., (1994) and the sequence of primer (f) was 
obtained from Wan et al., (2005). We designed primer (e). The PCR reaction was performed at 94 ˚C for 5 
min, followed by 40 cycles at 94 ˚C for 1 min, at 68 ˚C for 3 min, and 1 cycle at 68 ˚C for 7 min. The PCR 
products were cloned into a pGEM T-Easy Vector (Promega) and sequenced. The sequences were edited 
with the computer software Sequence Navigator (Applied Biosystems) and ClustalW 
(http://www.ebi.ac.uk/clustalw). 

RESULTS 

Genetic variation of the HMW-glutenin subunit composition in Afghanistan 
The allele frequency of Glu-A1c encoding null subunits was the highest (74.6%) at the Glu-A1 locus and 
followed Glu-A1b in Afghan landraces. Similar results were obtained in Iranian accessions (Table 1), 
although in this case, the highest proportion at Glu-A1 allele was Glu-A1b, which shared 50% in Pakistan.  
At the Glu-B1 locus, Glu-B1b (encoding subunits 7+8) shared 72.7% in Afghan landraces. The 
frequencies are listed in Table 1. Most Iranian and Pakistani landraces also carried Glu-B1b. However, the 
frequency of the next Glu-B1 allele differed among Afghan, Iranian and Pakistani landraces. We identified 
a new subunit, which we tentatively named 2.8+12, encoded by a new allele Glu-D1br in the Afghan 
landrace. At the Glu-D1 locus, the major allele was Glu-D1a (2+12) with a frequency of 84.9% in Afghan 
wheat landraces. Most of the Iranian and Pakistani landraces also had Glu-D1a. In Iranian landraces Glu-
D1c and Glu-D1l followed in allele frequencies while in the Pakistani landraces, Glu-D1c and Glu-D1h 
followed. 
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Table 1. Allelic frequency (%) of Glu-1 HMW –GS in wheat landraces from Afghanistan, Iran and 
Pakistan 

 
 

Characterization of the newly found HMW glutenin subunit 
We found an unreported HMW glutenin 
subunit in an accession from Central 
Afghanistan (KU7510). This subunit was 
slightly larger than subunit 7 (Fig. 1A). 
At first, we deduced that this novel 
subunit was an Ax- or Dx-type, because 
KU7510 also possessed subunits 7, 8 (x- 
and y-types of Glu-B1), and 12 (y-type of 
Glu-D1). To determine the orthology of 
this subunit, diagnostic PCR using allele 
specific primers developed by D'Ovidio 
et al., (1994) was carried out. As a result, 
it was revealed that the Glu-A1 locus in 
this accession encoded a null subunit, so 
we concluded that the new subunit was 
encoded by the Dx-gene of the Glu-D1 
locus. The novel subunit and the allele 
encoding it were named 2.8 and Glu-
D1br, respectively. Since the Dy-type 
subunit 12 was also detected in this 
accession, we considered that the new 
allele Glu-D1br encodes subunits 
2.8+12. 
The nucleotide sequence of subunit 2.8 
was determined to verify its novelty 
(DDBJ/EMBL/Genbank accession 
number AB481100). The entire length of the determined sequence was 2,262 bp (754 a.a.). A homology 
search of published sequences confirmed that subunit 2.8 was undiscovered until now. Moreover, it was 
revealed that the coding sequence of subunit 2.8 was the shortest among the known sequences of Dx-type 
HMW glutenin. The Dx-type subunits most similar to subunit 2.8 are subunit 2 (accession number 
X03346) and subunit 2.2 (AY159367). The gene structure of the three Dx-type HMW glutenin subunits is 
shown in Fig. 2B. Subunit 2.8 differs considerably in size from the two known Dx-type subunits, the 
number of amino acid residues in its repetitive domain being fewer by 220 a.a. and 79 a.a. than subunits 
2.2 and 2, respectively. The other difference in the amino acid sequence was a substitution at the 79th 
residue from methionine in subunits 2 and 2.2 to valine in subunit 2.8. 

Region Region Region

allele Subunits allele Subunits allele Subunits
a 1 8.5 6.1 25.0 a 7 1.2 0.0 3.1 a 2+12 84.9 81.8 75.0
b 2* 16.8 15.2 50.0 b 7+8 87.3 72.7 50.0 b 3+12 1.0 0.0 0.0
c null 74.6 78.8 25.0 c 7+9 3.2 0.0 9.4 c 4+12 0.0 9.1 9.4

d 6+8 2.4 0.0 0.0 d 5+10 2.7 0.0 0.0
e 20 0.7 12.1 3.1 e 2+10 0.7 3.0 3.1
i 13+16 1.2 15.2 3.1 h 5+12 0.7 0.0 9.4
f 17+18 0.0 0.0 28.1 k 2 0.5 0.0 0.0
aj 8 3.7 0.0 3.1 l 12 1.5 6.1 0.0
ah null 0.5 0.0 3.1 m 10 6.1 0.0 0.0

am 2+12* 0.2 0.0 0.0
br 2.8+12 0.2 0.0 0.0

Afghanistan Iran Pakistan
Glu-B1Glu-A1

Afghanistan Iran Pakistan Afghanistan Iran Pakistan
Glu-D1

Fig. 1. The profiles of a newly discovered subunit of HMW 
glutenin. (A) The pattern was revealed by SDS-PAGE in 10% 
acrylamide gel. Lane 1 is accession KU7510, where the arrow 
indicates a new subunit named 2.8. Lanes 2, 3, and 4 are 
KU11211, Chinese Spring, and Norin 61, respectively, which are 
shown as references. The subunit names are noted in the panel. 
(B) A diagram of three Dx-type HMW glutenin genes. The 
arrows indicate the position of the primers used for sequencing. 
The numbers in the figure represent the positions of amino acid 
Residues.  
residue. The dotted lines indicate  
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DISCUSSION 

The genetic properties of the HMW glutenin subunit have been extensively studied in various wheat 
landraces. Compared to previous studies, the characteristics of the HMW glutenin subunit of Afghan 
wheat were more similar to those of East Asian wheat than those of European wheat. The major allelic 
combination in Afghan wheat (Glu-A1c, Glu-B1b, Glu-D1a) is also the most frequent in the landraces of 
the Xinjian District of China (Cong et al. 2005) and Pakistan (Tahir et al. 1996), while it is rare in 
European landraces (Gregova et al., 2006). Considering that it was also found to be common in Iran and 
Pakistan in this study, the allelic combination, Glu-A1c, Glu-B1b, Glu-D1a, might be a representative 
genotype of Asian wheat landraces. The dough of this genotype is not strong, meaning that it is not 
suitable for bread making. The major allelic combination of HMW glutenin subunit shared the highest 
frequency in all the regions in Afghanistan, which is consistent with the fact that the dietary culture has 
not differed much among regions in Afghanistan. Regardless of topography, tribes and dietary culture, 
semi-fermented flat bread is traditionally preferred in Afghanistan. 
The finding of Afghanistan-specific rare alleles was also a noteworthy result of this study. Two 
Afghanistan-specific Glu-1 alleles, Glu-D1l and GluD1m, which were reported by Lagudah et al. (1987), 
were found in two and three Afghan accessions, respectively. In addition to such known alleles, we 
discovered a new subunit (2.8) in Afghanistan. A sequence comparison indicated that this new subunit has 
the shortest repetitive domain of all the published Dx-type subunits and that the allele is derived from Glu-
D1a, which is popular in Asia. Interestingly, the accession possessing this new subunit displayed high 
bread-making quality (data not shown) as evaluated by Takata’s µ-SDS sedimentation test (Takata et al. 
1999). Although bread-making quality is determined not only by the HMW glutenin subunit but also by 
several other factors such as LMW glutenin and puroindoline, this result suggests these landraces could be 
useful for improving wheat flour quality. 

CONCLUSIONS 

In this study, we revealed that most Afghan landraces are of poor bread-making quality with a low level of 
genetic diversity. Based on these results, Afghan landraces appear to be unattractive as a genetic resource. 
However, the potential of these landraces is vast. The finding of a new allele of the HMW glutenin subunit 
is evidence for the potential usefulness of these landraces. 
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ABSTRACT 

Variation in the HMW and LMW glutenin subunits in a collection of 856 old accessions of botanic durum 
wheat collected in Algeria and divided a priori into 17 populations according to their agronomical and 
morphological traits was analyzed by using SDS-PAGE. Regarding HMW-GS, four and 12 alleles were 
observed at Glu-A1 and Glu-B1 loci respectively, of which two alleles and four bands have not been 
previously described at the Glu-B1 locus. The first two bands were located between subunits 17 and 18 
encoded by Glu-B1i which were provisionally named 171 and 181 and Glu-B1i1 for the allele that codes for 
them. The other two new bands which resembled subunits 20x and 20y but with faster mobility, were 
named 20x1-20y1 and Glu-B1e1 for the allele coding for them. LMW-GS displayed similar polymorphism. 
Six alleles were identified at the Glu-A3 locus. Locus Glu-B3 displayed the greatest polymorphism with 
10 alleles detected there. The allele, provisionally named Glu-B3k (coding for subunits 2-8-9-13-16), was 
considered as new. Three alleles were detected at the Glu-B2 locus. This information could be useful as 
sources of genes to develop new lines when breeding for quality. 

INTRODUCTION 

Genetic resources of good quality wheat germplasm are greatly needed to sustain global wheat production 
now and in the future. But to ensure this diversity is usable and accessible to breeders, quantitative and 
qualitative evaluation and knowledge of its genetic structure are preconditions for the definition of 
strategies for improvement or management of genetic resources. Several agronomic and morphological 
traits have been used to describe the genetic diversity of durum wheat collections (Van Hintum and 
Elings, 1991). Biochemical markers like storage proteins whose polymorphism has already been described 
offer the opportunity to analyze genetic diversity independent of environmental influences (Nakamura, 
2001). The new alleles detected can be studied to determine their value in improving the quality of wheat 
grown. The aim of this study was to evaluate the polymorphism of a large number of old Triticum durum 
accessions collected in Algeria, namely high and low molecular weight glutenin markers, and to provide 
the information needed for plant breeding programmes.  

MATERIALS AND METHODS 

Plant material  
A total of 856 accessions of durum wheat collected in Algeria were used in this study.The accessions were 
collected jointly by the Technical Institute of the Field Crops (Constantine, Algeria) and the International 
Center for Agricultural Research in the Dry Areas (Aleppo, Syria), during the year 1988-1989.  
 
Electrophoresis 
Proteins were extracted from the brush of kernels following the sequential procedure and separated by 
Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) according to the method of 
Singh et al., (1991). 
 
Nomenclature of subunits 
High Molecular Weight Glutenin (HMW-GS) alleles were identified using the nomenclature of Payne and 
Lawrence (1983) completed by Branlard et al., (1989), and Low Molecular Weight Glutenin (LMW-GS) 
alleles were identified using the nomenclature of Nieto-Taladriz et al.,(1997). The new subunits and 
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alleles identified were designated according to McIntosh et al., (2008). Some standard hexaploid and 
tetraploid varieties were included to compare and classify the subunits detected. 

RESULTS AND DISCUSSION 

Allelic variation at Glu-1 loci 
Four different alleles were detected at locus Glu-A1 and 12 at locus Glu-B1. At locus Glu-A1, the null 
allele was found in most genotypes of all the populations studied (97.78%). The Glu-A1a, Glu-A1b and 
Glu-A1VI alleles that appeared less frequently were considered to be rare. At the Glu-B1 locus, a total of 
12 alleles were detected of which two alleles and three bands have not been previously described. Alleles 
Glu-B1e, Glu-B1d, and Glu-B1f were the most frequent: 31.54%, 25.70% and 21.38% respectively. 
Another allele with a rather high frequency (12.73%) was Glu-B1h. The other six alleles identified were 
Glu-B1b, Glu-B1u, Glu-B1z, Glu-B1i, Glu-B1r, Glu-B1ag. Four new bands were found to be rarely 
expressed in this collection. They appeared at lower frequencies in only some populations and were 
completely absent in the others. Accession IG-5806 in the Africanum population had subunit 7 of the pair 
7+8 (fig. 1. line 1) which migrated faster than subunit 7 of the pair 7+8 in Chinese Spring. One of the two 
new alleles coding for two subunits had slightly faster mobility than that of subunit 20x encoded by the 
Glu-B1e allele, while the other new band moved slightly faster than subunits 20y and 16, (fig. 1, line 10 
and 11). These subunits were temporarily designated 20x1 and 20y1, respectively, and their encoding allele 
was named Glu-B1e1. The second new allele (fig. 1, line14) coded for two subunits that moved between 
subunits 17-18 encoded by Glu-B1i allele (fig. 1, line 15). We provisionally named these new subunits 171 
and 181 and their encoding allele Glu-B1I1. 
 
Allelic variation at Glu- B 2 and Glu-3 loci  
This set of durum wheat germoplasm displayed abundant allelic variation of LMW-GS. A total of 19 
alleles were identified. Glu-B3k coding for (2-8-9-13-16) was considered as new. The low molecular 
weight glutenin subunits found are those previously described by Nieto-Taladriz et al., (1997) except for 
subunit 12* (figure 1. line 10), which was identified by Martinez et al., (2004), and subunit 6* (fig 1. line 
9) encoded by the allele Glu-B3j, which was identified by Lerner et al., (2004). For the B-LMW glutenins, 
the most common allelic composition was Glu-A3a-Glu-B3a-Glu-B2a coding for the pattern (2-4-6-12-15-
19), 39% of the collection analyzed was characterized by this pattern. The most common allele at locus 
Glu-A3 was Glu-A3a coding for subunit 6 with a frequency of 83.06%, followed by Glu-A3h (null) with a 
frequency of 10.5%. The frequency of allele Glu-B3a at locus Glu-B3 was 80.05%. 

 
Figure 1: SDS-PAGE patterns of high and low 
molecular weight glutenin subunits of 
endosperm proteins of accessions from some 
populations of durum wheat collected in Algeria: 
1. Africanum IG5806, 2. Circumflescum 
IG17564, 3. Fastuasum IG11049,  
4. Hordeiforme IG16802, 5.Fastuasum IG11945, 
6. T1: Atlas 66, 7. Lencomelan IG17409,  
8. Melapus IG17565, 9. Algerience IG6766,  
10. Reichenbachi IG17112, 11. Lencurum 
IG14311, 12. Affine IG14287, 13. T1: Atlas 66, 
14. Affine IG14288, 15.T2: Prinqual,  
16. Lencurum IG14320,  
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Previous investigations showed that old varieties and landraces as well as closely related Triticum species 
of cultivated wheat possess considerable allelic variation in HMW and LMW-GS composition (Yan et al., 
2003). The results obtained in our study showed rather high polymorphic variation in HMW-GS and 
LMW-GS. A total of 35 different alleles were identified at the five glutenin loci studied. Three new alleles 
were found, two at Glu-B1 and one at Glu-B3. At Glu-B1, some alleles were very frequent, particularly 
alleles Glu-B1e and Glu-B1d encoding pairs of subunits 20x+20y and 6+8, respectively. These results are 
in agreement with those of Branlard et al., (1989), who found that these two alleles occurred in 
respectively 33.5% and 26.3% of the 502 varieties of durum wheat originating from 23 countries; 
however, most accessions of old durum wheat analyzed did not have subunit 7+8 encoded by Glu-B1b 
(present in only 3.03%) contrasting with their higher frequency (25.9%) in the 502 durum wheat varieties. 
Alleles Glu-B1f (13+16) and Glu-B1h (14+15) which were common among the accessions in our study 
(21.37% and 12.73% respectively), were rarely expressed (5.5% and 0.6% respectively) in the world 
collection analyzed by Branlard et al., (1989). In a study of 63 durum wheat landraces from the 
Mediterranean Basin, Moragues et al., (2006) reported three alleles at locus Glu-A1 and 14 alleles at locus 
Glu-B1, where Glu-B1e and Glu-B1b were the most frequent (30.16 and 23.81% respectively). For the B-
LMW glutenins, seven, eleven and three allelic variants were observed at Glu-A3, Glu-B3 and Glu-B2 
respectively, which is nearly the same genetic variability as that reported by Nieto-Taladriz et al., (1997) 
in a collection of 88 durum wheat cultivars originating from different areas.  

CONCLUSIONS 

The development of phytogenetic resources requires not only their conservation but also their use. The 
information collected in this study could be useful for selecting local varieties with improved quality and 
also as a source of genes to develop new lines when breeding for quality, as shown by the observed high 
frequencies of alleles related to grain quality: Glu-B1b (7+8), Glu-B1d (6+8) (Du Cros, 1987) and Glu-
A1a (subunit 1) (Aghai et al., 1996), Glu-B3a (2+4+15+19), Glu-B3c (2+4+14+15+19), Glu-A3h (nul), 
Glu-A3a (6) (Carrillo et al., 1995). 
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Identification and characterization of HMW -GSs present in 
a Chinese bread wheat variety 

B. MARGIOTTA 1, M. URBANO 1, G. COLAPRICO 1 and D. LAFIANDRA 2 
1CNR Institute of Plant Genetics, Bari, Italy. 2 University of Tuscia, DABAC, Viterbo, Italy. 

ABSTRACT  

Electrophoretic analyses of varieties bred in China led to the identification of one variety Xiaoyanmai 7, in 
which a novel pattern of high molecular weight glutenin subunits (HMW-GSs) was detected. To better 
identify these subunits, biochemical and molecular analyses were carried out and the glutenin subunit 
composition determined. We propose an hypothesis on the genetic control of new allelic subunits on the 
basis of the results obtained with a segregating population.  

INTRODUCTION 

High molecular weight glutenin subunits (HMW-GSs) have been extensively studied as they have been 
shown to be determinants of visco-elastic properties of wheat dough. They are encoded by homoeoallelic 
genes present at Glu-1 loci, located on the long arm of chromosomes 1A, 1B and 1D. Each locus contains 
two linked genes designated x- and y-type characterized by differences in molecular weight, number of 
cysteine residues, and repetitive motifs. Variation in the number of subunits as the result of gene silencing 
processes, has also been shown; from three to five HMW-GSs have been identified in bread wheat 
cultivars. 
Extensive electrophoretic analyses of modern and old bread wheat cultivars indicated the existence of 
polymorphism at each of the three Glu-1 loci, including the presence of unusual and rare alleles.  
Analysing the composition of HMW-GSs of Chinese bread wheat varieties, Wang et al., (1993) reported 
the detection of a novel pattern of subunits in the variety Xiaoyanmai 7. In particular, two unusual 
subunits were detected with mobilities comparable to those associated with the Glu-B1 locus. Two 
additional subunits were also present in Xiaoyanmai 7 for which no conclusive identification was 
provided. Wang et al., (1993) postulated that the two unusual subunits could have been introduced into 
Xiaoyanmai 7 from Agropyron elongatum during the breeding programme in which this variety was 
produced.  
In order to characterize the novel glutenin pattern and to increase knowledge about their structure and 
genetic control, HMW-GSs from the variety Xiaoyanmai 7 were extracted and analyzed by one- and two-
dimensional electrophoresis and chromatographic techniques (RP-HPLC).  

MATERIALS AND METHODS 

Plant material 
The bread wheat variety Xiaoyanmai 7 was analyzed together with different cultivars and lines of bread 
wheats used as references.  
 
Electrophoretic analyses 
Total proteins were extracted from crushed endosperm halves following fractionated precipitation with 
hydro-alcoholic solvent and gliadins analysed by A-PAGE (pH 3.1). To obtain glutenin fractions, we used 
different precipitation steps following the method reported by Verbruggen et al., (1998). Total proteins 
were separated by SDS-PAGE (1DE) and subsequently by IEFxSDS-PAGE (2DE) following the 
procedure reported by Ikeda et al., (2006). 
 
Chromatographic analyses 
Fractions containing HMW-GSs were prepared for reversed-phase high performance liquid 
chromatography (RP-HPLC) and analyzed according to the procedure of Marchylo et al., (1988) and also 
used by Margiotta et al., 1993. 
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N-terminal amino acid sequences 
The determination of N-terminal sequences was performed at the Molecular Structure Facility Dept. of 
Davis University, California, USA.  

RESULTS AND DISCUSSION  

Results of one-dimensional electrophoretic separation by SDS-PAGE of HMW-GSs present in the bread 
wheat Xiaoyanmai 7 are shown in Figure 1. On the same gel, HMW-GSs present in the bread wheat 
cultivar Chinese Spring (CS) and Cheyenne (CNN) are also reported, along with numbers identifying 
subunits associated with the different Glu-1 loci in these two cultivars. 
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Figure 1: SDS-PAGE separation of HMW-GSs from Xiaoyanmai 7 (lanes 2, 3 and 4), Chinese Spring (1) 
and Cheyenne (5). Arrows indicate subunits in Xiaoyanmai 7. 
 
The SDS-PAGE pattern of HMW-GSs present in Xiaoyanmai 7 revealed four major components. Two 
subunits displayed slightly faster mobility than the pair of subunits 7+8 present in CS (empty arrows), 
whereas the two remaining subunits (filled arrows) displayed intermediate mobility between subunit 5 and 
7 of CNN. In addition there was a faint component in Xiaoyanmai 7 with faster mobility than the subunit 
Dy12 of CS. No Dx type subunits appeared to be present in Xiaoyanmai 7. 
Additional information on HMW-GSs of Xiaoyanmai 7 was obtained by comparative chromatographic 
RP-HPLC of reduced (Fig. 2a) and reduced and alkylated HMW-GSs (Fig. 2b). Separated 
chromatographic peaks were collected and analysed by SDS-PAGE. Comparison with total glutenin 
extracted from seeds of Xiaoyanmai 7 enabled us to identify subunits present in each peak (Fig. 2c).  
The results of these analyses indicated that the two subunits with higher mobility of Xiaoyanmai 7 had 
surface hydrophobicity similar to Bx and By subunits, whereas the two subunits with slower mobility 
displayed lower surface hydrophobicity whether analysed only reduced or reduced and alkylated.  
Also in this case, no x- and y-type subunit associated with the Glu-D1 locus was detected. 
Two-dimensional separation by IEFXSDS-PAGE showed that the two slowest subunits had a more acidic 
isoelectric point than the two faster components. 
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Finally, N-terminal amino acid sequences determined on the two subunits showed sequence EGEA, thus 
confirming that they correspond to HMW-GSs.  
Electrophoretic separation of the gliadin fraction also indicated that components associated with the Gli-
D1 locus were absent. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: RP-HPLC separation of reduced (a) and reduced/alkylated (b) HMW-GSs present in the bread 
wheat cultivar Xiaoyanmai 7. In chromatograms a and b, numbers of the peaks correspond to numbers 
reported for SDS-PAGE separation of the collected fractions (c). Arrows indicate novel glutenin subunits.  

CONCLUSIONS 

The analyses of varieties bred in China led to the identification of one variety (Xiaoyanmai 7) in which a 
novel pattern of HMW-GSs was detected (Wang et al., 1993). Agropyron elongatum was used in the 
Xiaoyanmai 7 breeding programme, and it was suggested that gene introgression from this material was 
the possible cause of the unusual subunit pattern observed. Our work demonstrated that Xiaoyanmai 7 has 
four HMW-GSs and that two of them could have been introgressed by an alien species. These results 
suggest that in this particular variety, the long arm or the entire chromosome 1D could have been replaced 
by a homoeologous chromosome pair of Agropyron elongatum or related species. Further biochemical and 
cytological analyses will be carried out to ascertain the identity of these novel glutenin subunits.  
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Toward understanding the genetic basis of high dough 
strength of two common winter wheat varieties Panna and 

Skarbnytsya with extra strong characteristics  

A. ZLATSKA 1, YU.SHYTIKOVA 1 and D. SHEREPITKO 2 
1Institute of plant physiology and genetics NAS of Ukraine. 2 National Taras Shevchenko University, 

Ukraine. 

ABSTRACT  

 The first step in investigating the genetic nature of high quality bread-making characteristics 
relevant to the Canadian Western Extra Strong wheat group of two common winter wheat varieties Panna 
and Skarbnytsya was performed. Studies of allele composition of wheat storage proteins, puroindolines 
and some SSR`s linked with particular QTLs for grain protein content in some mapping populations of the 
two varieties and comparison with the same allelic compositions of a core population of varieties with 
different bread-making characteristics showed that it is difficult to explain the high quality bread-making 
characteristics of varieties Panna and Skarbnytsya only by the allele composition of the aforementioned 
genetic systems despite the fact that the varieties possess some alleles (GluB1al and Gli-B1c) that have 
positive effects on those traits. More comprehensive investigations are needed using proteomics and 
genomics approaches, plus the development of several mapping populations of the varieties concerned 
which should then be tested under different agro-climatic conditions. 

INTRODUCTION 

 Traditionally, common winter wheat has been considered as the one of the main grain crops in 
Eastern Europe used for bread making. At the end of the 19th and beginning of the 20th centuries Eastern 
Europe was one of the leading areas for the production of high quality wheat grains with gluten contents 
of up to 35-45%, which was mainly grown for export. This was achieved by using traditional landraces 
and old varieties and extensive cultivation with low yields (1.2-1.6 tons per hectare) (Poperelya, 1996). 
However in the middle of the 20th century, the situation changed after the introduction of new intensive 
common wheat varieties and new cropping systems leading to an increase in total yield of winter common 
wheat along with a decrease in bread-making quality characteristics i.e. grain protein content. At the same 
time, the appearance of new baking technologies required varieties with other technological characteristics 
(Poperelya, 1996). Therefore since the 1960s/1970s, several centres for investigation of bread-making 
quality have been established and the key aim of the all breeding programmes in the region was to develop 
new common winter wheat varieties with strong bread-making characteristics which increased the number 
of cultivars with high bread-making quality from six in 1973 (Moiseeva A.I., 1975) to 99 strong varieties 
in 2009 (National register, 2009). However the main aim of breeders was to develop varieties of common 
winter wheat with baking quality characteristics related to the characteristics of Canadian Western Extra 
Strong wheat (CWES) varieties, which are spring varieties. To this end, a number of approaches have 
been used as well as germplasm collections from all over the world. In recent years several winter 
common wheat varieties (Panna and Skarbnytsya) with extra strong bread-making characteristics have 
been developed with dough strengths of 560-580 W and grain protein content 14.5-16.5%, and in some 
years protein content reached to 17%.  
 It is well known that bread making quality is complex and includes a number of technological 
traits. It is generally believed that baking quality is predominantly influenced by storage proteins – high 
molecular weight (HMW) and low molecular weight (LMW) glutenins and gliadins (Sozinov et al., 1974; 
Payne et al., 1980; Branlard et al., 1985 a, b; Gupta et al., 1989). Grain hardness characteristics have been 
shown to have a significant influence on milling yield, flour quality, and hence on several quality 
characteristics including dough strength (Branlard et al., 2001) which is predominantly controlled by 
genes of puroindolines located on Ha locus of chromosome 5D in wheat (Giroux, Morris, 1997; Symes 
K.J. 1965; Lillemo M., Morris C.F. 2000). Grain protein content (GPC) also plays a very important role in 
bread-making quality, because of its strong influence on a number of other traits (Branlard et al., 2001). In 
recent years, a number of publications have appeared in which a number of QTL for protein content were 
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identified on different wheat chromosomes (Harjit-Singh et al., 2001; Zanetti et al., 2001; Prasad et al., 
2003; Sourdille et al., 2003; Charmet et al., 2005). During state testing of common wheat varieties in 
Ukraine, the main focus is on three particular characteristics of baking quality: GPC, dough strength (W), 
and bread loaf volume, which means the varieties are separated into several groups: strong, valuable, 
fillers and forage (Method of state variety testing, 2000). The two aforementioned wheat varieties (Panna 
and Skarbnytsya) showed the expected high quality characteristics of some traits related to bread making. 
Therefore the aim of present work was to study the allele composition of three main genetic systems that 
influence bread–making quality: storage protein gliadins, HMW glutenins and puroindolines of the two 
varieties with high quality bread-making characteristics and to compare the results obtained with allele 
composition of the same genetic systems in the core group of 56 other common winter wheat varieties 
with different end-use quality traits. In addition we applied several SSRs which in some mapping 
populations occurred as markers of high grain protein content in order to analyze their possible value as 
markers in the our core group of varieties. 

MATERIALS AND METHODS 

Materials. Common wheat varieties used were Panna, Skarbnytsya, Astet, Bilotserkivska napivkarlykova, 
Vasylyna, Vdala, Vesta, Dalnyts`ka, Dykan`ka, Dobirna, Dolya, Driada 1, Zastava odes`ka, Zbruch, 
Zernogradka 11, Zira, Zymoyarka, Zmina, Znakhidka odes`ka, Kiriya, Kol`chuga, Krasunya odes`ka, 
Kuyal`nyk, Lars, Snizhana, Myronivs`ka 33, Myronivs`ka 61, Myronivs`ka 65, Myronivs`ka 808, 
Myronivs`ka ranyostygla, Myrkhad, Pyvna, Pereyaslivka 97, Pobeda 50, Palma, Podolyanka, Remeslivna, 
Switanok 1, Selyanka, Tsyganka, Kyivska 8, Spivanka, Syrena odes`ka, Ukrainka odes`ka, Ukrainka 
poltavska, Fisht, Kharus, Khersonska bezosta, Khersonska ostysta, Shestopalivka, Yuna, Yasochka, 
Yatran` 90, Donets`ka 46, Bezostaya 1, Kolomak 5, Odes`ka 132.  
Methods. Quality characteristics were estimated according to the Ukraine State Method of variety testing 
system of crops (2000). GPC, dough strength and bread loaf volume were analyzed. High molecular 
weight glutenins were separated by SDS electrophoresis (Laemmli, 1970). Alleles were identified 
according to the catalogues developed by Payne and Lawrence (1983). For identification of allele al with 
over expressed unit 7oe the approach published by Butow et al., (2004) was used. Gliadins were studied by 
A-PAGE according to procedure of Metakovsky (1991). Alleles of puroindoline genes were identified by 
the PCR-based methods described in Lillemo M., Morris C.F. (2000). DNA was extracted from young 
freeze-dried leaves using the STAB method (Kleinhofs et al., 1993). PCR of microsatellites and their 
visualization were performed according to the method of Roder et al., (1998). 

RESULTS AND DISCUSSION  

 Analysis of the technological characteristics of the varieties we investigated showed variability for 
GPC 12% - 16.8%; dough strength (W) 174 – 580 and bread loaf volume 513 – 1430 ml Fig 1. In the 
variety Panna these were 16.5% (Fig 1a class 9), 580 (Fig 1b class 9) and 1300 (Fig 1c class 7), 
respectively, and in the variety Skarbnytsya 15% (Fig 1a class 6), 560 (Fig 1b class 9) and 1200 (Fig 1c 
class 6).  
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Fig. 1. Results of grouping of varieties according to (a) grain protein content; (b) dough strength and (c) bread loaf 
volume  
 
 Investigation of allele composition of puroindoline genes revealed very low variability in this 
characteristic in populations of the varieties investigated. With two exceptions (Tsyganka and Zymoyarka) 
all possessed alleles PinA1a PinB1b (Fig. 2), while the other varieties had the most probable allele 
composition PinA1a PinB1c. Therefore this genetic system did not play a significant role in the 
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development of the bread-making quality characteristics investigated in this particular population of 
varieties.  

     
Fig 2. Identification of allele (a) PinA1a and (b) PinB1b: 1,20 – molecular marker 100 bp, 2,3 - Panna,  
4,5 - Skarbnytsya, 6,7 - Astet, 8,9 - Bilotserkivska napivkarlykova, 10,11 - Vasylyna, 12,13 - Vdala,  
14,15 - Vesta, 16,17 - Dalnyts`ka, 18,19 - Dykan`ka. 
 

 Studies on HMW glutenin composition in the general 
population revealed a comparatively low level of allelic 
polymorphism. However the two varieties (Panna and 
Skarbnytsya) with higher dough strength (Fig 3 class 9) 
possessed allele GluB1al, which was previously identified in 
Canadian Extra Strong wheats and a small group of other wheats 
world-wide (Butow et al., 2004). This allele was identified in 
four other varieties Kuyalnik, Selyanka, Zmina and Vdala (Fig 3 
classes 5-6) of good quality, but not as excellent as Panna and 

Skarbnytsya. 
 Analysis of gliadin allele composition showed that the 
variety Skarbnytsya had standard alleles for winter wheat 
varieties in Eastern Europea, however in the variety Panna 
allele c was identified in Gli-B1 locus (Metakovsky, 1991), 
which is not typical (new) of wheat populations in this 
particular region but was transferred from a Mexican wheat 
accession (Fig. 4). This allele is very rare in East European 
wheat varieties and has been identified only in several recently 
developed varieties. In previous studies it was shown that a 
locus marked by allele Gli-B1c had a significant positive 
influence on some parameters of bread making quality 
including dough strenth (Poperielya, 1996). It is thus possible 
to assume that in the variety Panna, this locus (together with 
GluB1al) influences performance characteristics such as dough 
strength and bread loaf volume. However the extra strong 
characteristics of the variety Panna are difficult to explain only 

by allele composition of storage proteins and related loci. 
 Application of several SSRs on chromosomes 2A, 2B, 2D, 3B, 4A, 5A, 5D, 6B, 7A and 4B of 
wheat, which, in some mapping populations, appeared to be the markers of QTL for high grain protein 
content (Prasad et al., 2003), did not reveal a significant correlation with high grain protein content 
characteristics in our population of wheat varieties i.e. Panna and Skarbnytsya. With only one small 
exception -the marker of chromosome 7AS (barc1005)- the quantity of some alleles increased in classes of 
wheat with high GPC (Fig. 1a). Therefore this population of varieties requires further studies to identify 
the QTL for GPC in this particular germplasm and our agro-climatic conditions.  

CONCLUSIONS 

 The present investigation was the first step in studies aimed at understanding the genetic nature of 
high quality bread-making characteristics of two common winter wheat varieties (Panna and Skarbnytsya). 
Preliminary investigations revealed complex genetic control of bread-making quality in these two 
varieties. Despite the presence in their allele compositions of storage proteins and SSRs, particular alleles 
with a positive influence on bread-making characteristics were found, it is still difficult to explain high 
dough strength, grain protein content and bread loaf volume as well as other traits not mentioned in the 

Fig. 3. Results of grouping of varieties by 
dough strength: white column – total amount 
of varieties in class; dark column – amount of 
varieties with allele GluB1al 

а b 

       Skarbnytsya                       Panna 
Fig. 4. Results of gliadin alleles investigation 

(first trek belong to variety Bezostaya 1) 
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present work only by the allele composition of storage proteins and related loci. The most probably 
explanation is that in the expression of these excellent characteristics, other genetic systems with other 
regulatory functions in plant organisms also play a role as do other genes that modify the development of 
gluten structure during seed maturation, dough development and baking processes. Therefore further 
investigation of this group of varieties with extra strong characteristics is required using proteomics and 
genomics approaches as well as the development of several mapping populations.  
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ABSTRACT 

Analysis of genetic diversity of a bread wheat population cultivated in Portugal revealed the existence 
of a new HMW-GS named 1.1, encoded at locus Glu-A1, which confers particularly high extensibility 
to the dough, with alveograph L average values of up to 224 mm. The HMW-GS 1.1 was found in 
different lines of the Barbela wheat landrace (Igrejas et al., 2002). Dough extensibility is known to be 
a character of low heritability. In this study, we used proteomics and genomics approaches to isolate 
and characterise the 1.1 HMW-GS. Firstly, using the proteomics approach, to identify and compare 
this subunit to the other subunits encoded at Glu-A1, SDS-PAGE was performed on several Barbela 
wheat lines and other wheat lines with identical alleles encoded at Glu-B1 and Glu-D1 loci. Two-
dimensional electrophoresis (IEF x SDS-PAGE) was performed (1) to compare the 2-D profiles of 
Barbela wheat with other wheat lines and (2) to identify the specific protein spots of subunit 1.1 for 
subsequent analysis by mass spectrometry. Secondly, using genomics, specific primers were designed 
to specifically amplify Glu-A1 by PCR. In Barbela, these primers gave a PCR product of about 2.600 
bp (base pair). Respectively 1280 and 738 bp were sequenced from the 5’ and 3’ region of this gene. 
Sequencing of the repeated domain is progressing. The very high similarity observed between the 
obtained sequences and those available in public databases, for different alleles on the locus, suggests 
that differences should be in the repeated domain. 

INTRODUCTION 

The unique viscoelastic properties of dough result primarily from the properties of the gluten proteins 
(Lawrence and Shepherd, 1980). Gluten, which comprises roughly 85% of the total protein contained 
within the endosperm, is a very large complex composed mainly of monomeric gliadins and polymeric 
glutenins. The two protein groups impart different properties to the dough: gliadin is viscous and 
confers extensibility, whereas glutenin confers elasticity (Payne et al., 1984). The latter group of 
proteins consists of high molecular weight-glutenin subunits (HMW-GS) and low molecular weight-
glutenin subunits (LMW-GS) encoded at the Glu-1 and Glu-3 loci, respectively. HMW-GS are further 
subdivided into high Mr x-type and low Mr y-type subunits. Two genes, which are inherited as tightly 
linked pairs encoding an x-type and a y-type subunit, are present on the 1A, 1B and 1D chromosomes 
of hexaploid bread wheat (Payne et al., 1981). 
Analysis of genetic variability of HMW-GS started in the 1980s with the work of Payne and Lawrence 
(1983) when 20 alleles were identified by electrophoresis on acrylamide gels, including three at the 
Glu-A1 locus, 11 at the Glu-B1 locus and six at the Glu-D1 locus. Later works identified several other 
alleles for HMW glutenins. An attempt to update this classification was made by Branlard et al., 
(1990) in a study of 1019 bread wheat cultivars and 487 durum wheat cultivars. Igrejas (1996) and 
Igrejas et al., (1997) showed several HMW-GS whose respective allelic forms were not attributed. 
Over the last 30 years, genetic variation in the glutenin subunits has been repeatedly shown to 
influence bread-making quality. 
Analysis of genetic diversity of bread wheat cultivated in Portugal revealed the existence of a new 
HMW-GS named 1.1, encoded at locus Glu-A1, which confers particularly high extensibility to the 
dough, with alveograph L average values of up to 224 mm. HMW-GS 1.1 was found in different lines 
of the Barbela wheat landrace. Furthermore, there are preliminary data from a series of crosses 
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between Barbela wheat lines, with the subunit 1.1, and cultivars of bread wheat, showing that different 
HMW-GS combinations have a different influence on wheat quality (Igrejas et al., 2002). 
One dimensional (1-D) and two dimensional (2-D) electrophoresis and mass spectrometry were used 
to isolate and characterise 1.1 HMW-GS. In addition, specific primers were designed to amplify the 
HMW-GS by PCR for subsequent sequencing. 
The aim of the current work was to better understand the genetic and molecular bases of this particular 
HMW-GS, which can be used in breeding programmes to improve the extensibility of wheat. 

MATERIALS AND METHODS 

Line B28 of the Barbela wheat population and other wheat lines with identical alleles encoded at Glu-
B1 and Glu-D1 loci were used. HMW-GS were extracted according to the sequential method of Singh 
et al., (1991). For Two-Dimensional Electrophoresis (2-D), the pellet obtained as described by Dumur 
et al., (2004) was resuspended in the rehydratation solution containing 4% Chaps, 7M Urea, 2M 
Thiourea, 1% pH 3-10 IPG buffer, and 20mM DTT. The extracts were vortexed, sonicated and 
centrifuged. The rehydratation of the IPG strips (13 cm, pH 3-10) was carried out using the protein 
sample. Isoelectric focusing (IEF) conduced at 60 kVh was followed by SDS-PAGE and gels were 
colloidal coomassie blue stained. The previously selected spots were excised and treated by successive 
baths of ammonium bicarbonate plus acetonitrile to remove the blue stain. To dehydrate the spots, 
they were incubated with 100% acetonitrile after which the acetonitrile was completely removed. 
Finally, the spots were digested in-gel with trypsin. Mass spectra fingerprints of subunit 1.1 obtained 
from MALDI-TOF mass spectrometry were compared to peptide masses in databases (NCBI, 
SwissProt) using Mascot software. 

RESULTS AND DISCUSSION 

Glutenin subunits of the Barbela line B28 analysed and of other wheat lines with identical alleles were 
separated by SDS-PAGE (Figure 1). Subunit 1.1 encoded at Glu-A1 showed a molecular weight 
between subunits 2.2 and 1. The use of protein patterns and of a logarithmic regression of the 
molecular weight of the patterns and their electrophoretic mobility enabled estimation of the molecular 
weight of 99.700 Da for 1.1 HMW-GS. 
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Figure 1: One dimensional (SDS-PAGE) patterns of the HMW-GS of ‘Barbela’ 28 and other wheat 
lines with identical alleles encoded at Glu-B1 and Glu-D1 loci. Subunit 1.1 is shown by the black box. 
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It should be noted that Li at al., (2006) claimed the discovery of subunit 1.1 in Triticum turgidum ssp. 
Dicoccum. To allow us to check whether this subunit was the same as the subject of our study, these 
authors kindly provided the line having the subunit 1.1, which is called PI 355 (Figure 1). As can be 
seen in the figure, the electrophoresis profile obtained for this line shows no band characterizing the 
subunit 1.1 found in Barbela B28. The band of larger molecular weight of PI 355 is very similar to that 
of subunit 1. It should be noted that the existence of a HMW-GS named 1.1, encoded by locus Glu-A1, 
was first reported by Igrejas et al., (1997) when analysing the genetic diversity of wheat grown in 
Portugal. 
Two dimensional electrophoresis (IEF x SDS-PAGE) of the HMW-GS of Barbela B28 (Figure 2) and 
comparison with other 2-D patterns, namely Carala, revealed that subunit 1.1 has an acid isoelectric 
point (pI) higher than subunit 1. In order to determine the pI of subunit 1.1, a set of 2-D standards with 
known pI was used and their horizontal relative positions were mesured. The linear regression of this 
relationship enabled us to estimate a pI of 5.2 for subunit 1.1 of B 28. 
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Figure 2: Two dimensional (IEF x SDS-PAGE) pattern of the HMW-GS of ‘Barbela’ 28. Subunit 1.1 
is indicated by the black circle and the pIs of the 2-D patterns are given. 
 
Mass spectrometry revealed a high similarity of the 1.1 subunit with subunit 1 (Figure 3). The amino 
acid sequences of the subunits 1.1 and 1 were 27% identical. These results are in agreement with 
previously obtained genomic data suggesting that the differences are in the repeated domain. The 
primers designed to specifically amplify Glu-A1 by PCR gave a product of about 2600 bp (base pair) 
in Barbela B28. A total of 1280 and 738 bp were sequenced from the 5’ and 3’ region of this gene, 
respectively. The very high similarity found between the sequences obtained and those available in 
public databases, for different alleles of the locus, suggests that differences will be in the repeated 
domain. 
The literature indicates that subunit 1 has three cysteines in the N-terminal domain. The subunit 1.1 
showed only one corresponding cysteine in this domain. However, this domain still appears quite 
coincident. In relation to the C-terminal domain, the position of the only existing cysteine is the same 
for the two subunits. Finally, the central domain shows many similarities with differences appearing in 
the repetitive elements. 
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Figure 3: Alignment of mass spectrometry data. Subunit 1.1 vs. subunit 1. Similar peptides are in 
white highlighted in black, the first underlined set corresponds to the N-terminal domain and the last 
to the C-terminal; cysteines are highlighted in grey. 

CONCLUSIONS 

Currently, certain primitive landraces are being studied in order to discover new proteins and 
corresponding genes. Some of these genes are already being incorporated into the genomes of 
commercial wheats. In this sense, subunit 1.1 may play a major role in the future as it can be used to 
increase the extensibility of the dough which is one of the most important characteristics in relation to 
quality. Moreover, this subunit and the old wheat cultivar Barbela also have an important role to play 
in preserving the biodiversity of wheat, which is currently seriously endangered. 
Subunit 1.1 showed a relative molecular weight of 99.700 Da and an isoelectric point of 5.2. Mass 
spectrometry revealed high similarity with subunit 1. These data are consistent with those obtained so 
far using genomics, suggesting that differences will be in the repeated domain. The use of subunit 1.1 
as a marker in breeding programs would be interesting particularly for improving dough extensibility, 
which is a character known for its low heritability. 
This study enabled a better understanding of the genetic and molecular bases of this particular HMW-
GS associated with high dough extensibility, and the knowledge acquired can be used in breeding 
programmes aimed at improving the extensibility of wheat grown in Portugal and in other countries. 
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     1 MTKRLVLFAA VVVALVALTA AEGEASGQLQ CERELQEHSL KACR QVVDQQ  
    51 LRDVSPECQP VGGGPVARQY EQQVVVPPKG GSFYPGETTP PQQLQQSILW  
   101 GIPALLRRYY LSVTSPQQVS YYPGQASSQR PGQGQQPGQG QQEYYLTSPQ  
   151 QSGQWQQPGQ GQAGYYPTSP QQSGQEQPGY YPTSPWQPEQ 
LQQPTQGQQR  
   201 QQPGQGQQLR QGQQGQQSGQ GQPRYYPTSS QQPGQLQQLA  
QGQQGQQPER  
   251 GQQGQQSGQG QQLGQGQQGQ QPGQKQQSGQ GQQGYYPISP 
QQLGQGQQSG  
   301 QGQLGYYPTS PQQSGQGQSG YYPTSAQQPG QLQQSTQEQQ LGQEQQDQQS  
   351 GQGRQGQQSG QRQQDQQSGQ GQQPGQRQPG YYSTSPQQLG 
QGQPRYYPTS  
   401 PQQPGQEQQP RQLQQPEQGQ QGQQPEQGQQ GQQPGQGEQG 
QQPGQGQQGQ  
   451 QPGQGQPGYY PTSPQQSGQG QPGYYPTSPQ QSGQLQQPAQ GQQPGQEQQG  
   501 QQPGQGQQGQ QPGQGQQPGQ GQPGYYPTSP QQSGQEQQLE 
QWQQSGQGQP  
   551 GHYPTSPLQP GQGQPGYYPT SPQQIGQGQQ PGQLQQPTQG QQGQQPGQGQ 
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and A. ZHANG 1, *  

1The State Key Laboratory of Plant Cell and Chromosome Engineering, Institute of Genetics and 
Developmental Biology, Chinese Academy of Sciences, Beijing, 100101, China 

2Graduate School of Chinese Academy of Sciences, Beijing, 100049, China 

ABSTRACT 

Low molecular weight glutenin subunits (LMW-GSs) play a crucial role in determining the 
viscoelastic property of bread wheat (Triticum aestivum L.) flour. However, LMW-GSs consist of high 
complicated proteins and the exact number of these proteins is still unknown in bread wheat. To 
investigate the composition of LMW-GSs in bread wheat, the proteomics-based approach was 
developed. The glutenin subunits in Xiaoyan 54 (with good bread-making quality) were separated and 
identified with two-dimensional polyacrylamide gel electrophoresis (2-DE), mass spectrometry and 
database searching. Of sixty protein spots in 2-DE gel, nineteen were verified to be LMW-GSs 
encoded by 11 unique LMW-GS genes. To explore the LMW-GSs contributing to the good bread-
making quality of Xiaoyan 54, the comparative proteomics study was carried out. Comparing the 
LMW-GSs identified in Xiaoyan 54 with those in Jing 411 which performs poorly in bread making, 
we observed that five LMW-GSs were specifically expressed in Xiaoyan 54 and their counterparts in 
Jing 411 were absent or encoded by pseudogenes. Based on the polymorphism among the coding 
sequences of the identified LMW-GSs, gene-specific makers were designed. And with the RILs 
(recombinant inbred lines) derived from Xiaoyan 54 x Jing 411, association analysis between the 
genotype of Glu-3 loci and Zeleny sedimentation value, an important indicator of bread-making 
quality, was performed. The results revealed that the loci of Glu-3A and Glu-3D in Xiaoyan 54 
contained more active genes and had much better effects on the bread-making quality than the 
corresponding locus in Jing 411. 
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Complementary Effect of High Molecular Weight 
Glutenin Subunits on Breadmaking Quality in Common 

Wheat 

B.S. PANG, Y.S. YANG，L.F. WANG and XY ZHANG * 
Key Laboratory of Crop Germplasm Resource and Utilization, MOA, Institute of Crop Sciences, 

Chinese Academy of Agricultural Sciences, Beijing 100081, China 

ABSTRACT 

One set of 10 near isogenic lines of Yanzhan No 1, each differing alleleically at Glu-A1, Glu-B1 and 
Glu-D1, were bred. Effects of different HMW subunit composition on bread making quality (BMQ) 
was evaluated using the 10 near isogenic lines in two years’ harvest. Bread-making tests indicated that 
the expression of 1Ax1 at Glu-A1 locus improved BMQ for almost all of the lines. Allelic contribution 
to BMQ at Glu-B1 locus was in the order of 7+8>14+15>6+8>7 when lines expressed null at Glu-A1 
and subunits 5’+12 from Glu-D1. However, the order became 6+8>14+15>7 when lines expressed 
subunit 1 encoded from Glu-A1 and subunits 5’+12 encoded from Glu-D1. When it was null at Glu-
A1, lines with subunit pairs 14+15 and 5+10 were slightly better than those with subunit pairs 14+15 
and 5’+12. Interestingly, lines containing subunit pairs 7+8 and 5’+12 were much better than those 
containing subunit pairs 7+8 and 5+10. Compared to the 5+10 lines, silencing at 1Dx5 caused a 
significant decline in BMQ. Therefore, it appears that there is a complementary effect between X-type 
and Y-type HMW-GS on BMQ and the absence of either type will cause an obvious decline in BMQ. 

INTRODUCTION 

Wheat processing quality is affected by proteins, starch, lipids and other grain composition, while 
bread-making quality is determined by the protein fraction (Morrison 1988). Proteins in wheat grains 
(mainly) comprise albumin, globulin, gliadin and glutenin, of which albumin and globulin, known as 
metabolism proteins, play only a minor role in bread-making quality, whereas gliadin and glutenin, 
collectively known as gluten, play a critical role in flour processing quality. Glutenin is composed of 
low molecular weight glutenin subunits (LMW-GS) and high molecular weight glutenin subunits 
(HMW-GS). Large gluten polymers are formed through inter-chain disulphide bonds, which give 
varying degrees of dough flexibility and strength (Payne et al., 1979, Shewry et al., 1992, 1995). 
HMW-GS act as the "network backbone" in gluten, which greatly affects the structure and property of 
gluten and plays an important role in determining the processing quality of common wheat flour 
(Payne et al., 1979, Weegles et al., 1996). They account for 35%~40% of wheat processing quality. 

 
HMW-GS are encoded by the Glu1 loci located on the long arms of chromosomes 1A, 1B and 1D. 
Hereafter each locus is referred to as Glu-A1, GluB1 and Glu-D1 respectively. Payne (1987) 
demonstrated that for processing quality, the expression of 1Ax1 or 1Ax2* alleles at Glu-A1 locus was 
better than 1Ax Null. A strong association between bread quality and Glu-D1 and Glu-A1 has been 
found. A number of studies showed that Glu1 loci were ranked as follows Glu-D1 > Glu-A1 > Glu-B1 
for processing quality (Payne 1987), while Lawrence et al., (1988) ranked the loci as: Glu-D1 > Glu-
B1 > Glu-A1. Concerning the relationship between HMW-GS subunit composition and processing 
quality, Payne et al., (1987) gave subunit pairs 5+10 a score of 4.0. For subunits 1, 2*, 17+18 and 7+8, 
he gave score of 3.0. When dough strength was used as the quality index, Branlard et al., (2001) found 
the largest contribution to quality was 17+18 at Glu-B1. But when dough extensibility and Zeleny 
sedimentation value were used as quality indexes, 13+16 was the best subunit. At Glu-A1 and Glu-D1, 
these authors gave the rank as: 2*=1>Null 5+10≥3+12=2+12≥4+12 according to the three quality 
indexes above. Song et al., (2003) reported 13+16 was the best, with a score of 5 for contribution to 
quality, 5+10 received a score of 4 and 14+15 a score of 3.5. However, Cheng et al., (2002) reported 
that 5+10 was the best with a score of 4, while 17+18 had a score of 2.5. These conflicts represent 
mysteries when breeding for quality. In addition, previous quality evaluations were usually made for a 
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pair of subunits, rather than for a single subunit, which is insufficient for future transgenic breeding 
(Shewry et al., 1992). 
A set of germplasm with natural variations at the Glu-1 locus was obtained after the HMW-GS 
composition of a large number of genetic resources was analyzed by SDS-PAGE (Zhang et al., 2002). 
Using this germplasm as donor and Yanzhan No.1 as recurrent parent, a set of HMW-GS near-
isogenic lines (NILs) was bred. Zeleny sedimentation value, dough formation and stability time, the 
protein content of flour, bread volume and bread score were used as indexes for evaluation of the 
influence of individual subunits and pairs of subunits on bread quality. 

MATERIALS AND METHODS 

Plant material 
After being hybridized and backcrossed for five generations with the recurrent parent, Yanzhan No.1, 
the hybrids were inbred twice. Stable lines with expected HMW-GS composition were grown in the 
experimental fields at the Chinese Academy of Agricultural Sciences, Beijing, in two growing seasons 
from 2006 to 2008, respectively. The plots were designed at random with one replication, plot area 
was 2 m2, the length of each plot was 2 m, and the distance between individual rows was 20 cm. Six 
rows were grown in each plot. Eighty seeds were sowed in each row. Field management was 
according to the local conventional methods. Normal mature grains of each line were harvested for 
quality tests.  
 
Analysis of HMW-GS composition 
HMW-GS were extracted from single seeds for each NIL line, each differing in combinations of 
HMW-GS. The extraction of HMW-GS, gel preparation, electrophoresis and gel stain were based on 
the methods of Zhang et al., (2002). 
 
Measurement of quality traits  
Grain samples were adjusted to 14% moisture content according to grain hardness, moistened for 
18~20 hours and then milled on a Buhler miller (Buhler-Miag Co., Switzerland). Flour extraction rates 
varied between 70%~75%. Flour protein content was measured by NIR (Infratec 1241, FOSS Co., 
Denmark). Zeleny sedimentation value and farinograph parameters were measured according to 
AACC methods 56-63 and 54-21, respectively. 
 
Bread making and quality evaluation 
Breads were baked using the fermentation box and oven of National Instruments Corp (USA). Bread 
volume was measured by the rapeseed displacement method. Baking score was evaluated according to 
the Chinese Official standard (Chinese Criterion Committee, GB/T14611-1993). The mean volume 
and baking score in the two years were used to indicate the effect of the HMW-GS. 
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RESULTS  

Certification of HMW -GS composition of the NILs 
Sodium-dodecyl-sulphate polyacrylamide gel electrophoresis (SDS-PAGE) results of the HMW-GS 
compositions for each line were showed in Fig. 1. HMW-GS profile obtained for each NILs were 
consistent as expected. No heterozygous was found. 
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Fig. 1 Results of SDS PAGE using grain samples from 10 different lines (A to J) of wheat showing the HMW-
GS profiles of each NIL. The numbering system of the subunit bands is according to Payne et al., (1981). 
A (010401) 14+15, 10; B (010302) 7, 5’+12; C (010301) 1, 7, 5’+12; D (010203) 6+8, 5’+12; E (010202) 1, 
6+8, 5’+12; F (010201) 1, 14+15, 5’+12; G (010104) 14+15, 5’+12; H (010103) 7+8, 5’+12; I (010101) 7+8, 
5+10; J (010102) 14+15, 5+10. 
 
Comparison of processing quality traits of the 10 NILs in 2007 and 2008 
Zeleny sedimentation values and bread volume of the 10 NILs were consistent in the two years, 
quality traits were a little better in 2008 than in 2007 due to climate. This indicates that the NILs are 
useful material for evaluating the effect of HMW-GS composition on quality traits. 
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Fig. 2 Processing quality traits of the 10 NILs between 2007 and 2008 
 
Variation in quality traits between NILs with diffe rent HMW -GS composition 
Protein content varied the least among all the quality traits assessed. Dough formation and stability 
time, Zeleny sedimentation value, bread volume and bread score displayed a wider range of variation 
coefficients. These results indicated that different HMW-GS composition had different effects on 
wheat quality traits. Dough stability time and bread score were greatly influenced by HMW-GS 
composition (Table 1). 

 
Table 1 Variation in quality traits among the 10 HMW-GS NILs 
Quality traits Average Range CV (%) 
Flour protein content (%) 11.1 10.5-12.6 2.7 
Dough formation time (min) 2.9 2.0-3.8 9.7 
Dough stable time (min) 2.7 1.3-5.0 26.3 
Zeleny sedimentation (mL) 32 25-39 12.5 
Bread volume (cm3) 530 400-700 16.5 
Bread score 54.6 24.5-68.5 21.5 
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Correlation analysis of quality traits 
The Zeleny sedimentation value was significantly and positively correlated with dough formation time 
(r = 0.74, P < 0.01), dough stability time (r = 0.77, P < 0.01) and flour protein content (r = 0.58, P < 
0.05). Bread volume was significantly and positively correlated with dough formation time (r = 0.90, P 
< 0.01), Zeleny sedimentation value (r = 0.89, P < 0.01), dough stability time (r = 0.67, P < 0.05) and 
flour protein content (r = 0.52, P < 0.05). Bread score was significantly and positively correlated with 
bread volume (r = 0.98, P < 0.01), Zeleny sedimentation value (r = 0.93, P < 0.01) and dough 
formation time (r = 0.89, P < 0.01). The results show that bread volume could reflect the bread making 
quality, and Zeleny sedimentation value was the character that was most significantly positively 
correlated with bread making quality. 
 
Table 2 Correlation coefficients among parameters of processing quality traits 

Quality parameter 
Protein 
content (%) 

Formation 
time (min) 

Stability 
time (min)  

Zeleny 
sedimentation 
Value (mL) 

Bread 
volume 
(cm3) 

Formation time (min) 0.26     

Stability time (min) 0.30 0.69**    
Zeleny sedimentation value 
(mL) 0.58* 0.74** 0.77**  

 

Bread volume (cm3) 0.52* 0.90** 0.67* 0.89**  

Bread score 0.49 0.89** 0.70* 0.93** 0.98** 

*P < 0.05; **P < 0.01 
 
Effect of HMW -GS genes on bread making quality  
Bread volume and bread score of line 010301 (subunits expressed are 1, 7, 5’+12) were 78 cm3 and 
15.3 points higher than those of line 010302 (7, 5’+12) (Table 3), respectively. Bread volume and 
bread score of line 010202 (1, 6+8, 5’+12) were 25 cm3 and 6 points higher than those of line 010203 
(6+8, 5’+12) respectively (Table 3). Bread volume of line 010201 (1, 14+15, 5’+12) was 29 cm3 
lower than that of line 010104 (14+15, 5’+12), while for bread score, line 010201 was 2.2 points 
higher than line 010104. The results suggest that the expression of 1Ax1 (subunit 1) gene could 
improve bread making quality, but the extent to which this subunit affects bread making quality 
depends on the types of subunits co-existing within the line. 
 
When Glu-A1 was Null, Glu-D1 was 5’+12, bread quality traits of line 010103 with subunits 7+8 at 
Glu-B1 were significantly better than those of the other three lines (lines 010302, 010203, 010104; 
Table 3), line 010104 with 14+15 was second best, line 010203 with 6+8 the third best and the silence 
of Y- type subunit gene made the line 010302 with subunit 7 worst. Therefore, the contribution of 
alleles at Glu-B1 to BMQ was 7+8>14+15>6+8>7. 
When Glu-A1 was Null, Glu-D1 was 5+10, bread volume of line 010101 (subunits of 7+8, 5+10) was 
the same as that of line 010102 (14+15, 5+10), while the bread score of the former was 3 points higher 
than that of the latter, the effect of subunit pair 14+15 on BMQ was almost equivalent to that of 
subunit pair 7+8 at Glu-B1, which was different from the result when Glu-D1 was 5’+12. The results 
showed that when Glu-A1 was Null, the combinations of 14+15, 5+10 or 7+8, 5’+12 were optimal 
(Table 3). 
 
When Glu-A1 was 1, Glu-D1 was 5’+12, the contribution of the alleles at Glu-B1 to BMQ was in the 
order of 6+8>14+15>7. The expression of 1Axl at Glu-A1 altered the effect of 6+8 and 14+15 on 
BMQ in comparison to the Glu-Al Null, Glu-D1 5’+12 lines. This result showed that the expression of 
1Axl at Glu-A1 clearly improved BMQ of line 010202 (1, 6+8, 5’+12), while reducing BMQ of line 
010201 (1, 14+15, 5’+12) (Table 3).  
Bread volume and score of line 010102 (14+15, 5+10) were 130 cm3 and 20.2 units higher than those 
of line 010401 (14+15, 10) respectively, which indicated that the silencing of gene 1Dx5 substantially 
reduced BMQ. Bread volume and score of line 010102 (14+15, 5+10) were 18 cm3 and 4.2 points 
higher than those of line 010104 (14+15, 5’+12) (Table 3), respectively. This indicates that the subunit 
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pair 5+10 contributed more to improving BMQ than pair 5’+12 when Glu-A1 was Null and Glu-B1 
was 14+15. However, bread volume and score of line 010101 (7+8, 5+10) were 45 m3 and 3.8 units 
lower than those of line 010103 (7+8, 5’+12), indicating that 5’+12 was better than 5+10 for BMQ 
when Glu-A1 was Null and Glu-B1 was 7+8. These results showed that the combination of 14+15, 
5+10 or 7+8, 5’+12 was better than 14+15, 5’+12 or 7+8, 5+10, respectively. 
 
Table 3 Effects of alleles at Glu-1 on bread volume and score 
Line No Subunit composition Bread volume (cm3) Bread score 
010302 7, 5’+12 424 34.7 
010203 6+8, 5’+12 520 54.7 
010104 14+15, 5’+12 557 56.2 
010103 7+8, 5’+12 620 67.2 
010101 7+8, 5+10 575 63.4 
010102 14+15, 5+10 575 60.4 
010401 14+15,10 445 40.2 
010301 1, 7, 5’+12 502 50.0 
010202 1, 6+8, 5’+12 545 60.7 
010201 1, 14+15, 5’+12 528 58.4 

 
Balance between x-type and y-type subunits for BMQ 
Comparison of lines 010301 (1, 7, 5’+12), 010302 (7, 5’+12) and 010103 (7+8, 5’+12) (Table 3) 
showed that the expression of 1Ax1 in line 010301 could not entirely compensate for the decrease in 
BMQ in line 010302 as a result of the silent allele at gene1By, while the normal expression of 1By8 in 
line 010103 was better than lines 010301 and 010302. These results indicated a balance between the x-
type and the y-type subunits: if the x-type and y-type subunits reached a balance, the effects of HMW-
GS on BMQ would be optimal, otherwise, it would be very hard to reach optimal BMQ. 
BMQ of lines 010302 (7, 5’+12) and 010401 (14+15, 10) (Table 3) were very poor, due to the 
silencing of genes 1By8 and 1Dx5. This confirmed the hypothesis of a close association between the 
x-type and y-type subunits: the absence of either type would cause a significant decline in BMQ. 
Therefore, a complementary effect between x-type and y-type subunits is very important. 

DISCUSSION 

Effect of different HMW -GS on bread making quality 
The expression of 1Ax1 at Glu-A1 locus could improve BMQ in most lines, however its expression in 
lines with 14+15 might actually cause a decrease in BMQ. Consequently, care should be taken when 
1Ax1 is introduced in the varieties (lines) with 14+15 at Glu-B1 locus. Whether 1Ax1 gene is 
expressed or not, due to the deficiency of 1By, the line with 7 at Glu-B1 led to poor BMQ; the 
expression of 1Ax1 at Glu-A1 improved BMQ in 6+8 more than in 14+15, while Null at 1Ax 
improved 14+15 more than 6+8. One explanation is that the expression of 1Ax1 compensates for the 
low expression of 1Bx6, which makes the proportion between x-type and y-type subunits reach a new 
balance in line with 6+8 at Glu-B1. The combination of Null, 14+15, 5+10 led to higher BMQ, which 
is consistent with the conclusion of Deng et al., (2005). The combination of Null, 7+8, 5’+12 was 
better than Null, 7+8, 5+10, which showed that 5’+12 was also a good subunit pair, but this subunit 
pair may differ from the one derived from the synthetic hexaploid (Peña et al., 1995). 
Particular attention needs to be paid when evaluating the HMW-GS allelic variations in BMQ at three 
loci as well as at individual loci, because the BMQ effect of the same subunits may be different when 
the subunits are expressed along with different combinations of HMW-GS, and in some cases, the 
effect on BMQ may be completely opposite. The theoretical “super combination” at Glu-1 may not 
exist in terms of practical breeding. Selecting the optimal combination(s) in practice needs to be 
strengthened in the future. Based on the study of 10 stable HMW-GS NILs in this work, we speculate 
that 1, 7+8, 5’+12 could be a good combination for BMQ, but this needs to be certified by new NILs.  
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Importance of a balance between X-type and Y-type subunits for BMQ 
Among the three NILs, 010301 (1, 7, 5’+12), 010302 (7, 5’+12) and 010103 (7+8, 5’+12), the last line 
had the best BMQ, and the second was the worst of the three lines. The expression of 1Ax1 gene was 
significantly higher than that of 1By8 (lane E in Fig. 1). Therefore the balance between x-type and y-
type subunits is more important than the expression of a particular x-type or y-type gene. The 
silencing of 1By8 or 1Dx5 gene led to a decrease in BMQ in lines 010302 (7, 5’+12) and 010401 
(14+15, 10), respectively, indicating that there is a complementary effect between x-type and y-type of 
HMW-GS on BMQ, the absence of either type will lead to a decrease in BMQ, only the normal co-
expression of x-type and y-type gene will ensure that wheat varieties have good BMQ. Therefore, the 
proportional balance between x-type and the y-type subunits is very important. 
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ABSTRACT 

 QualitNBlé is a project partnership between Biogemma (a biotechnology company), INRA 
(French National Institute for Agronomic Research,) and Arvalis-Institut du végétal (a technical 
institute), which aims to improve our understanding of the genetic basis of wheat grain storage protein 
composition and hardness. One aim of this project is to identify molecular markers, for use by Arvalis 
and plant breeding companies such as Limagrain, within genes known to be involved in quality (e.g. 
HMW/LMW glutenins, gliadins, transcription factors (TFs) like SPA). Genetic analysis of these 
markers in segregating breeding populations will reveal the relationship between the different alleles 
at these loci and phenotypic data such as alveograph and bread-making data, microchip-based 
quantification of HMW/LMW glutenins sub-units (in collaboration with T. Aussenac (Institut 
Polytechnique LaSalle Beauvais, France), gene expression, etc. Additionally, the expression of TFs 
will be studied to investigate whether their level of expression influences the expression of their 
targets. 
 Molecular markers will be identified to discriminate the main alleles of genes coding for 
HMW/LMW glutenins, gliadins and also the main transcription factors (SPA, PBF etc) involved in 
storage protein synthesis. For TFs, we will focus on the 5’flanking region. For the LMW glutenins, 
gliadins and TFs genes, the BAC library of Chinese Spring will be screened and sequenced for the 
development of markers. All these genetic data will be linked with phenotypic data compiled on three 
panels: the INRA core collection (Balfourier et al., 2007) comprising 372 lines characterized by a high 
level of diversity and low linkage disequilibrium, the Biotech panel representing the most common 
wheat varieties cultivated in France, and the BléDivEurope panel representing a collection of 
European wheat varieties chosen to maximise genetic diversity. Single nucleotide polymorphisms 
(SNPs) in the promoters of some TFs have already been found, and their impact on their expression 
and on the expression of their target genes will be analysed. 
 For a better understanding of the regulation of storage protein synthesis, we will also carry out 
experiments on different nitrogen and sulphur availability, and study quasi-isogenic lines deleted at 
HMW glutenin loci and lines overexpressing certain TFs. In all these materials, the patterns of storage 
protein accumulation will be analysed with regards to the expression of TFs. 
 The main results will be identification of molecular tools to be used by breeders and key genes 
involved in wheat quality as well as new phenotypical tools to evaluate wheat quality. QualitNBlé is 
funded by the Fond Unique Interministériel (FUI) and supported by the competitiveness cluster 
Cereales Vallée. 

REFERENCES 

Balfourier. F., Roussel, V., Strelchenko, P., Exbrayat-Vinson, F., Sourdille, P., Boutet, G., Koenig, J., Ravel, C., 
Mitrofanova, O., Beckert M. and Charmet, G., 2007. A worldwide bread wheat core collection arrayed in 
a 384-well plate. Theor Appl Genet 114; 1265-1275. 

Rhazi, L., Bodard, A.-L., Fathollahi, B. and Aussenac T., 2009. High throughput microchip-based separation and 
quantitation of high-molecular-weight glutenin subunits. .J Cereal Sci, 49; 272-277. 



Xth International Gluten Workshop, 2009 

230 

Influence of Glu-B2 and Gli-A2 prolamin loci on durum 
wheat quality 

J. RUBIANES, M. RODRÍGUEZ-QUIJANO, P. GIRALDO, E. BENAVENTE,  
J.F. VÁZQUEZ and J.M. CARRILLO 

Unidad de Genética. Departamento de Biotecnología. E.T.S.I. Agrónomos. Universidad Politécnica de 
Madrid, Spain. 

ABSTRACT 

The aim of this work was to determine the influence of two minor prolamin loci, Glu-B2 and Gli-A2 
on certain durum wheat quality parameters. The plant material was 115 F2-F6 recombinant inbred lines 
(RILs) derived from a cross between two durum wheat varieties ‘Esquilache x Valgera’. The field trial 
was conducted in a randomized complete block design with two replications. Glutenin and gliadin 
composition was determined using SDS-PAGE and A-PAGE. The quality was evaluated using the 
SDS-sedimentation test, mixograph and gluten index. The differences in prolamin composition 
between ‘Esquilache’ and ‘Valgera’ were only in the proteins coded by Glu-B2 (LMW glutenin 
subunits) and Gli-A2 (α-gliadins) loci. Significant effects on quality were revealed by the allelic 
variation of the two loci. The RILs with the allele Glu-B2 a (from ‘Valgera’) or with the allele Gli-A2 
n (from ‘Esquilache’) showed significantly higher and positive values in quality parameters than the 
RILs with the allele Glu-B2 b (from ‘Esquilache’) or with the allele Gli-A2 a (from ‘Valgera’), 
respectively. 
The influence of locus Glu-B2 on durum wheat quality has already been described (Ruiz and Carrillo, 
1995; Brites and Carrillo, 2001; Martinez et al., 2005). However, the influence of Gli-A2 locus has not 
previously been assessed. The analysis of the influence of minor prolamin loci on durum wheat quality 
is difficult to establish in RILs where more influent prolamin loci, such as the Glu-3 or Glu-1 loci, are 
segregating. Only in some biparental progenies is it possible to estimate the influence of minor loci, as 
in the RILs from the ‘Esquilache’ x ‘Valgera’ cross, where the presence of LMW glutenin subunit 
(Glu-B2 a) from ‘Valgera’ or the α-gliadin (Gli-A2 n) from ‘Esquilache’ was shown to have a positive 
influence on durum wheat quality. 
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ABSTRACT 

Gluten strength is an important end-use quality factor in durum wheat (Triticum turgidum L. ssp. durum 
(Desf.) Husn.). Gluten index has become widely-used for selection in durum breeding programs because 
of its simplicity and independence from protein concentration. Our unpublished results indicate that gluten 
index is complexly inherited, so identification of suitable DNA markers for marker-assisted selection is a 
priority. Doubled haploid populations derived from the F1 of three crosses of strong and weak gluten 
parents were grown in replicated field trials at two or three locations for two years. Gluten index was 
determined on whole meal samples from each plot, and the populations were genotyped with SSR and/or 
DArT (Diversity Arrays Technology) markers. One population was also assessed on a plot basis using 
SDS-sedimentation on whole meal samples and the alveograph on purified semolina, to compare the 
gluten index method with other strength measures. Quantitative trait loci (QTL) for gluten index were 
detected in one or more of the three populations on chromosomes 1B, 2B, 4A, 5B, and 6B, confirming the 
complex inheritance of this trait. The 1B QTL was also associated with phenotypic variation for SDS-
sedimentation volume and alveograph strength (W). The gluten index QTL on 6B was not associated with 
variation for any of the alveograph measures, but was associated with SDS-sedimentation volume. The 
DArT markers listed here have identified several chromosome regions that will be further examined with 
additional DNA markers (microsatellite and single nucleotide polymorphic (SNP) markers). 

INTRODUCTION 

Gluten strength, an important end-use quality factor in durum wheat (T. turgidum L. ssp. durum (Desf.) 
Husn.), affects manufacture and cooking quality of pasta. Gluten index (Cubadda et al., 1992) has become 
widely-used for selection in durum breeding programs because of its simplicity and independence from 
protein concentration. Our unpublished results indicate that gluten index is complexly inherited, so 
identification of suitable DNA markers for marker-assisted selection is a priority.  
There are relatively few published studies of gluten index Quantitative Trait Loci (QTL) in durum. In 
previous work, we found significant QTL for gluten index on 1B and 2A in the doubled haploid 
population W9262-260D3/Kofa (Knox et al., 2004). A consensus map constructed from this and other 
populations confirmed these QTL and found additional QTL on 5B and 6B (Clarke et al., 2008). Zhang et 
al., (2008) reported QTL on 1A and 5A in the population Kofa/UC1113. 
Our objective was to look at the consistency of DArT markers for identification of gluten index QTL in 
three durum wheat populations. 

MATERIALS AND METHODS 

Doubled haploids were generated using the procedure described by Knox et al., (2000) from the F1 of two 
crosses of strong and weaker gluten parents and one of parents with similar strength. The populations were 
W9262-260D3/Kofa, DT696/DT707 and Gallareta/Demetra. The numbered lines are from the Swift 
Current breeding program. Kofa is a very strong cultivar from the USA, Demetra (weak gluten) is from 
Italy, and Gallareta (very strong gluten) is a CIMMYT line released in Spain. DT696 and DT707 have 
similar gluten indexes. 
All populations were grown in separate field trials in four row plots 3 m long, with a row spacing of 0.23 
m. One hundred and fifty-one lines from W9262-260D3/Kofa and 17 checks, including the parents, were 
grown in 2000 in a randomized complete block design with two replications at Swift Current, and un-
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replicated at Indian Head and at Regina. The experiment was repeated in 2001 and 2002 at the same 
locations, with 155 doubled haploid lines and 15 checks arranged in an alpha-lattice with 22 blocks and 
two replications. One hundred and twenty-one lines of Gallareta/Demetra and nine check cultivars, 
including the parents, were grown in an alpha-lattice with two replications at Swift Current and Regina in 
2005 and 2006. The DT696/DT707 population of 124 lines plus 12 checks was grown in a two replicate 
alpha-lattice at Swift Current and Regina in 2005, 2006 and 2007. 
Gluten index was determined on whole meal samples from each plot. SDS-sedimentation on whole meal 
samples and the alveograph on purified semolina were also measured on a plot basis in the W9262-
260D3/Kofa population to assess the association of gluten index with other strength measures. Data were 
analyzed with SAS Proc Mixed using PDIFF to test for transgressive segregation beyond parental values. 
The populations were genotyped with DArT (Diversity Arrays Technology) markers by Triticarte Pty. In 
addition, the W9262-260D3/Kofa population was screened with microsatellite markers. DArT markers 
were assigned to chromosomes in the Gallareta/Demetra and DT696/DT707 populations based on 
information from Triticarte or published reports. A genetic map of W9262-260D3/Kofa was constructed 
using JoinMap®, and single marker analyses (Knapp 2001) were performed on all populations using SAS 
Proc Mixed and simple interval marker analysis (SIM) was run on W9262-260D3/Kofa using MapQTL.  

RESULTS AND DISCUSSION 

Gluten index showed transgressive segregation above the high parents and below the low parents in all 
crosses (Table 1). Transgressive segregation in the DT696/DT707 cross demonstrates the complexity of 
genetic control, wherein both parents have similar gluten strength apparently achieved through control by 
different genetic factors. This highlights the difficulties encountered by breeders in planning crosses to 
achieve particular strength targets. 
 
Table 1: Gluten index range of parents and high and low transgressive lines across locations in the crosses 
W9262-260D3/Kofa, Gallareta/Demetra and DT696/DT707 grown in two environments for two or three 
years. 
 Gluten 

index % 
 Gluten 

index % 
 Gluten 

index % 
Kofa 65 - 87 Gallareta 47 - 82 DT707 36 - 81 
W9262-260D3 22 - 40 Demetra 42 - 58 DT696 44 - 81 
High trans. 83 - 99 High trans. 62 - 99 High trans. 70 - 100 
Low trans.  6 - 17 Low trans.  7 - 49 Low trans. 19 – 75 

 
DArT markers were scored on all three populations at different times. We are uncertain if all markers 
listed in Table 2 were scored on all three populations as additional DArT® probes may have been added 
by Triticarte Pty to the DArT® arrays in later evaluations. It is also possible that the DArT® markers 
listed were not polymorphic across populations or that they did not meet the quality threshold for accurate 
scoring and were not included in the data set. As a result, we list that data as NI (no information) in Table 
2. 
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Table 2: Chromosomes (Xm), markers and number of environments showing significant association (single marker 
analysis) with gluten index (GI) in three durum populations, and simple interval analysis for W9262-260D3/Kofa 
population that includes SDS-sedimentation volume (SV), alveograph strength (W) and map distances (cM). 
    Gallareta/Demetra DT696/DT707  W9262-260D3/Kofa 
Xm Marker GI GI  GI LOD SV LOD W LOD cM 
  Environments  4 6  7  7  2   
1B wPt-9864 2***,1**,1* 1 1*  NI       
  wPt-1238 4 5***,1**  NI       
  wPt-2999 2***,1**,1* 3*  NI       
  wPt-4605 2***,1**,1* 3*  NI       
  wPt-9660 4*** 5***  NI       
  wPt-0308 4*** 5***,1**  NI       
  wPt-6878 4*** 6***  NI       
  tPt-1772 4*** 5***,1**  NI       
  wPt-1912 4*** 5***,1**  NI       
  wPt-3411 4*** 5***,1**  NI       
  wPt-7138 4*** 5***,1**  NI       

  barc312   
 

  3(K) 
2.9-
3.4 

 
1(K) 

2.9 33 

  BE484998   
 

  3(K) 
2.9-
3.3 

1(K) 3.1 35 

 wPt-4133 3**,1* NI 
 

  3(K) 
3-
4.6 

  36 

  wPt-3007 2***,1** 2*  5***,2**(K) 5-11 7(K) 7-13 2(K) 9-12 58 

  wPt-6608 NI NI 
 

7***(K) 8-12 6(K) 9-18 2(K) 
12-
17 

78 

  wmc49   
 

6(K) 8-12 7(K) 
11-
19 

2(K) 
14-
17 

78 

 wPt-8329 NI NI 
 

7*** (K) 7-12 7(K) 8-16 2(K) 
11-
15 

79 

2B wPt-6643 1* NI  NI       
  wPt-0100 Ns 2*  NI       
  wPt-2106 Ns 2*  NI       
  Xgwm339    1 (K) 2.5     103 
4A tPt-7193 Ns 2***1*  NI       
 wPt-2985 Ns 6***  NI       
 wPt-3108 Ns 6***  NI       
 wPt-3796 Ns 4***,2**  NI       
 wPt-8167 Ns 6***  NI       
 wPt-8271 Ns 6***  NI       
5B wPt-7064 Ns 1*  NI       
  wPt-3663 2* 1*  NI       
  wPt-8931 NI 3*  NI       
  tPt-1253 NI 3**,1*  NI       
  wPt-6577 NI NI  1*       
6B wPt-3581 1* 1***,1**,2*  NI       
  wPt-9881 Ns 1***,1*,2*  NI       
  wPt-4560 NI 1***,3*  NI       
  wPt-8641 NI NI  1***,2**,3*       
  wPt-2660 NI NI  1**,3*       
  wPt-2987 NI NI  1*       
  wPt-1725 NI NI  3*       
  wPt-9468 NI NI  1**,4*       

  barc178   
 

  2(K) 
3.2-
3.3 

  155 

  wPt-0501 NI NI 
 

1*(K) 3.0 2(K) 
2.8-
3.4 

  178 

 1Number of tested environments significant at P<0.001, P<0.01, P<0.05; ns = not significant; NI = no information in 
data set provided by Triticarte; K = increased by the molecular variant from Kofa.  
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Quantitative trait loci (QTL) for gluten index were detected in one or more of the three populations on 
chromosomes 1B, 2B, 4A, 5B, and 6B, confirming the complex inheritance of this trait (Table 2). Gluten 
index QTL on 1B were strong and spanned multiple environments and several were also associated with 
phenotypic variation for SDS-sedimentation volume and alveograph strength (W) in W9262-260D3/Kofa. 
Chromosome 1B possesses major loci for gluten proteins. Minor 6B QTL for gluten index and SDS-
sedimentation volume also coincided in this population. The associations on 2B concur with what we 
found in an association mapping population (Clarke et al., this proceedings), although they were weak and 
inconsistent across locations in these bi-parental populations. The associations on 4A were strong and 
across multiple environments, and also confirm observations in the association mapping population. In the 
present case only the DT696/DT707 population showed consistent gluten index expression on 4A. It is 
possible that this locus (loci) was not segregating in the other two populations. Gluten index has not 
previously been associated with chromosomes 2B and 4A.  
The most conservative approach to identify QTLs that are useful for marker assisted selection is to select 
those that are consistent across multiple environments and/or in multiple populations. The DArT markers 
listed here have identified several chromosome regions that will be further examined with additional DNA 
markers (microsatellite and single nucleotide polymorphic (SNP) markers). We will saturate these QTL 
regions to identify markers most suitable for marker-assisted selection of gluten strength in durum wheat 
breeding programs. 
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ABSTRACT 

Gluten strength is an important end-use quality factor in durum wheat (Triticum turgidum L. ssp. 
durum (Desf.) Husn.). The gluten index has become widely-used for selection in durum breeding 
programs because of its simplicity and independence from protein concentration. Our unpublished 
results indicate that gluten index is complexly inherited, so marker-assisted selection could be a useful 
tool in the development of cultivars with desired gluten strength properties. Genome-wide association 
mapping is one way to identify genomic regions for more detailed investigation. A sample of 81 
diverse durum accessions collected from a variety of geographic origins was grown in replicated field 
trials at two locations for two years. Gluten index was determined on semolina, and the populations 
were genotyped with SSR markers. Using sub-population assignments as covariates, significant 
(P<0.05) marker-trait associations for gluten index were detected on chromosomes 2A, 2B, 3B, 4A, 
5B and 6B in three or four of the tested environments. The 2B region near Xgwm429 was highly 
significant (P<0.0001) in all four environments, and explained the majority of phenotypic variation for 
GI (20%-27%). Regions on 3A and 4A also showed strong associations. The regions identified on 2A, 
5B and 6B confirm earlier reports of gluten index QTL on those chromosomes and validates the 
usefulness of association mapping to identify marker-trait associations in durum wheat. To our 
knowledge, this is the first report of a marker associated with gluten index on chromosome 2B, and 
this and the other identified regions will be further studied in bi-parental mapping populations. 

INTRODUCTION 

Gluten strength is an important end-use quality factor in durum wheat (Triticum turgidum L. ssp. 
durum (Desf.) Husn.), affecting pasta manufacture and cooking quality. The gluten index (Cubadda et 
al., 1992) has become widely used for selection in durum breeding programs because of its simplicity 
and independence from protein concentration. Gluten index in the intermediate strength category (40 
to 60%) or very strong category (>90%) is required for registration of durum cultivars for production 
in Canada 
Our unpublished results indicate that gluten index is complexly inherited, so many crosses produce 
segregants with gluten indexes ranging from 20 to 100. Marker-assisted selection could be a useful 
tool in the development of cultivars with desired gluten strength properties. There are relatively few 
published studies of gluten index Quantitative Trait Loci (QTL) in durum. Knox et al., (2004) reported 
significant QTL for gluten index on 1B and 2A in the doubled haploid population W9262-
260D3/Kofa. A consensus map constructed from this and other populations (Clarke et al., 2008) 
confirmed these QTL and found additional QTL on 5B and 6B. Zhang et al., (2008) reported QTL on 
1A and 5A in the population Kofa/UC1113.  
These differing results suggest that some of the QTL for gluten index are population dependant. 
Genome-wide association mapping (AM) is another way to identify genomic regions for more detailed 
investigation. Our objective was to do so in a sample of diverse durum wheat accessions. 
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MATERIALS AND METHODS 

One hundred diverse durum genotypes from Argentina, Australia, Canada, France, Germany, Italy, 
Iran, Mexico, Morocco, New Zealand, Russia, Spain and the United States were grown in field trials 
arranged in a 10 X 10 lattice design with two replications. The trials were grown under rain-fed 
conditions at Regina, Saskatchewan and under irrigation at Vauxhall, Alberta in 2001 and 2002. 
Gluten index was measured on semolina (AACC Standard Method 38-12A). Eighty-one of these 
genotypes overlapped with another study of linkage disequilibrium (Somers et al., 2007) and yellow 
pigment (Reimer et al., 2008). The genotypic data from those studies, comprising 245 microsatellite 
markers, were used in conjunction with the gluten index data for association mapping using the 81 
lines in common. 
A pairwise genetic similarity matrix was calculated based on Rogers Euclidean distance (Rogers 1972) 
to determine population structure for association mapping. A Bayesian clustering approach was also 
used to infer the number of sub-populations (K) and to assign individuals to sub-populations based on 
membership proportion in each sub-population (Q-matrix) with the software STRUCTURE v.2 
(Pritchard et al., 2000). 
Marker-trait associations were tested with gluten index least squares means for each environment in a 
linear mixed model with the program TASSEL 2.0.1 (Yu et al., 2006) using the Q matrix estimated for 
K=5 as a covariate. Rare alleles (frequency <5%) were either combined into a single genotypic class if 
their combined frequency was greater than 5%, or scored as missing data. This left 210 informative 
microsatellite markers to be used for the analysis. Significance of associations between loci and gluten 
index were based on an F-test at a significance level of P≤0.01, corrected for by performing 10,000 
permutations. QTL were considered worthy of further study if probability was <0.05 for at least three 
of the four environments. 

RESULTS AND DISCUSSION 

Gluten index ranged from 1 to 95% across the trials and years (Table 1). The location means were 
similar except for Regina 2002, where the gluten index was 69% compared to 42 to 49% at the other 
three locations. 
Using sub-population assignments as covariates, significant (P<0.05) marker-trait associations for 
gluten index were detected on chromosomes 2A, 2B, 3B, 4A, 5B and 6B in three or four of the tested 
environments (Table 2). The 2B region near Xgwm429 was highly significant (P<0.0001) in all four 
environments, and explained the largest portion (20%-27%) of the phenotypic variation for gluten 
index. The 3B marker wmc632 explained up to 25% of the phenotypic variation.  
 
Table 1: Gluten index (%) range and trial means of durum wheat lines grown at Regina, 
Saskatchewan and Vauxhall, Alberta in 2001 and 2002. 
 Regina 2001 Regina 2002 Vauxhall 2001 Vauxhall 2002 
Range 1 - 93  2 – 95 1 - 91 1 - 95 
Mean 44.8 69.2 42.2 49.3 
 
The regions identified on 2A, 5B and 6B confirm earlier reports of gluten index QTL on these 
chromosomes (Clarke et al., 2008). Chromosomes 1A (Zhang et al., 2008) and 1 B (Knox et al 2004) 
have previously been reported to have association with gluten index, but these did not show up 
consistently in the current study. Only Regina 2001 showed an association with wmc59 on 1A (P < 
0.007), and both locations had highly significant associations with wmc419 on 1B in 2002. No 
associations reached significance on 5A, which Zhang et al., (2008) reported to influence gluten index. 
To our knowledge, this is the first report of a marker associated with gluten index on chromosome 2B 
and this and the other identified regions will be further studied in bi-parental mapping populations and 
breeding lines to validate their potential for marker-assisted selection in breeding populations. 
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Table 2: Chromosomes, markers, probabilities and marker r2 associated with gluten index of durum 
wheat grown at Regina, Saskatchewan and Vauxhall, Alberta in 2001 and 2002. 
  Regina Vauxhall 
  2001 2002 2001 2002 
Chromosome Marker prob. r2 prob. r2 prob. r2 prob. r2 

2A barc124 .0014 0.16 .0489 0.07 .0027 0.15 .0328 0.09 
2B gwm429 .0001 0.24 .0005 0.27 .0005 0.20 .0001 0.25 
 barc159 .0097 0.14 .024 0.12 .0133 0.13 .0169 0.13 
3B wmc632 .0127 0.17 .0463 0.13 .0013 0.25 .0083 0.19 
4A wmc680 .0855 0.08 .0410 0.10 .0125 0.13 .0167 0.12 
 wmc313 .0032 0.13 .0153 0.10 .0045 0.14 .0036 0.15 
5B gwm371 .0066 0.12 .0415 0.08 .0129 0.11 .0127 0.11 
 gwm497  .0073 0.12 .0868 0.06 .0295 0.09 .0126 0.11 
6B barc24 .0444 0.10 .0140 0.14 .0988 0.08 .0164 0.13 
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ABSTRACT 

Proteins with attractive mechanical properties are found in the animal kingdom. Silk proteins from 
spiders and elastin are characterized by repeated sequences. Proteins with repeated sequences are also 
found in plants, and some have been shown to be useful for the production of plastic materials (e.g. 
prolamins of cereals). Recombinant pharmaceutical proteins have been expressed successfully in seeds 
where proteins accumulate in high concentrations in specialized cell organelles [1]. This demonstrates 
the potential of seeds for the production of recombinant functional proteins. This concept can be 
extended to proteins tailored for mechanical properties. The development of genetic engineering 
technology and of efficient plant transformation techniques provides the ability to tune the 
composition and properties of biopolymers produced in plants. 
We modified the molecular characteristic of a wheat storage protein to develop improved mechanical 
(elastomeric) properties and reduce water sensitivity. A High Molecular Weight (HMW) glutenin 
subunit (1Dy10) was selected as a basis, because glutenin is known to contribute strongly to gluten 
viscoelasticity [2]. Its sequence shows some similarities with elastomeric animal proteins and their 
transgenes can be overexpressed in wheats without disturbing the plant’s metabolism [3]. 
We inserted several hydrophobic and elastic motifs derived from elastin into the hydrophilic repetitive 
domain of the glutenin subunit to create a triblock protein [4]. It is expected that this novel protein 
combining incompatible blocks will be able to develop networks of separated phases at micro or nano 
scales. This will allow the fine tuning of the material properties of protein-based block copolymers 
similarly to the strategy developed for synthetic triblock polymers.  
The production of the modified glutenin protein in plant cells is currently being studied in transformed 
tobacco BY2 cells, and in transformed wheat grains. A gene coding for a 1Dy10 subunit was cloned. 
A series of constructs was realized in order to express wild subunits and subunits mutated by insertion 
of elastin motifs, in BY2 cells and in the endosperm of wheat grain. The constructs used for wheat 
expression incorporated the HMW 1Dx5 promoter to confer endosperm-specific expression. A total of 
78 transgenic wheat lines was obtained with four of these constructs and experiments to transform the 
remaining two constructs are underway. The localisation and accumulation of wild and mutated 
1Dy10 will be studied with YFP fusion and c-myc-labelled proteins. The physical chemical properties 
of the novel protein will be first characterized after recovery from the BY2 cells. Transformed wheats 
will allow us to determine the expression of the novel protein in the plant and its technological 
properties.  
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ABSTRACT 

Gluten properties strongly influence the end-use quality of wheat flour. However, information on the 
genetic control of gluten properties in bread wheat is still very limited. In this study, quantitative trait loci 
(QTLs) controlling gluten properties in bread wheat were studied using a set of 168 doubled haploid (DH) 
lines derived from two elite Chinese wheat varieties Huapei 3 × Yumai 57 (Triticum aestivum L.). The DH 
lines and their parents were evaluated for gluten properties in three different environments. QTL analyses 
were performed using the software of QTLNetwork 2.0, based on the mixed linear model approach. A 
total of nine additive QTLs and four pairs of epistatic QTLs were detected. Of these, three additive QTLs 
and one pair of epistatic QTLs showed environmental interactions. Three main QTLs, qWGC3A, 
qWGC1D and qGI2D, explained 19.25%, 13.75% and 11.07% of the total phenotypic variation with no 
influence of the environment. These QTLs may be used in wheat breeding programs for improving gluten 
properties. Interestingly, the QTLs for gluten properties in the interval marked by Xbarc320 and Xbarc345 
on chromosome 5D were simultaneously associated with leaf morphological traits, chlorophyll content, 
grain yield, heading date, and adult-plant resistance to powdery mildew, suggesting the existence of high 
levels of genetic and phenotypical associations between physiological traits (leaf morphology and 
chlorophyll content) and grain yield, end-use quality, early maturity and disease resistance in the 
background of certain wheats. The utility of these QTLs for simultaneous improvement of wheat end use 
quality and yield merits further investigations. 
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ABSTRACT  

The identification of proteins by tandem mass spectrometry (MS/MS) is based on the best fit of 
spectral data to databases of protein sequences. Although current databases contain sequences for 
many wheat gluten proteins, these represent only a portion of the sequence heterogeneity present in the 
gluten protein families. To distinguish individual gliadins from the US wheat Butte 86, ESTs for alpha 
and gamma gliadins from Butte 86 were identified in public databases and assembled into contigs. 
Consensus sequences from 12 of 19 alpha gliadin contigs and nine of 11 gamma gliadin contigs 
encoded full-length proteins. Differences in epitopes related to celiac disease were observed among 
the proteins and two new types of alpha gliadins ending in GFFGTN and GIMSTN were discovered. 
In addition, the analysis revealed one alpha gliadin and four gamma gliadins containing an odd 
number of cysteine residues that would enable the proteins to be incorporated into the glutenin 
polymer. By including the Butte 86 alpha and gamma gliadin sequences in a protein database used for 
analysis of MS/MS data obtained from trypsin, chymotrypsin or thermolysin digestion of wheat flour 
proteins, 12 closely related alpha gliadin and five gamma gliadin proteins were identified in Butte 86 
flour with high levels of confidence. This approach made it possible to distinguish closely-related 
gliadins in Butte 86 that differ in epitopes important in celiac disease as well as gliadins that include 
an extra cysteine residue and could function as chain terminators of the glutenin polymer. 

INTRODUCTION 

Alpha and gamma gliadins are complex groups of proteins that together with other gluten proteins 
determine the functional properties of wheat flour. These proteins are also a major factor in celiac 
disease, a widespread autoimmune disease caused by ingestion of wheat. Both alpha and gamma 
gliadins have unusually high levels of glutamine and proline and contain large regions of repetitive 
sequences. Proteins within each group have distinct structures and N- and C-terminal sequences. 
Alpha gliadins contain six conserved cysteine residues that form three intrachain crosslinks and 
gamma gliadins contain eight conserved cysteine residues that form four intrachain crosslinks. In 
addition to traditional gliadins, certain proteins with amino acid sequences very similar to gliadins 
contain an extra cysteine residue that enables them to be incorporated into the glutenin polymer. It has 
been hypothesized that these proteins serve as chain terminators of the glutenin polymer thereby 
limiting its size and influencing the quality of the flour. Because very small differences in the primary 
sequence of alpha and gamma gliadins can impact flour quality, it is important to be able to distinguish 
individual gliadin proteins. 
Tandem mass spectrometry (MS/MS) has become an important tool for protein identification. 
However, alpha and gamma gliadins present greater challenges than most proteins for identification by 
MS/MS. Both types of proteins yield relatively few peptides of a size suitable for MS/MS analysis 
when digested with trypsin, the enzyme used in most studies. Additionally, the identification of 
proteins by MS/MS is based on the best fit of spectral data to databases of protein sequences. 
Although NCBI contains sequences for many wheat gluten proteins, these represent only a portion of 
the sequence heterogeneity present in these protein families. To be able to distinguish closely related 
proteins by MS/MS, it is essential to have information about the complement of genes expressed in the 
cultivar under study. For the US bread wheat Butte 86, this information was obtained by analyzing 
contigs assembled from Butte 86 ESTs available in public databases. 
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MATERIALS AND METHODS 

ESTs encoding alpha and gamma gliadins from Triticum aestivum cv Butte 86 were identified in 
public databases and assembled into contigs. Comparisons among proteins encoded by consensus 
sequences of contigs were made using Clustal W [http://www.ebi.ac.uk/Tools/clustalw2/index.html]. 
A “SuperWheat” database was constructed that included the sequences of proteins encoded by 
consensus sequences of each Butte 86 contig in addition to NCBI non-redundant green plant protein 
sequences, translated sequences (in all six reading frames) of contigs from TaGI Releases 10.0 and 
11.0 [http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl?gudb=wheat], US Wheat Genome 
Project [http://wheat.pw.usda.gov/cgi-bin/westsql/contig.cgi], HarvEST 1.14 (WI all NSF “stringent” 
assembly from 05/08/04) [http://harvest.ucr.edu/], NCBI Unigene Build #55, and all ESTs from Butte 
86 developing grain. This database contained a total of 2,562,722 protein sequences. 
A 2% SDS fraction of protein from Butte 86 flour was prepared as described by Dupont et al., 2008 
and proteins were separated by RP-HPLC followed by SDS-PAGE. Individual bands were excised 
from gels, treated with chymotrypsin, thermolysin or trypsin, and analyzed by ESI MS/MS. Spectra 
were used to interrogate the “SuperWheat” database using X!Tandem [http://www.thegpm.org/] and 
Mascot Daemon [http://www.matrixscience.com/daemon.html] as search engines. MS/MS based 
peptide and protein identifications were compiled using Scaffold Version 2.04.02 
[http://www.proteomesoftware.com/Proteome_software_prod_Scaffold.html]. 
The sequences of all proteins that matched spectra in the dataset were exported from Scaffold and used 
to construct a smaller ‘subset’ database. These 1,526 sequences were combined with the sequences of 
the Butte 86 proteins and an equal number of decoy protein sequences from the bacterium 
Methanosarcina mazei, and the resulting database was interrogated with the original spectral data. 
Peptide identifications were accepted if they could be established at greater than 90.0% probability as 
specified by the Peptide Prophet algorithm [Keller et al., 2002] with a parent mass tolerance threshold 
of 100 ppm. Protein identifications required probabilities greater than 95.0% and at least two identified 
peptides. Using these thresholds, no decoy sequences were detected. Because of the complexity of the 
alpha and gamma gliadin protein families and sequence redundancy within the databases, data were 
further inspected manually. For each protein band, individual peptides obtained from interrogation of 
the ‘subset’ database were used to search against the sequences of the Butte 86 alpha and gamma 
gliadins. Peptides found within a protein encoded by only one Butte 86 contig were considered unique. 
Peptides found in more than one Butte 86 gliadin sequence were assigned to Butte 86 proteins 
distinguished by unique peptides in the band or to the least number of proteins that accounted for all 
peptides.  

RESULTS AND DISCUSSION 

One hundred thirty six ESTs encoding alpha gliadins and 153 ESTs encoding gamma gliadins from 
the US wheat Butte 86 were identified in public databases and assembled into contigs, resulting in 19 
alpha gliadin and 11 gamma gliadin contigs. Consensus sequences from 12 of the contigs encoded 
complete alpha gliadin proteins (Figure 1) while nine contigs encoded complete gamma gliadin 
proteins (Figure 2). Only two of the alpha gliadins and one of the gamma gliadins were identical to 
proteins in the NCBI non-redundant protein database. 

 
Figure 1: Cladogram of full-length alpha gliadin proteins encoded by consensus sequences of Butte 
86 contigs. Proteins that contain epitopes implicated in celiac disease are denoted by a single star. 
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Proteins that also contain the celiac toxic peptide of Shan et al., (2005) are denoted by an additional 
star. The alpha gliadin that contains seven cysteines is indicated by an arrow. The two alpha gliadins 
with carboxyl terminal sequences that differ from GIFGTN are enclosed in boxes. 

 
Comparison of the full-length alpha gliadins revealed eight proteins that contained sequences 
identified as T cell stimulatory epitopes in celiac patients (#1, 2, 3, 4, 5, 10, 11, 14) (Arentz-Hansen et 
al., 2000, Vader et al., 2002) (Figure 1). Two of these also contained the toxic 33-mer peptide 
identified by Shan et al., 2005. Four alpha gliadins did not contain any of the identified epitopes (#8, 
12, 13, 23). Based on the numbers of ESTs contained in each contig, alpha gliadins with celiac 
epitopes are some of the most highly expressed alpha gliadins in Butte 86 (data not shown). Ten of the 
alpha gliadins had the sequence GIFGTN at the carboxyl terminus, similar to most alpha gliadins 
reported previously. However, several new alpha gliadins ending in GFFGTN and GIMSTN also were 
found. Interestingly, contig #4, encoding the protein ending in GFFGTN, included the greatest number 
of ESTs, suggesting that this new sequence is the most highly expressed alpha gliadin in Butte 86. All 
of the full-length alpha gliadins contained the six conserved cysteine residues that form three 
intramolecular disulfide bonds typical of this protein class. However, one protein, encoded by contig 
#2, contained an additional cysteine that may enable the protein to be linked into the glutenin polymer.  

 
Figure 2: Cladogram of full-length gamma gliadin proteins encoded by consensus sequences from 
Butte 86 contigs. Arrows denote gamma gliadins that contain nine cysteine residues. 
 
Relationships between the nine full-length gamma gliadin proteins encoded by the Butte 86 contigs are 
summarized in Figure 2. All of the gamma gliadins contained the eight conserved cysteine residues 
that form four intramolecular disulfide bonds typical of this protein class. However, four of the Butte 
86 gamma gliadins (#3, 4, 8, 10) contained an extra cysteine residue in the repetitive region of the 
protein that would be available to form an intermolecular linkage. The numbers of ESTs in each of 
these contigs indicates that gamma gliadins that can be incorporated into the glutenin polymer may be 
quite prevalent in Butte 86. 

 

 
Figure 3: Differentiation of an alpha gliadin that contains six cysteines from an alpha gliadin that 
contains seven cysteines. The six conserved cysteines are enclosed in shaded boxes. The extra cysteine 
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is indicated with an arrow. Regions of each protein covered by peptides generated with chymotrypsin 
and detected by MS/MS are indicated in bold, thermolysin are underlined, and trypsin are enclosed in 
boxes. 
 
In a pilot study, 11 of the full-length alpha gliadins were distinguished by MS/MS. Only alpha gliadin 
#13 was not identified. Figure 3 summarizes MS/MS data that differentiates alpha gliadin #2 
containing seven cysteines from alpha gliadin #4 containing six cysteines. MS/MS coverages of alpha 
gliadins #2 and 4 were 58.1% and 54.0%, respectively, and seven peptides were identified in each of 
the two proteins that were not found in any other Butte 86 sequence. Although the peptide containing 
the extra cysteine was not identified for alpha gliadin #2, the MS/MS data was sufficient to distinguish 
these two proteins unequivocally. Two of the unique peptides from alpha gliadin #4 also included the 
phenylalanine residue that distinguishes the carboxyl terminus of this protein (GFFGTN) from most of 
the other Butte 86 alpha gliadins. 
MS/MS data that distinguishe alpha gliadin #1, a protein that contains numerous celiac epitopes and 
the toxic peptide, from alpha gliadin #23, a similar protein that is missing these epitopes, is 
summarized in Figure 4. MS/MS coverage of alpha gliadins #1 and 23 were 56.9% and 32.5%, 
respectively. Peptides generated with chymotrypsin and/or thermolysin covered all of the celiac 
epitopes in alpha gliadin #1. 
 

 
Figure 4: Differentiation of an alpha gliadin from Butte 86 that contains epitopes important in celiac 
disease from an alpha gliadin that does not contain known celiac epitopes. The toxic peptide identified 
by Shan et al., (2005) is underlined. The core region of the Glia-α-9 epitope is enclosed in a box. Glia-
α-2, Glia-α-20 and Glia-α epitopes are denoted by solid, dotted and double lines, respectively, above 
the sequence. Regions of each protein from which peptides generated with chymotrypsin, thermolysin 
or trypsin were identified by MS/MS are indicated in bold.  
 
Five of the full-length gamma gliadins (#2, 4, 5, 6, 7) were also distinguished by MS/MS. Coverage of 
the proteins ranged from 36.0% for gamma gliadin #2 to 56.5% for gamma gliadin #4. At least five 
peptides were identified for each protein that were not found in any other Butte 86 sequence. The 
MS/MS data was not sufficient to distinguish gamma gliadin #1 from #8 or #3 from #10 
unequivocally, although three peptides found only in gamma gliadins #1 and 8 and seven peptides 
found only in gamma gliadins #3 and 10 were identified in the study. Figure 5 summarizes MS/MS 
data that differentiate gamma gliadin #7 containing eight cysteines from gamma gliadin #4 containing 
nine cysteines. In this example, a peptide containing the extra cysteine was obtained by MS/MS 
following cleavage of the protein with chymotrypsin. 
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Figure 5: Differentiation of a gamma gliadin from Butte 86 that contains eight cysteines from a 
similar protein that contains nine cysteines. The eight conserved cysteines are enclosed in shaded 
boxes. The extra cysteine is indicated with an arrow. Regions covered by peptides generated with 
chymotrypsin and identified by MS/MS are indicated in bold, with thermolysin are underlined, and 
with trypsin are enclosed in boxes.  

CONCLUSIONS 

The large number of closely related proteins in single cultivars and the heterogeneity of proteins in 
different wheat cultivars make it extremely difficult to distinguish individual alpha and gamma 
gliadins by MS/MS. Yet, relatively small changes in the sequences of alpha and gamma gliadins can 
influence the toxicity or functional properties of the proteins. Knowledge about the complement of 
genes expressed in a single cultivar and inclusion of the sequences of encoded proteins in databases 
used for MS/MS analysis makes it possible to associate individual alpha and gamma gliadin proteins 
with specific gene sequences and to reach meaningful conclusions in studies of wheat flour quality. 
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ABSTRACT 

A monomeric protein inhibitor (WSCI), isolated from endosperm of Triticum aestivum, acts as an 
effective inhibitor of subtilisin, pancreatic chymotrypsins and insect chymotrypsin-like activities. With 
the aim of converting this protein into a trypsin inhibitor, we decided to replace the amino acid 
residues present at its reactive site region. On the basis of molecular modelling studies performed on 
virtual complexes formed by trypsin with putative mutants, the original residues (Met, Glu and Tyr) 
present at the inhibitor sequence positions 48, 49 and 50 were substituted with Lys, Asp and Gly, 
respectively. Site-directed mutagenesis was employed to obtain three WSCI mutants: M48K, M48K-
E49D and M48K-E49D-Y50G. These mutants were expressed in E. coli, purified and extensively 
characterized.  Two of the mutants (M48K and M48K-E49D) were active against pancreatic trypsin, 
subtilisin and trypsin-like activities isolated from Tenebrio molitor L., Plodia interpunctella and 
Helicoverpa armigera; the third mutant (M48P-E49D-Y50G) was inactive towards all these 
proteolytic enzymes. The inhibitory properties of the mutants were also investigated by affinity 
chromatography experiments and are discussed in the light of the observations made by molecular 
modelling studies. 

INTRODUCTION 

In recent years, the research activity of our group has focused on a wheat protein inhibitor active 
against bacterial subtilisin, pancreatic chymotrypsins and a number of chymotrypsin-like activities 
isolated from the digestive trait of phytophagous insects. This inhibitor (Uniprot code: P82977), 
named WSCI (Wheat Subtilisin/Chymotrypsin Inhibitor) on the basis of its inhibitory properties, 
consists of a single polypeptide chain with high essential amino acid contents: 41 out of a total of 72. 
WSCI belongs to the general class of protease inhibitors exhibiting the standard “Laskowski 
mechanism” and shows the typical signature of the Potato inhibitor I family [1]. This wheat protein 
shares 87% sequence identity with the CI-2A chymotrypsin inhibitor from barley (Uniprot code: 
P01053) [2].  
Due to the favourable amino acid composition of WSCI, it is advisable to consider the use of its “high 
quality” gene to improve the nutritional value of wheat and other cereals. However, the capability of 
this inhibitor to interfere with pancreatic chymotrypsins emphasises the potential anti-nutritional effect 
of WSCI on humans and animals. The expression in cereal grains of high levels of inactive mutated 
forms of WSCI could be a possible strategy to improve the nutritional quality of cereal-based food and 
feed, without provoking undesired anti-nutritional effects. Recently, we used a site-directed 
mutagenesis approach to produce inactive forms of WSCI [3]. 
 The inhibition of insect chymotrypsin-like activities suggests that WSCI could exert, in vivo, a 
defence role against pest attacks. This feature could potentially be exploited to obtain transformed 
(insect-resistant) non-food use plants over-expressing this inhibitor or its mutated forms exhibiting 
new-acquired inhibitory properties. 
With the aim of producing recombinant WSCI mutants able to act as trypsin inhibitors, we substituted 
the amino acid residues at the inhibitor sequence positions 48, 49 and 50, by using site-directed 
mutagenesis. Below, we describe the design, heterologous expression and characterization of these 
muteins. 
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MATERIALS AND METHODS 

Materials. Proteolytic enzymes (trypsin and α-chymotrypsin from bovine pancreas, Bacillus 
licheniformis subtilisin, trypsin-agarose, chymotrypsin-agarose, subtilisin-agarose, insoluble-
thrombin), synthetic substrates (BTEE: N-benzoyl-L-tyrosine ethyl ester, TAME: N-α-p-
toluensulfonil-L-arginine methyl ester), low-range protein markers, ampicillin and oligonucleotide 
primers were all supplied by Sigma-Aldrich S.r.l. (Milano, Italy). Glutathione-Sepharose 4B and the 
expression vector (pGEX-2T) were purchased from Amersham Biosciences Europe GmbH (Cologno 
Monzese, Italy). IPTG (isopropyl β-D-thiogalactoside) was from Promega Italia S.r.l. (Milano, Italy). 
The HPLC apparatus (Waters Breeze) and reversed-phase C18 Symmetry analytical columns were 
from Waters S.p.A. (Milano, Italy). All HPLC solvents were HPLC grade and supplied by Carlo Erba 
(Milano, Italy). ProSorb cartridges and all the sequence-grade chemicals were from Applera Italia 
(Monza, Italy). 
Design of mutants, preparation of vectors and transformation of E.coli. wsci-cDNA mutants were 
generated by Polymerase Chain Reaction using the QuikChange Mutagenesis Kit (Stratagene, USA), 
pGEX-2T-wsci (as template) and pairs of mutagenic oligonucleotide primers. The forward primers 
were:  
5’GTGGGGACAATTGTGACCAAGGAATATCGAATCGACCG3’ for the mutant M48K; 
5’GTGGGGACAATTGTGACCAAGGACTATCGAATCGACCG3’ for the mutant M48K-E49D; 
5’GTGGGGACAATTGTGACCAAGGACGGCCGAATCGACCG3’ for the mutant M48K-E49D-
Y50G.  
The sequences of the constructs were checked by automated DNA sequence analysis; the vectors were 
then used to transform E. coli cells (strain BL21-DE3), according to a described procedure [4]. 
Expression and purification of muteins. The experimental conditions used for the growth of the 
recombinant strains, induction, expression and purification of the recombinant GST-proteins were 
those previously described [4]. Purified GST-WSCI and GST-mutants were subjected to hydrolysis 
with insoluble-thrombin (Thrombin CleanCleaveTM Kit) supplied by Sigma-Aldrich S.r.l. (Milano, 
Italy). The purity of the recombinant samples was assessed both by SDS-PAGE and RP-HPLC. With 
respect to the native WSCI, all recombinant proteins exhibited two additional amino acid residues 
[Gly(-2)-Ser(-1)] at the N-terminus. 
Inhibitory properties. SDS-PAGE analysis. Chymotrypsin, subtilisin and trypsin activity assays, as 
well as anti-proteinase activity assays, were performed as previously reported [1, 4]. Ki values were 
determined according to the equation proposed by Cha [5]. SDS-PAGE analysis was performed in the 
presence of tricine-SDS, using 16.5% acrylamide [6]. 
Time course hydrolysis of the muteins on trypsin- and subtilisin-agarose. Three aliquots (30 µg) 
of each WSCI mutant were equilibrated in 80 mM Tris·Cl, 100 mM CaCl2, pH 7.8, then applied to 
three distinct trypsin-agarose columns (0.7 x 2.5 cm) equilibrated with the same buffer. After removal 
of the unbound material with the equilibration buffer (3 mL) the three columns were incubated at 15 
°C for 5, 15 and 60 minutes, respectively. The columns were washed with 0.5 mL of equilibration 
buffer containing 1M NaCl and, then with 1 mL of 200 mM KCl, pH 2.0. The fractions that eluted in 
acidic conditions, as well as those collected during the two previous steps, were directly loaded on an 
HPLC apparatus. Successively, the eluted fractions were analyzed by mass spectrometry and 
automated sequence analysis, as previously described [7]. Affinity chromatography experiments on 
subtilisin-agarose were carried out following the same procedure. 
Determination of molecular weights and sequence analysis. ESI Q-TOF mass spectrometry, 
supported by automated Edman degradation, was used for the measurement of relative molecular mass 
(Mr) (and for the identification) of intact WSCI mutants as well as of their proteolytic peptide-
fragments; details on this procedure have already been described [7]. Whenever required, the samples 
from RP-HPLC were subjected to 10 cycles of Edman degradation [8].  
Molecular simulation of putative enzyme-inhibitor complexes. The procedure to obtain a molecular 
model of WSCI has already been described [7]; this model is indistinguishable from that of 
recombinant WSCI. Models of WSCI mutants (namely M48K, M48K-E49D and M48K-E49D-Y50G) 
were obtained by side-chain replacement in the WSCI model by using the options of the InsightII 
software (Accelrys, San Diego, CA, USA). The complexes of WSCI and its mutants with subtilisin 
were created by superimposition of the models of WSCI and its mutants on the Eglin c coordinates in 
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the Eglin c/subtilisin Carlsberg complex (PDB code: 2SEC) chosen as template [9]. The complexes of 
WSCI and its mutants, with bovine trypsin, were created starting by the model of the chymotrypsin 
complex with WSCI, described in our previous work [3]. In this model, the coordinates of trypsin 3D 
structure (PDB code: 1S0Q) and those of the models of WSCI mutants were superimposed on the 
coordinates of chymotrypsin and WSCI, respectively. At the end of this process, the original proteins 
(chymotrypsin/WSCI) were removed. Molecular simulation procedures, energy minimization 
programs as well as the use of the H-bond tool (InsightII software) have been described, in detail, in a 
previous paper [3]. 

RESULTS AND DISCUSSION 

The reactive site (P1-P1’) of the wheat native inhibitor WSCI has been identified as the peptide bond 
Met48-Glu49, which is located in the flexible loop corresponding to the sequence region 42-53 [1, 7] 
(Fig. 1). Since the side chain of residue P1 has been recognized as responsible for the inhibitory 
specificity of the protease inhibitors exhibiting the standard “Laskowski mechanism”, we decided to 
use site-directed mutagenesis to convert this protein into a trypsin inhibitor. In addition, we 
investigated the role played by residues P1’ and P2’ in the formation of enzyme/inhibitor(s) 
complex(es), by introducing mutations at sequence positions 49 and 50 of WSCI.  
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Fig. 1. 3D model of WSCI. (A) Backbone conformation with secondary structure elements. (B) View 
of the loop region Val42-Asp53 containing the reactive site. 
 
Molecular modelling studies. The molecular modelling of the designed WSCI mutants provided 
some insights into the possible effects of the amino acid substitutions when the putative inhibitor 
interacts with the enzyme. In order to verify the effects of mutations, we created molecular models of 
the interaction of each mutant with trypsin, and analyzed in detail the region of the WSCI mutant loop 
and the enzyme active site. 
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The M48K and M48K-E49D mutants have an aromatic side chain in position P2’ (i.e. Tyr50) which is 
able to interact with the aromatic ring of the enzyme residue Tyr790 (PDB numbering). This 
interaction is similar to that previously observed for chymotrypsin and subtilisin, both of which have 
in their active site a phenylalanine aromatic ring (Phe39 and Phe189, respectively) located close to 
Tyr50 of WSCI [3]. The loop of the WSCI double mutant is also linked to the enzyme by a network of 
inter-chain H-bonds; three of which involve the residues present at sequence positions 48, 49 and 50 
(Asp49:O/Gln833:Hε; Asp49:N/Ser836:Hγ; Lys48:O/Gly834:HN). Apart from the Tyr50/Tyr790 
interaction, the P1, P1’ and P2’ residues of the single mutant were linked to the enzyme by only two 
H-bonds (Glu49:N/Ser836:Hγ; Lys48:O/Gly834:HN); the Glu49 residue is in fact, unable to form an 
H-bond with Gln833. Substitution of Tyr50 with Gly50, by removing the aromatic ring of tyrosine, 
reduced the ability of the triple mutant (M48K-E49D-Y50G) to stably interact with the enzyme. In the 
observed interface region of this putative complex, the only H-bond left was Lys48:O/Ser836Hγ.  
The observation made on the molecular models suggested that the double mutant (M48K-E49G) 
would be a perfect trypsin inhibitor candidate. In addition, the single mutant (M48K) would be able to 
interact with trypsin. However, stabilization of this complex would be weaker than the previous one. 
Hence, the triple mutant (M48K-E49D-Y50G) would not be able to inhibit trypsin since the putative 
complex lacks important secondary interactions at the interface between the loop and the enzyme 
active site. 
 
Characterization of WSCI mutants. The relative molecular masses of the recombinant mutants were 
assessed by ESI Q-TOF mass spectrometry; the experimental values were 8268.00 for M48K, 8254.28 
for M48K-E49D and 8148.11 for M48K-E49D-Y50G. The inhibitory properties of these mutants were 
tested against two bovine pancreatic enzymes (trypsin and chymotrypsin), bacterial subtilisin (from B. 
licheniformis) and trypsin-like activities isolated from the digestive traits of three insect larvae 
(Tenebrio molitor L., Plodia interpunctella and Helicoverpa armigera).  
As expected, the presence of the basic lysine residue at the P1 position of the M48K, M48K-E49D and 
M48K-E49D-Y50G mutants, led to the loss of the anti-chymotrypsin activity. The single mutant 
(M48K) and the double mutant (M48K-E49D) were both active against bovine trypsin and insect 
trypsin-like activities. As foreseen by molecular modelling studies, M48K was a rather weak trypsin 
inhibitor (maximum inhibition value: 60%); M48K-E49D acted as a strong trypsin inhibitor and the 
complete inhibition of the enzyme was achieved at an E/I molar ratio value of about 1:1. The Ki value 
calculated for the interaction of the double mutant with trypsin, in the presence of TAME as substrate, 
was 2.7 nM. The single and the double mutant acted as strong subtilisin inhibitors; their Ki values, 
when BTEE was used as substrate, were 6.1 nM and 3.6 nM, respectively. These values are very close 
to the value calculated for the recombinant WSCI interacting with the bacterial enzyme (Ki= 4.3 nM).  
The inhibitory properties of M48K-E49D, in comparison with those of M48K, confirmed the 
importance of the side chain features (charge/length) of the P1’residue for the interaction with trypsin. 
On the other hand, the experimental data showed that the reported replacements at P1 and P1’ 
positions did not substantially affect the interaction of the two mutants with the bacterial enzyme.  
The triple mutant (M48K-E49D-Y50G) was completely inactive against all the enzymes tested. These 
data confirmed the structural observations made by other authors concerning the complex formed by 
subtilisin and the barley chymotrypsin inhibitor CI-2 [9]. Such observations revealed that the tyrosine 
residue in the P2’ position of the barley inhibitor, homologous to the wheat inhibitor WSCI, stacks 
against the aromatic ring of subtilisin Phe189 (PDB numbering) and significantly contributes to 
formation of the complex and to its stability. The effect of tyrosine substitution in the barley inhibitor 
CI-2 was also emphasised by other authors who calculated the binding energy for the formation of the 
E/I complex with mutated forms of the inhibitor [10]. In a previous work, we confirmed this 
observation by replacing Tyr50 with glycine, in WSCI; the resulting mutant (Y50G) did not inhibit 
chymotrypsin activity and was a weak subtilisin inhibitor [3]. Complete inhibition of the bacterial 
enzyme was achieved with a molar excess of inhibitor (E/I molar ratio of about 1:10) [3]. 

 
Time-course hydrolysis of the recombinant proteins. To gain further insight into the interaction 
between the WSCI mutants and trypsin, we carried out time-course proteolysis experiments, as 
described in “Materials and Methods”. Under the experimental conditions described, the M48K and 
M48K-E49D mutants were retained on the chromatographic support and formed stable enzyme-ligand 
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complexes. The two complexes were then dissociated under acidic conditions (elution with 200 mM 
KCl, pH 2.0). The eluted samples, when subjected to HPLC, mass spectrometry and automated 
sequence analyses, corresponded to intact mutants. These data contrast with those obtained for the 
interaction of the WSCI native inhibitor with chymotrypsin or subtilisin. In that case, WSCI was 
specifically cleaved at the peptide bond 48-49 [7]. Time-course hydrolysis experiments carried out 
with the triple mutant (M48K-E49D-Y50G) on insoluble trypsin, showed that this protein was not 
retained; this mutant behaved as a common protein substrate and yielded a mixture of small peptide 
fragments.  
Affinity chromatography experiments carried out with insoluble subtilisin indicated that the single and 
double mutants were retained on the chromatographic support by forming stable enzyme-ligand 
complexes. The complexes were dissociated under acidic conditions. However, analysis of the eluted 
samples indicated that the mutants were specifically hydrolyzed at their P1-P1’ peptide bonds. The 
behaviour of the triple mutant (M48K-E49D-Y50G) on subtilisin-agarose was identical to that 
described for the interaction with insoluble trypsin. 

CONCLUSIONS 

Molecular modelling procedures were used to design WSCI mutants active against bovine trypsin. The 
amino acid substitutions were localized at the inhibitor sequence positions P1(Met48), P1’(Glu49) and 
P2’(Tyr50). The first mutant (M48K) was obtained by replacing the methionine residue in position 48 
with lysine; in fact, the P1 residue was recognized as being responsible for the inhibitory specificity of 
proteinase inhibitors exhibiting the standard “Laskowski mechanism”. By analyzing the virtual model 
complex of trypsin with this mutant, we highlighted a network of secondary interactions between 
trypsin and the mutant residues at P1, P1’ and P2’ positions. On the basis of this preliminary 
observation, we decided to design a second mutant (M48K-E49D) by replacing both P1 and P1’ 
residues. In this case, analysis of the model complex emphasised a number of secondary interactions at 
the enzyme-ligand interface, which pointed to M48K-E49D as a perfect candidate for trypsin 
inhibition. The role played by the residue at the P2’ position was investigated by designing a third 
mutant (M48K-E49D-Y50G) and by analyzing its virtual interactions with the enzyme. In this case, 
modelling studies predicted the loss of important secondary interactions at the enzyme-ligand 
interface, and suggested the absence of inhibition activity for this mutant.  
All predictions made with molecular modelling techniques were checked and confirmed by 
experimental procedures (i.e. inhibition assays and proteolysis on affinity chromatography column). 
The results obtained were stimulating and suggest using a multidisciplinary approach to further 
investigate the role of amino acid residues in the WSCI loop region.  

REFERENCES 

1. Poerio, E., Di Gennaro, S., Di Maro, A., Farisei, F., Ferranti, P. and Parente, A. 2003. Primary structure and 
reactive site of a novel wheat proteinase inhibitor of subtilisin and chymotrypsin. Biol. Chem. 384: 295-
304. 

2. Svendsen, I.B., Martin, B. and Jonassen, I.B. 1980. Characterization of hiproly barley III. Amino acid 
sequence of two lysine-rich proteins. Carlsberg Res. Commun. 45: 79-85. 

3. Bruni, N., Di Maro, A., Costantini, S., Chambery, A., Facchiano, A.M., Ficca, A.G., Parente, A. and Poerio, 
E. 2009. Redesigning the reactive site loop of the wheat subtilisin/chymotrypsin inhibitor (WSCI) by site-
directed mutagenesis: A protein-protein interaction study by affinity chromatography and molecular 
modelling. Biochimie 91: 1112-1122. 

4. Di Gennaro, S., Ficca, A.G., Panichi, D. and Poerio, E. 2005. cDNA cloning and heterologous expression of a 
wheat proteinase inhibitor of subtilisin and chymotrypsin (WSCI) that interfere with digestive enzymes of 
insect pests. Biol. Chem. 386: 383-389. 

5. Cha, S. 1975. Tight-binding inhibitors- I. Kinetic behavior. Biochem. Pharmacol. 24: 2177-2185. 
6. Schägger, H., von Jagow, G. 1987. Tricine-sodium dodecyl sulfate-polyacrylamide gel electrophoresis for the 

separation of proteins in the range from 1 to 100 kDa. Anal. Biochem. 166: 368-379. 
7. Facchiano, A.M., Costantini, S., Di Maro, A., Panichi, D., Chambery, A., Parente, A., Di Gennaro, S. and 

Poerio, E. 2006. Modelling the 3D structure of wheat subtilisin/chymotrypsin inhibitor (WSCI). Probing 
the reactive site with two susceptible proteinases by time-course analysis and molecular dynamics 
simulations. Biol. Chem. 387: 931-940. 



Xth International Gluten Workshop, 2009 

252 

8. Di Maro, A., Ferranti, P., Mastronicola, M., Polito, L., Bolognesi, A., Stirpe, F., Malorni, A. and Parente, A. 
2001. Reliable sequence determination of ribosome-inactivating proteins by combining electrospray mass 
spectrometry and Edman degradation. J. Mass Spectrom. 36: 38-46. 

9. MacPhalen, C.A., James, M.N. 1988. Structural comparison of two serine proteinase-protein inhibitor 
complexes: eglin-c-subtilisin Carlsberg and CI-2-subtilisin Novo. Biochemistry 27: 6582-6598. 

10. Otzen, D.E., Fersht, A.R. 1999. Analysis of protein-protein interaction by mutagenesis: direct versus indirect 
effects. Protein Eng. 12: 41-45. 



Xth International Gluten Workshop, 2009 

253 

Rice as a possible base flour for functional studies of wheat 
prolamins 

M. OSZVALD 1, S. TÖMÖSKÖZI 2, L. TAMÁS 1 and F. BÉKÉS 3 
1Eotvos Lorand University, Budapest, Hungary, 2Budapest University of Technology and Economics, 

Budapest, Hungary, 3CSIRO, Plant Industry, Canberra ACT 2601, Australia 

ABSTRACT 

The objective of this work was to develop a rice flour based procedure for in vitro structure-function 
studies of wheat proteins. Rice flour has an advantage over the wheat flour, because the signal/noise ratio 
should be higher after the incorporation of the wheat prolamins into the protein matrix of the dough. A 
reduction/oxidation procedure was developed to incorporate glutenin subunits into the polymeric structure 
of rice dough proteins. The results showed that incorporating bulk fractions of HMW and LMW glutenin 
subunits increased the mixing requirements of the dough, whereas simple addition resulted in weaker 
dough. The incorporation studies of individual HMW subunits (Bx6, Bx7 and By8) demonstrated that rice 
flour can be used to study and compare the functional properties of different glutenin subunits. 
In addition to ‘in vitro’  experiments ‘in vivo’ experiments were also carried out to study the functional 
properties of the rice dough in order to analyse and compare the results of the two approaches. 

INTRODUCTION 

One unique property of wheat flour is its ability to form dough when mixed with water. Dough formation 
is largely determined by the ability of the hydrated protein components to form the gluten network 
stabilised by both covalent and non-covalent interactions among wheat flour proteins (MacRitchie and 
Lafiandra, 1997). The fundamental properties of wheat flour dough are mostly governed by the polymeric 
characteristics of the proteins present: dough strength mostly depends on the size distribution of the 
polymeric proteins (Gupta et al., 1993), while dough extensibility is highly correlated with the relative 
amount of the polymeric proteins in the dough (Bangur et al., 1997). 
Most of our knowledge on the relationships between protein composition and functional properties is 
derived either from indirect correlative studies, or from direct reconstitution experiments (Cornish et al., 
2006). Using dough reconstitution studies, the direct effects of supplemented constituents can be 
monitored by systematically altering the chemical composition of a ‘base flour’ (Békés et al., 2002). In the 
case of subunit type constituents, the procedure must involve an incorporation step when the 
supplemented polypeptide is built into the polymeric protein fraction: the polymeric glutenin of the base 
flour is partially reduced followed by an oxidative step in the presence of the supplemented constituent 
(Békés et al., 1994). 
By using the ‘in vitro’ incorporation procedure for wheat flour, it is possible to estimate the contribution 
of individual wheat glutenin subunits to functional properties. However, one of the limitations of the so 
called ‘base flour’ method is that the supplemented constituents obviously interact with the original 
components of the flour, thus - depending on the ‘base flour’, used - different ‘noise’ is superposed on the 
measurements (Wrigley et al., 2006). The ideal way of avoiding this problem would be to use ‘base flours’ 
that do not contain any wheat flour components.  
Unlike other cereals that accumulate prolamins as their primary nitrogen reserve, the major storage 
proteins in rice are glutelins, which are homologous to the 11S globulin proteins (Zhao et al., 1983; Wen 
and Luthe, 1985). These differences provide the molecular background of the observed physical/functional 
differences between wheat and rice flour and their utilization in different products. Despite the obvious 
differences in the structure and functionality of wheat and rice proteins, the fundamental relationships 
found in wheat between polymeric characteristics of proteins present and dough properties can be adopted 
for rice flour doughs: rice flours containing larger overall polymeric size of proteins form stronger, more 
stable dough (Oszvald et al., 2008). 
Supplementing rice flour components with wheat storage proteins – either by in vitro methods or by in 
vivo transformation – could improve our basic understanding of the possibilities of improving/altering the 
functional properties of rice/wheat flour. In this study, components of wheat gluten such as glutenin rich 
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fractions and individual HMW glutenin subunit proteins were obtained in in vitro incorporation 
experiments. To study the relationship between HMW subunits and rice dough strength, the gene encoding 
the Dx5 HMW-GS protein was expressed in transgenic rice. 
The aim of this work was to use rice flour as base flour in incorporation experiments with the objective of 
determining the effects of individual glutenin subunits on dough functionality, without any interactive 
effects of other gluten proteins present. 

MATERIALS AND METHODS 

Fours produced from two (“White rice” and “Illadong”) rice (Orysa Sativa L.) varieties were used as the 
base flour in this study. Rice grains were ground with a laboratory mill (Metefem Ltd, Hungary) and flour 
was sieved to obtain particles smaller than 250 µm. 
Flours from a good (Mv Suba) and a medium (Mv Matyó) quality Hungarian bread wheat cultivar with 
respectively 15.7 and 14.2% protein content were used to isolate bulk fractions of HMW and LMW 
glutenin subunits. The LMW-GS allelic compositions of the two varieties (a, c, d, c, j, b for Mv Suba and 
b, c, d, c, b, b, for Mv Matyó). 
HMW-GS and LMW-GS bulk fractions were isolated from Mv Suba, Mv Matyó and Galahad flours 
according to Verbruggen et al., (1998) with slight modifications, and freeze-dried.  
The method of Békés et al., (1994), developed originally for the incorporation of HMW glutenin subunits 
into wheat dough using a 2g Mixograph, was adapted for rice dough prepared in a prototype micro z-arm 
mixer (Metefem Ltd, Hungary). 
Micro scale mixing tests were carried out using 4 g of flour per test as previously described by Oszvald et 
al., (2008). The following parameters were determined from the mixing curve: Maximum resistance 
(VUmax), Dough development time (DDT), Breakdown (BD) and stability (ST). 
Size distributions of proteins extracted from rice dough samples were characterized by SE-HPLC applying 
a modified version of UPP%, suitable for the characterization of rice proteins (Oszvald et al., 2008). 
Rice was transformed with a cassette containing the gene Glu-1Dx5 for high-molecular-weight glutenin 
subunits and a selectable marker gene (hpt for Hygromycin resistance) as previously described by Oszvald 
et al., (2007). Protein fractions from rice dough made from transgenic rice flours were separated by SE-
HPLC. 

RESULTS AND DISCUSSION 

The selection of base rice flours used in both addition and incorporation experiments was based on a 
previous report (Oszvald et al., 2008). 
For functionality studies, 14, 28 and 56 mg bulk fractions of HMW-GS and LMW-GS proteins, in dry 
form, representing 5, 10 and 20% of the total protein content, were added to 4 g samples of flour in both 
addition and incorporation experiments. The addition of different amounts of bulk HMW-GS or LMW-GS 
fractions had significant negative effects on the mixing requirements of both rice doughs. The extent of 
the alterations in functional properties was significantly larger when HMW-GS proteins were added to rice 
flour than with added LMW-GS proteins and was proportional to the amounts of supplemented HMW-GS 
or LMW-GS. The incorporation of HMW glutenin subunits isolated from Mv Suba wheat cultivar 
(containing Ax1 subunit) resulted in stronger doughs compared to the same amount of HMW-GS proteins 
extracted from Mv Matyó (containing Ax2* subunits). The stability of the dough increased by 13.7%, 
19.0%, 35.8% in “White rice” (rice 1) dough and by 12.1%, 21.5%, 38.2% in “Illadong” (rice 2) dough, 
respectively. Similar, but proportionally smaller effects were observed on dough properties when LMW-
GS proteins were incorporated. Incorporation had a positive effect on tolerance to over-mixing as 
indicated by the significantly lower BD values for both HMW and LMW glutenin protein subunits (Figure 
1). 
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Figure 1. The effects of incorporated individual glutenin subunits on the mixing properties and polymer 
size proteins of rice doughs. DDT – dough development time, BD – Bandwidth, STAB – stability, UPP – 
unextractable polymeric protein. 
 

Figure 1 shows results of the alteration of the size distribution of polymeric proteins caused by the 
addition and incorporation of isolated HMW and LMW glutenin proteins and individual HMW-GS 
proteins. The statistical analysis of UPP% data after addition and incorporation of different types of 
glutenin proteins showed that although the addition of either HMW or LMW glutenin subunit fractions 
generally reduced the UPP%, no significant change was found. In the case of incorporation experiments, 
more significant increases in UPP% values were observed for HMW-GS than for LMW-GS with both rice 
flours used as base flours. 
The effects of individual glutenin subunits coded on chromosome 1B on the mixing properties of rice 
dough were also studied. Reconstitution experiments were carried out using 14 and 28 mg of purified Bx6, 
Bx7 and By8 HMW subunits. Similarly to the results using bulk HMW-GS, individual HMW-GS proteins 
also showed significant positive effects on dough stability and tolerance to over-mixing after 
incorporation. The effects on mixing characteristics of rice dough were determined by the type and 
amount of the protein fractions. Incorporation of 10% single HMW proteins had greater effects than 5% 
proteins in all cases but to slightly different extents. After incorporation of 28 mg of Bx6, Bx7 and By8 
the dough development times were 9, 17 and 21% larger, respectively, compared to the control sample. 
SE-HPLC analysis performed on rice doughs incorporated with single HMW subunits showed that the 
incorporation of the same amount of By8 subunits caused larger changes in the amount of unextractable 
polymeric proteins than Bx6 or Bx7 subunits (Figure 2). 
 

 
Figure 2. The effects of incorporated individual glutenin subunits on the mixing properties and polymer 
size proteins of rice doughs. DTT – dough development time, BD – Bandwidth, STAB – stability, UPP – 
unextractable polymeric protein. 
 

As expected from previous studies, the incorporation of single wheat storage protein subunits into rice 
dough increased the strength of the dough. The extent of the alteration was generally less in rice dough 
functionality parameters than in those of wheat dough. The relative contribution of different subunits to 
the mixing requirement of rice dough differed from that observed in wheat flour dough: the incorporation 
of the By8 subunit resulted in a stronger rice dough compared to those with incorporated x-type subunits. 
In previous studies, it was found that the effects of incorporated subunits on the functional properties of 
wheat dough were closely related to the number of available cysteine residues (Tamás et al., 2002). One 
possible explanation for the stronger effects of By8 incorporated into rice dough could be the presence of 
an extra cysteine residue in the C-terminal of this subunit (Shewry et al.,2003). 
One of the explanations for the above results is that while the direct contribution of subunit By8 (because 
of its extra cysteine residue) is greater than that of Bx6 or Bx7 (in rice dough), the total effects of the x 
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type subunits in the presence of another prolamin protein (using wheat flour dough) are larger due to their 
greater interactive effects.  
The lesser effects on dough properties and the different levels of contribution of subunits to dough 
strength when rice dough was used as a base flour instead of wheat dough, clearly indicate the 
fundamental differences between the two experiments: in the case of rice dough – no another prolamin 
proteins being present – the direct contribution of the individual polypeptide was detected, while in wheat 
flour dough, the interactive effects of the incorporated subunit were superposed on the direct effect. In 
correlative studies (Békés et al.,2006), it was found that the interactive effects of a HMW-GS glutenin 
with different LMW-GS alleles differed considerably and that the extent of these effects was comparable 
with the direct effect of that allele.  
In agreement with results of previous studies using wheat flour as base flour in in vitro addition and 
incorporation experiments, we found that the major governing factor that determines the mixing 
requirement of the dough is the size distribution of polymeric proteins. This was demonstrated by plotting 
time data for dough development from the whole study as the function of the relative amount of large 
polymers present in the dough (UPP%) (Figure 3). In the light of Figure 3, the two in vitro experimental 
designs can be described simply as different ways of altering the size distribution of the polymeric 
proteins in the dough caused by the supplemented proteins. The extent of the alteration in polymer size is 
proportional to the changes in mixing properties. It is important to note that while the changes in mixing 
properties largely depend on the amount and the nature of supplemented proteins, there was no significant 
effect of the rice flour used in the experiment. 
 

 
Figure 3. Effect of the addition/ incorporation of protein on the size distribution of the polymeric proteins 
in the rice dough. Mixing requirement (DDT) as a function of polymer size (characterised by UPP%). : 
“White rice” flour, : “Illadong” rice flour 
 

To study the effects of individual HMW-GS on functional properties ‘in vivo’, mature seeds of rice (Orysa 
sativa L.), genotype T-309, were transformed with a cassette containing the native gene coding for the 
Dx5 HMW-GS protein.  
Functional analysis of rice dough made from transgenic rice flours expressing the Dx5 glutenin subunit 
showed significantly higher PR and longer DDT than control doughs. In these lines, dough stability was 
also clearly higher than in control doughs. The resistance breakdown was reduced in transgenic rice lines. 
Unextractable polymeric protein (UPP%) values were also determined for each rice dough sample. SE-
HPLC analysis showed that the expressed HMW Dx5 proteins increased the UPP% value of transgenic 
rice doughs compared to the control. The size distribution of polymeric proteins in transgenic rice doughs 
showed a positive correlation with the mixing parameters of doughs. 
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CONCLUSIONS 

It has been demonstrated in small scale experiments that incorporation of wheat prolamin has a significant 
effect on rice dough. It is now possible to ask specific questions about the functionality of glutenin 
subunits, individually or in combination in the absence of interference by any other prolamin type of 
protein present. 
Our results confirmed that it is possible to use rice flour as a model system for structure-function studies 
of wheat storage proteins, while showing the contribution of certain wheat proteins to quality attributes. 
Transgenic rice lines ‘in vivo’ synthesizing HMW-GS from wheat has a considerable effect on the 
functional properties, including dough strength and stability. We demonstrated that the presence of wheat 
HMW glutenin subunit clearly increased the amount of polymerized glutelin in transgenic rice, while 
dough strength and stability resembled that of flours of transgenic durum, rye and tritordeum flours 
(Altpeter et al., 2004, Barro et al., 2003, He et al., 1999). 
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ABSTRACT 

Shear induced separation of wheat flour into its constituents starch and gluten was studied using a 
cone-cone shearing device, focusing on the influences of process parameters. Separation behaviour 
was influenced by the shear (rotation) rate, processing time and temperature. This study confirmed the 
two-stage mechanism previously proposed for gluten migration: local aggregation of gluten (stage 1), 
followed by migration of the gluten domains to the apex of the cone (stage 2). Generally speaking, 
separation was not strongly influenced by variations in the process conditions, possibly because a 
change in process parameters could have opposing effects on stages 1 and 2. While the processes 
involved in stage 1 (aggregation) benefit from high temperatures (30-40°C), low rotational speed (10 
rpm) and high water content (Farinograph water absorption), stage 2 (migration) is positively 
influenced by low water content and higher rotation rates. Compared to traditional processing, the 
separation process described here offers opportunities for producing high quality gluten accompanied 
by significant water savings. Given that simple shear flow in steady rate is less harmful to gluten 
quality, such a separation process could benefit gluten quality. 

INTRODUCTION 

Most traditional separation techniques are based on differences in solubility and density and most are 
not very efficient in energy and solvent usage. Novel separation processes should therefore combine 
energy efficiency and mild processing to obtain high quality products. In addition, in the case food 
products, the use of solvents (often water) should be reduced. Industrial processes for separating wheat 
flour into starch and gluten involve at least one wet separation step.  
Recently, a new separation principle was introduced for wheat flour (Peighambardoust et al., 2008). In 
this novel technique, differences in the rheological behaviour of wheat flour constituents are a 
promising route for the separation of biomaterials. Separation is achieved through a two-stage 
mechanism. Initially, gluten is clustered into aggregates (stage 1), followed by migration to the apex of 
the cone (stage 2). This new process could lead to major savings in water and energy. In addition, 
improved product/gluten characteristics could be expected, because the process is based on steady 
simple shear processing, leading to process tolerant behaviour of the dough (Peighambardoust et al., 
2007; 2005). 
Process conditions play an important role in all separation processes (Frederix et al., 2004; Kuktaite et 
al., 2005; Larsson and Eliasson, 1996; Robertson and Cao, 2003). Peighambardoust et al., (2008) 
showed that separation in a cone-and-cone shearing device required a minimum processing time, 
whereas too long processing resulted in redistribution of the protein fraction throughout the whole 
mixture. These authors concluded that that the type of flow applied to wheat flour dough influences 
the formation of gluten aggregates (i.e. stage 1). However, the role of the other process parameters in 
the new separation process is not yet clear. Therefore, the aim of this study was to investigate the 
effect of the process conditions, i.e. shear rate, processing time, processing temperature and water 
content, on the shear-induced separation of starch and gluten from wheat flour in a curvilinear shear 
field. 
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MATERIALS AND METHODS 

Materials 
Flour of Soissons (single French wheat cultivar) was kindly provided by Top Institute Food and 
Nutrition (TIFN), Wageningen, the Netherlands. The protein, moisture and ash contents for flour used 
were 10.65 (%db), 12.7% and 0.48 (%db), respectively. Farinograph water absorption of the flour was 
54% (based on 14% flour moisture content). Hydrated unmixed flour (HUF) (previously called zero-
developed dough) was prepared according to the method of Peighambardoust et al., (2006). The HUF 
contained 2% (w/w flour basis) NaCl and 49% moisture. 
Shearing process 
We used the same apparatus and methods for the shearing trials as described previously 
(Peighambardoust et al., 2008). Increasing rotational speeds of 2-6 rpm, 10-20 rpm, 20-30 rpm, 30-40 
rpm and 40-50 rpm for different trials were used to ensure good (no slippage) shearing conditions. A 
process temperature set of 5, 15, 20, 30 and 40 °C and processing times of 50, 80, 90, 120 and 180 min 
were used. 
Sampling of the dough for subsequent analysis 
Four or five regions (rings) of dough were sampled from top to bottom using a razor blade. The 
samples from top to bottom encoded 1-4 or 1-5 depending on the conditions for some experiments. 
The samples were immediately frozen in liquid nitrogen and freeze-dried overnight to an average 4% 
moisture content and kept in sealed plastic containers at ambient temperature until further analysis. 
Measurement of total protein and GMP gel contents 
The protein contents (N×5.7) of flour and freeze-dried dough samples were determined by the Dumas 
method (Sebecic and Balenovic, 2001) using an NA2100 Nitrogen and Protein Analyzer 
(ThermoQuest-CE Instruments, Rodeno, Italy). GMP wet weight was measured according to 
Peighambardoust et al., (2005). The amount of the GMP gel obtained was expressed as grams of gel 
per 100 grams of sample (db). The measurements were performed at least in triplicate. 

RESULTS AND DISCUSSION 

Effect of rotational speed 
The effect of rotational speed on the variations in the protein and GMP gel contents is shown in 
Table 1. The amount of protein at the apex of the cone was at least 32.6% at low rotational speeds of 
2-6 rpm. Increasing the rotational speed to 30-40 rpm led to a significant increase in the protein 
content of the gluten at the apex (sample 5). An additional increase to 40-50 rpm did not increase the 
protein content of sample 5. At rotational speeds >30 rpm, there was a significant increase in the 
protein content of samples in region 3. In total, increasing rotational speed (>30 rpm) led to an 
increase in the protein content of the bottom half of the cone (samples 3-5, which comprised 31.8% of 
total dough weight). In contrast, the upper half of the cone (samples 1-2, which comprised 68.2% of 
total dough weight) remained protein-depleted (<4% protein). 
 
Table 1: Effect of rotational speed on total protein content and GMP wet weight of the dough at different 
sampling locations (1–5). Processing temperature and time were 5–7 °C and 60 min, respectively. 
 Samples 2-6 rpm 10-20 rpm 20-30 rpm 30-40 rpm 40-50 rpm 

1 2.4±0.2a 3.0±0.4 4.0±0.4 2.4±0.2 3.4±0.3 
2 3.8±0.4 3.1±0.3 3.6±0.3 3.9±0.3 3.9±0.4 
3 14.6±0.5 10.1±0.4 10.8±0.4 14.8±0.4 15.6±0.2 
4 32.6±0.4 32.5±0.7 26.7±0.1 27.1±0.3 28.6±0.1 

Protein content (g/100g DM) 

5  38.7±0.5 38.5±0.3 40.6±0.5 40.4±0.5 
1 40±5 98±11 54±4 66±15 76±3 
2 59±5 171±16 69±11 85±12 100±4 
3 202±6 153±26 69±16 86±6 84±2 
4 337±11 107±17 75±11 88±11 75±8 

GMP wet weight (g/100g 
DM) 

5  269±21 126±17 105±10 111±17 
a standard deviation of triplicate measurements 
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At all rotational speeds, the upper regions of the cone (layers 1 and 2, which comprised 68% of the 
total dough weight) became protein-depleted (and therefore starch-enriched). In general, rotational 
speed did not appear to have a major influence on the extent of protein separation. 
Increasing the rotational speed from 2-6 to 10-20 rpm led to a decrease in the GMP wet weight of 
samples 4 and 5. Upper samples (1 and 2) showed increased GMP wet weights at a rotational speed of 
10-20 rpm. When the rotational speed was increased from 10-20 to 20-30 rpm, GMP wet weight 
decreased in all zones in the cell. This decrease might be related to breakdown of glutenin particles at 
higher shear rates. However, a further increase in speed (>30 rpm) did not result in further decrease in 
the GMP wet weight of the separated gluten. It has been reported that the velocity of migration for 
macromolecules i.e. DNA molecule) in a curvilinear shear field is proportional to the rotational speed 
(Agarwal et al., 1994; Dill, 1979). However, in the case of wheat dough, fast migration is counteracted 
by the fact that gluten domains become more susceptible to break at higher shear rates (Peressini et al., 
2008). Furthermore, increased rotational speed also reduced dough viscosity (data not shown). 
Although the migration of gluten domains was positively effected by increased shear rate, the lower 
viscosity reduced this positive effect. Visual inspection of the processed dough revealed the presence 
of strongly elongated gluten domains at low speeds. Higher speeds led to softer dough, but gluten 
migration could still be obtained. However, this gluten contained less GMP (see Table 1), suggesting 
reduced gluten vitality. Therefore, a low rotational speed in the range of 10 to 20 rpm appears to work 
best with the shearing device used in the present study. 
 

Effect of temperature 
The effect of shearing temperature on total protein content is shown in Fig.1-A. Shearing at 5 °C led to 
protein enrichment of up to 39% at the apex of the cone. Increasing the temperature to 15 °C resulted 
in a considerable increase in the separation of total protein content. Further increase in temperature did 
not enhance separation any more. At 30 °C, protein enrichment decreased. However, shearing at 40 °C 
led to a slight increase in the total protein content of the material at the apex of the cone, probably due 
to increased interaction in the gluten phase.  
Fig. 1-B shows the effect of shearing temperature on GMP wet weight (in non-rested dough). At all 
temperatures, GMP increased significantly at the apex of the cone (sample 4) compared to other 
sampling locations, indicating separation in the glutenin macro-polymer. Data on GMP wet weight 
influenced by shearing temperature (Fig. 1-B) followed the same trend as total protein content (in 
Fig.1-A), except in the experiment at 5 °C, which showed lower GMP in samples 4 and 5.  

 
Fig. 1: Effect of temperature on (A) total protein and (B) GMP wet weight of dough (after resting). Rotational 
speed regimes for experiments at 5, 15, 20, 30 and 40°C were 10-20, 5-15, 5-10, 5-15, and 5-30 rpm, 
respectively. The processing time for all experiments was 60 min, except at 40 °C for which a processing time of 
40 min was used. Error bars were similar in size to the symbols in the figures. 
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Optimum enrichment of glutenin macro-polymer occurred at shearing temperatures of 15 and 20 °C. 
No clear difference was observed between GMP wet weight values of sheared doughs at 15 or 20 °C. 
Increasing the temperature from 20 to 30 °C led to a decrease in GMP wet weight.  
The processing temperature has a significant effect on dough viscosity. At higher temperatures, 
hydrophobic interactions increase (Fasina et al., 2003) as the formation of gluten domains is 
facilitated. Thus, increased temperature should have a positive effect on stage 1 of the separation. 
However, the increased hydrophobic interaction will exhaust the dough more quickly, as a result of 
which over-processing can occur. The lower average GMP-values at 40 °C point in this direction. 
Stage 2 was negatively influenced by temperature: dough viscosity was lower, which reduces the 
driving force for migration even further. 
 

Effect of shearing time 
Fig. 2-A shows that the apex of the cone was enriched in protein with all shearing times, while the top 
of the cone was depleted in protein (<4%), and hence rich in starch. Especially after 120 min, the 
protein content in the starch phase was low. There was no clear difference in protein content in 
samples in the same locations sheared for 50-80 min. The highest level of protein enrichment (43-
49%) was found with shearing times of 90-120 min. Shearing for 180 min decreased the protein 
content in zones 4 and 5. 

 
Fig. 2: Effect of shearing time on (A) total protein and (B) GMP wet weight of dough (after resting). The 
experiments lasting 50 and 180 min were carried out at a temperature of 5 °C. Temperatures for shear runs of 90 
min and 120 min were 15 and 10 °C, respectively. Rotational speed regimes for shearing times of 50, 90, 120, 
and 180 min were 2-6, 5-20, 5-15, and 4-15 rpm, respectively. Error bars were similar in size to the symbols in 
the figures. 
 

Fig. 2-B shows GMP wet weights as a function of shearing time. Shearing for 50 min already led to an 
increase in GMP wet weight at the apex of the cone. Changes in GMP wet weight paralleled changes 
in the total protein content of the dough with different shearing times (Fig. 2-A), except with 
prolonged shearing (180 min) when the GMP wet weight of gluten samples (at the apex) was 
considerably lower (125 g) than with other shearing times. 

CONCLUSIONS 

Separation of the dough into a starch-rich and a gluten-rich region was observed under all 
experimental conditions tested. This study confirms the theory that the migration of gluten follows a 
two step mechanism. In the first step, gluten is formed into aggregates that grow steadily larger while 
shearing. In the second step, the aggregates migrate towards the apex of the cone. The two steps of the 
separation process are favoured by different processing conditions, but the effects of processing 
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conditions on the two steps can be counteractive. Gluten agglomeration is favoured by high 
temperatures, low rotation rate and high water content. Migration is favoured by a higher rotation rate 
and low moisture content. 
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ABSTRACT  

To compensate for varying properties of the raw materials used in breadmaking, exogenous enzymes 
are added during processing. Redox enzymes from edible mushrooms could be used to achieve this 
goal. Laccases, which belong to the enzyme class of oxidoreductases, can catalyse the oxidation of 
phenolic compounds such as ferulic acid or tyrosine and could contribute to the formation of covalent 
cross-links within carbohydrates and proteins as well as between carbohydrates and proteins. 
Therefore, three different raw enzyme solutions of edible mushrooms producing laccases, namely 
Pleurotus sapidus, Meripilus giganteus and Grifola frondosa, were incubated with water-extractable 
arabinoxylans from wheat. The effects of the raw enzyme solutions on the polymerisation of the 
water-extractable arabinoxylans were investigated by HPLC with UV- and RI-detection. The 
chromatograms and the gelation observed indicated cross-linking of the water-extractable 
arabinoxylans and network formation. As the pH-value and the temperature had a great impact on 
enzyme activity, the optima were determined using water-extractable arabinoxylans as substrate and 
Grifola frondosa as the source of the enzyme. Measurements at different pH-values and temperatures 
indicated optimum activity at pH 5.5 and 50 °C. 

INTRODUCTION 

Bread and bakery products belong to the cornerstones of European nutrition. They are responsible for 
about half of our carbohydrate and one third of our protein intake. Endogenous enzymes present in 
wheat flour and enzymes of yeast play an important role in the production of baked goods. Influenced 
by species, cultivar, soil type, growing conditions, climate and degree of maturity, enzyme activities 
vary widely and can cause problems in the processing of flours and doughs. To compensate for these 
differences, exogenous enzymes are added during the production of baked goods. Redox enzymes 
from edible mushrooms might meet these requirements and are a new approach to improve the gluten 
structure and produce baked goods of high quality. Besides gluten proteins, other substrates might be 
affected, in particular water-extractable arabinoxylans (Selinheimo et al., 2007, Primo-Martín et al., 
2003), which form the major part of non-starch-polysaccharides in wheat. The main objective of this 
study was to isolate laccases from cultures of the edible mushrooms Pleurotus sapidus, Meripilus 
giganteus and Grifola frondosa and to determine their potential to cross-link water-soluble 
arabinoxylans from wheat flour.  

MATERIALS AND METHODS 

First the raw enzyme solutions of Pleurotus sapidus, Meripilus giganteus and Grifola frondosa were 
incubated with water-extractable arabinoxylans, which were isolated according to Piber and Koehler 
(2005) and redissolved in 0.1 mol/L sodium chloride solution. The incubation was conducted for 60 
min at 40 °C using an enzyme activity of 2 nkat. The solution was then filtered and analysed by gel 
permeation chromatography (GPC) with both UV and refractive index (RI) detection (column: 
Phenomenex Biosep SEC-S-3000 300 x 4.6 mm, HPLC: Kontron Instruments 522). The simultaneous 
detection with RI- (ERC-7515 RI-Detector) and UV-Detection at 310 nm (Kontron Instruments HPLC 
535 Detector) showed either unspecifically all compound classes (RI) or ferulic acid containing 
compounds (UV), which are thought to be involved in the gelation of arabinoxylans (Labat et al., 
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2001). To determine the optimum temperature for the enzyme reactions, the arabinoxylans and 
enzymes were incubated at 30, 40, 50 and 60 °C and then analysed as described above. To determine 
the optimum pH, the enzymatic reactions were conducted at pH 3.0, 4.5, 5.5, 6.0, and 7.0.  

RESULTS AND DISCUSSION 

Water-extractable arabinoxylans were isolated from wheat flour and used as substrates for the laccase 
samples. The reactions were monitored by GPC and visually. The incubation of the water-extractable 
arabinoxylans with the raw enzyme solutions of Pleurotus sapidus, Meripilus giganteus and Grifola 
frondosa showed that the arabinoxylans were subject to cross-linking by the secreted enzymes and 
oxidative gelation occurred. As an example, GPC separations of arabinoxylans incubated with the 
enzyme preparation from Meripilus giganteus are shown in Figure 1. After an incubation time of 60 
min, a considerable reduction of the peak areas of the first two fractions (4.50 to 9.10 min) was 
observed, indicating gelation of the arabinoxylans. This analytical result was confirmed by visual 
inspection of the sample solution. 
 

 
 

Figure 1: GPC separation of arabinoxylans 
incubated with a laccase preparation from 
Meripilus giganteus.  
(a) UV detection at 310 nm; (b) RI detection  

Figure 2: GPC separation of arabinoxylans 
incubated with a laccase preparation from  
(a) Pleurotus sapidus and (b) Grifola frondosa 

 
The raw enzyme solution of Pleurotus sapidus showed the lowest activity towards the water-
extractable arabinoxylans (Figure 2 (a)), because in contrast to other enzyme preparations, the peak in 
the high-molecular mass range (5 min) did not disappear after incubation. The laccase preparation 
from Grifola frondosa showed the highest activity of all the enzyme solutions measured. Due to the 
early beginning of cross-linking and gelation after only about 5 sec, almost no difference could be 
observed in the chromatograms at the beginning and at the end of incubation (Figure 2 (b)). 
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Figure 3: Determination of the (a) pH-optimum and (b) temperature-optimum of the laccase 
preparation from Grifola frondosa 
 
As the enzyme preparation from Grifola frondosa had shown the highest activity in the initial 
experiments (Figure 2(b)), this raw enzyme solution was used in subsequent studies. Since the pH-
value and the temperature had an impact on the cross-linking activity, the appropriate pH-value and 
temperature for the highest activity of the enzyme sample were determined. For this purpose, the 
decrease in the area of the first two peaks in the GPC separation was plotted against the pH-value or 
the temperature as a measure of cross-linking of the arabinoxylans. Low areas corresponded to high 
enzyme activity. The results are shown in Figure 3. 
 

In the pH experiments, the largest decrease in peak area was found at pH 5.5, indicating optimal 
activity at this pH (Fig. 3 (a)). The temperature of the incubation with the highest enzyme activity was 
determined by incubating at 30, 40, 50 and 60 °C. Figure 3 (b) shows that both at lower (30 and 40 °C) 
and higher temperatures (60 °C) the activity was lower than at a temperature of 50 °C. Thus, the 
optimum temperature of the raw enzyme solution of Grifola frondosa with the water-extractable 
arabinoxylans as substrate was 50 °C. 

CONCLUSIONS 

The first results of the study indicate that laccases from edible mushrooms are suitable to cross-link 
water-extractable arabinoxylans from wheat. Out of three enzyme preparations, the culture supernatant 
of Grifola frondosa was the most active towards water-soluble wheat arabinoxylans. Activity at the 
optimum pH (5.5) guarantees good effects in real dough systems. An effect of this enzyme in 
breadmaking applications can thus be expected. 
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ABSTRACT 

Spaghetti produced in a pilot plant were made of semolina and semolina blended with 10%, 15%, 25% 
and 50% of defatted soy flour (DSF) or toasted soy flour (TSF). 
Proteins of dried spaghetti were characterized by size exclusion-high performance liquid 
chromatography (SE-HPLC). Results showed that soy globulins interact with semolina proteins during 
pasta making to form high molecular weight polymers. Of these, the Sodium-Dodecyl Sulphate-
unextractable components were significantly higher (p< 0.001) (up to 49% UPP) than those of 
spaghetti made of semolina (24.6 % UPP). The decrease in S-S bonds and the increase in –SH free in 
the DSF-semolina spaghetti compared to those made of only semolina suggests that polymerization 
among the different classes of proteins involve interaction by sulphydryl residues above 15% and that 
soy proteins tend to disrupt their own gluten S-S interchange system. In the TSF-semolina spaghetti, 
the increase in S-S bonds was higher than that of free –SH suggesting that the heat treatment to which 
the TSF proteins were subjected allowed them to cross link to semolina proteins via disulphide bonds. 
The effects of the replacement of increasing percentages of semolina with the two types of soy flour 
on pasta quality were evaluated. Due to the competition of soy proteins and starch for water, the 
substitution of increasing amounts of semolina was able to increase the optimal cooking time. The 
sensory response was similar for control and composite spaghetti. 

INTRODUCTION 

Pasta is a traditional product made by drawing, rolling and drying a mixture of durum wheat semolina 
and water. The presence of gluten proteins in wheat semolina makes it uniquely suitable for the 
preparation of pasta because of their viscoelastic properties Attempts to use soy proteins as a partial 
substitute in wheat products have generally been unsuccessful because of the differences between soy 
and gluten proteins such as water-solubility, differences in primary structure and size distribution, 
which account for viscoelastic properties, and that are unique to wheat gluten proteins. Lorimer et al., 
(1991) reported that the addition of non-gluten-forming proteins has a dilution effect and consequent 
weakening of wheat dough. These authors suggested several issues that cause weakening, such as 
competition between the legume proteins and gluten for water molecules, the disruption of starch-
protein complexes by the foreign proteins and disruption of SS interchange by the non-gluten proteins. 
However, they did not produce sufficient evidence to conclude that globular proteins disrupt the 
disulphide-interchange system of dough. Ryan et al., (2002) claimed, instead, that the sulphydryl 
groups of the soy proteins may even contribute to dough development through SS/SH interchange and 
that negative effects associated with soy-wheat dough are primarily due to lack of interactions between 
soy and gluten proteins. 
Maforimbo et al., (2006) and Maforimbo et al., (2008) studied two approaches to improve dough 
quality of soy-wheat composite mixtures, namely, preliminary heat treatment of the soy component, 
and the partial reduction and oxidation of the mixed composite doughs. These two treatments were 
shown to have additive effects in increasing the proportion of UPP and increasing the size-distribution 
of the protein composition overall. However, these important results concern the effect of heat-
denatured soy proteins on wheat dough and baking quality and, to our knowledge, there are no reports 
on the effect of the incorporation of soy flour into pasta. 
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The aim of this study was to analyze the effect of replacing semolina with increasing amounts (10%, 
15%, 25% and 50%) of defatted or toasted soy flours on spaghetti protein polymers by size-exclusion 
high-performance liquid chromatography (SE-HPLC) to gain a better understanding of possible 
interactions at the molecular level. 

MATERIALS AND METHODS 

Flour samples 
Durum wheat semolina was of the type commonly used for spaghetti production and was found on the 
local market. Two types of soy-flour were kindly supplied by Cortal Extra Soy (Cittadella, Padova, 
Italia): a toasted soy flour (TSF, obtained by the milling of toasted beans) and a defatted soy flour 
(DSF, obtained after lipid separation).  
 

Pasta samples 
Nine kinds of spaghetti were produced as described by Lamacchia et al., (2010): a control, made of 
100% durum wheat semolina, and spaghetti in which 10, 15, 25 and 50% of durum wheat semolina 
was replaced by TSF or DSF (named, respectively, 10% TSF, 15% TSF, 25% TSF, 50% TSF, 10% 
DSF, 15% DSF, 25% DSF, 50% DSF-semolina spaghetti). 
 

Extraction and fractionation of proteins 
Proteins from semolina, soy flours and milled spaghetti samples were extracted following the method 
of Gupta et al., (1993). Proteins were separated according to Tosi et al., (2005). 
 

Determination of SH and S-S groups and statistical analysis 
Free SH and S-S groups were determined colorimetrically following the methods of Chan and 
Wasserman (1993). The results were compared by one-way variance analysis (ANOVA). A Duncan’s 
multiple range test, with the option of homogeneous groups (p< 0.05), was used to determine 
significance between samples. STATISTICA 7.1 for Windows (StatSoft, Inc, Tulsa, OK, USA) was 
used for this purpose. 
 

Optimal cooking time  
It was considered as the time when the strand core disappeared. 
 

Sensory analysis 
Fifty grams of spaghetti at the optimal cooking time were given to a trained panel for the estimation of 
firmness, elasticity, stickiness, bulkiness and surface roughness on a seven point (from 0 to 6) scale. 

RESULTS AND DISCUSSION 

Possible interaction between soy and semolina proteins was studied by evaluating both the proportion 
of “unextractable polymeric proteins” (% UPP) and the amount of S-S groups formed during pasta 
making. The UPP percentage of soy proteins was greater in the TSF (Fig. 1) than in DSF (Fig. 2), and 
surprisingly, the level of unextractable polymeric protein of TSF was similar to that of semolina.  
The unextractability of soy-semolina spaghetti proteins was significantly (p < 0.001) higher than that 
of spaghetti made of semolina (Fig. 1 and 2). The higher proportion of UPP in the composite pasta 
could be explained by the different quaternary structures that result from polymer -involving 
disulphide bridges and aggregates- between globular soy proteins and gluten proteins. The lower SH 
content and the higher number of S-S groups in the TSF (Fig. 1) than in the DSF (Fig. 2) suggest that 
the toasting process converted many of the free SH groups into disulphide bonds. As a result, cross 
links formed contributing to the higher molecular-weight distribution of the TSF indicated by the 
higher value of unextractable polymeric proteins compared to that of DSF. The replacement of 
semolina with DSF to make spaghetti tended to increase the concentration of SH groups and to 
decrease that of the S-S. The higher amount of UPP in these spaghetti than in those made only of 
semolina was mainly due to aggregation of proteins from different classes through dityrosine and 
isodityrosine bonds (data not shown). The replacement of semolina by TSF in spaghetti tended to 
increase both the concentration of SH and SS groups of spaghetti proteins, although the SS 
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concentration remained lower than or similar to that of semolina spaghetti. It thus appears that, at a 
certain percentage of TSF (10%), toasted soy proteins behave as DSF proteins by disrupting the gluten 
proteins S-S interchange system, whereas at higher percentages of TSF (15%, 25%, and 50%), they 
tend to cross link with gluten proteins, contributing to the higher amounts of unextractable polymeric 
proteins.  
 

 
Figure 1: Proportion of UPP (%) and SH- SS amounts (µmol\g of protein) in pasta made of semolina 
and increasing percentages of toasted soy flour (TSF). 
 

 
Figure 2: Proportion of UPP (%) and SH- SS amounts (µmol\g of protein) in pasta made of semolina 
and increasing percentages of defatted soy flour (DSF). 
 
The replacement of increasing amounts of semolina with soy flours was positively correlated with the 
tenacity/extensibility ratio and was also responsible for dough weakening (data not shown). Due to 
hydrophilicity of soy proteins and their competition with starch for water, the substitution of 
increasing amounts of semolina was able to increase the optimal cooking time (Fig. 3) and the 
resistance to cooking and overcooking, especially in the case of the defatted soy flour, partially 
counterbalancing the negative effects of gluten dilution. The sensory responses were statistically the 
same for control and composite spaghetti with the exception of the surface roughness of pasta made of 
50% semolina and 50% defatted soy flour which was significantly higher (Tables 1 and 2). The good 
cooking behaviour and sensory properties of the composite spaghetti could be explained by the 
formation of aggregates between semolina and soy proteins involving disulphide and/or dityrosine and 
isodityrosine bonds. 
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Figure 3: Optimal cooking time of spaghetti produced with semolina and increasing amounts of 
Toasted or Defatted Soy Flour. 

 
 

Table 1: Sensory properties of spaghetti produced with semolina and increasing amounts of toasted 
soy flour. (In the same column, a: P < 0,05)  

% of TSF in 
the mixture 

Surface 
Roughness 

Elasticity Firmness Bulkiness Stickiness 

0% 2.78 a 2.67 a 5.56 a 4.56 a 4.28 a 
5% 2.33 a 2.44 a 5.17 a 4.22 a 4.78 a 
10% 3.22 a 3.44 a 5.06 a 3.22 a 3.61 a 
15% 2.77 a 3.00 a 5.09 a 3.41 a 3.86 a 
25% 3.61 a 3.39 a 4.67 a 4.28 a 4.67 a 

 

Table 2: Sensory properties of spaghetti produced with semolina and increasing amounts of defatted 
soy flour. (In the same column, a, b: P <0,05) 

% of DSF in the 
mixture 

Surface 
Roughness 

Elasticity Firmness Bulkiness Stickiness 

0% 2.78 a 2.67 a 5.56 a 4.56 a 4.28 a 
5% 2.60 a 2.70 a 4.30 a 3.40 a 3.45 a 
10% 2.95 a 2.64 a 5.73 a 3.27 a 3.45 a 
15% 2.91 a 2.73 a 5.50 a 3.36 a 3.23 a 
25% 3.00 a 3.17 a 5.94 a 4.83 a 3.67 a 
50% 5.68 b 3.77 a 5.90 a 3.41 a 3.00 a 

CONCLUSIONS 

The amount of total unextractable polymeric proteins in spaghetti made of soy-semolina was 
significantly higher than that of spaghetti made of durum wheat semolina. These results indicate that, 
during pasta making, soy proteins of DSF interacted with semolina proteins to form larger polymers; 
the former also caused disruption of the gluten proteins SS system making this less suitable than TSF. 
As a matter of fact, TSF proteins denatured by heat treatment tend to cross link to semolina proteins 
via disulphide linkages. This physical modification changes the size distribution of soy proteins, which 
increase in size and insolubility hence improving the quality of the final composite spaghetti. 
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ABSTRACT 

Amaranth (Amaranthus) is a member of the pseudo-cereal family which has better nutritional quality 
storage proteins, due to their essential amino acid composition. According to the Osborne protein 
classification, the major protein fractions of amaranth seeds can be characterized as albumins, 
globulins, and glutelins. Albumins are reported to be the main protein fraction of the different 
amaranth species with values around 50%. Although albumins are the main fraction in amaranth seeds, 
only a few reports on their functional characteristics have been published.  
The aim of the present work was to provide further information on how these proteins influence the 
rheological properties and end-use quality of wheat dough. Recent development of micro-scale testing 
methodology and methods modelling the effects of native forms of constituents in in vitro methods 
provide a new approach to study the impact of added foreign proteins on dough end-use quality. In this 
study, two approaches were used to modify the protein composition of wheat flour by amaranth 
albumins, simple addition and incorporation techniques. 
Two wheat flours derived from cultivars MvEmese and Cadenza with different baking quality were 
used as base flour. Incorporation and addition experiments were carried out on composite wheat flours 
containing 1, 3 and 5% amaranth albumin proteins, relative to the protein content of the wheat flour. 
Dough samples were produced with or without reduction/oxidation steps in the bowl of a micro z-arm 
mixer and the mixing curves were analyzed.  
The addition of 1 and 3% amaranth albumins into either Cadenza or Mv Emese flours had no 
significant effect on dough development time; however 3% albumins considerably increased (14%) 
the stability of both doughs. The highest amount (5%) of added amaranth proteins also caused small 
but significant changes in dough development time. 
The mixing requirement, dough strength and stability of the reconstructed dough increased 
proportionally with the amount (1, 3 and 5%) of amaranth albumin proteins incorporated. These 
results were supported by the measurement of the unextractable polymeric protein ratio of the dough 
indicating a change in the polymer size distribution.  
We demonstrated that amaranth albumin proteins are capable of interacting with gluten proteins 
through disulphide bonds, showing similar effects to the use of individual glutenin subunits of wheat 
flour proteins. Improving dough strength and stability without substantially increasing the mixing 
requirement has great significance for the development of energy saving technologies in the baking 
industry. 
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ABSTRACT 

Variation in climatic parameters can strongly affect the baking quality of wheat, a variation in quality 
that is often hard to predict, but of major importance for the industry. In the 2007 season, the quality of 
gluten from two Norwegian wheat varieties grown in two different locations in Norway varied largely 
between locations despite similar overall weather conditions. However, the sowing time was different, 
resulting in a different climatic profile during the grain filling period in the two growing areas. 
To better understand this kind of variation, more insight into background of gluten quality is needed as 
well as methods that enable easy screening of quality.  
Over the years, Fourier transform infrared (FTIR) spectroscopy has become an increasingly valuable 
analytical tool for measuring chemical fingerprints of biological materials in food science ranging 
from micro-organisms to animal and plant cells. In particular microspectroscopy and Attenuated Total 
Reflectance (ATR) techniques have been applied to characterize protein properties in wheat grain [1], 
dough [2 – 3] and gluten [4]. 
 
The aim of this study was to relate FTIR spectral information to gluten quality of two Norwegian 
wheat varieties grown in two different locations in Norway during the 2007 season. The gluten 
samples showed large differences in their physical properties between the two locations with little 
variation between the two varieties. FTIR spectroscopy was performed using ATR on flour and 
microspectroscopy on snap-frozen gluten cryosections. Principal Component Analysis (PCA) enabled 
samples to be distinguished by their variety and – depending on the spectral region used for data 
analysis – also by growing area for both flour and gluten cryosections. For gluten cryosections, 
distinguishing between locations for the protein characteristic Amide I and II regions was difficult. 
However, other spectral regions allowed separation of the samples according to growth area, which 
was highly related to gluten resistance. 
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ABSTRACT  

Rapid and effective methods, developments and instrumentation are required to get information about 
the protein composition of different wheat varieties and raw materials. Conventional methods are 
usually time consuming, labour-intensive, and experienced staff is required, which may hinder the use 
of these techniques for everyday analyses. In our research, the protein subunit composition of various 
wheat varieties or blended flours was investigated with microchip-based capillary electrophoresis 
(MCE) systems, commercially available as lab-on-a-chip (LOC). The aim of this work was to define 
the basic analytical parameters and possible fields of application. Based on different measured 
parameters (accuracy, repeatability and reproducibility) LOC was used to construct a variety database 
for the development of an automatic variety identification system based on Hungarian wheat varieties. 
To obtain more detail, the variability of subunit composition in different environmental condition was 
also studied. Protein profiles of blended flours were investigated and the method was used to 
investigate the ability of LOC to identify glutenin subunit (GS) alleles. 

INTRODUCTION 

Traditionally SDS gel electrophoresis has been used for analysing the protein profile of wheat or other 
cereals. However, it is labour intensive. The procedure is non-quantitative, and not easy to interpret. 
Microchip capillary electrophoresis (MCE) appears to be a valuable and flexible analytical tool in this 
area. With the improvement of conventional capillary electrophoresis (CE), current technologies allow 
several laboratory processes to be included on a single chip. This concept appeared in the early 1990s 
(Manz et al 1990) as a novel approach to separate different chemical or biochemical compounds in a 
short time. Today, the commercially available microfluidic-based lab-on-a-chip (LOC) systems 
(Bioanalyzer 2100 from Agilent Technologies and Biorad Experion from Biorad Laboratories) provide 
an innovative platform for protein and nucleic acid analysis. For protein analysis, the method is a 
sizing assay to separate protein-SDS complexes through a specific gel matrix in micro sized channels 
on a chip. It holds a lot of promise, and like high-speed analysis, requires less reagents and generates 
less waste, etc. (Li, 2006). 
Bhandari and co-workers showed that the LOC system produces well recognizable protein profiles 
which can be used to distinguish between varieties (Bhandari et al 2004). Uthayakumaran and 
colleagues investigated the potential applications of LOC and concluded that the technology not only 
offers a rapid way for variety identification, but can also be used for glutenin subunit (GS) analysis, 
and for the detection of deletion lines, or sulphur deficiency in wheat (Uthayakumaran et al 2004, 
2005, 2006). Recently, Rhazi and colleagues reported that the resolution, sensitivity, and 
reproducibility of LOC make it suitable for quality assessment of HMW-GS (Rhazi et al 2008). 
However none of these studies gave the exact numbers of the analytical parameters, or did an 
interlaboratory test, or reviewed general usage or everyday routine applications. Our main goal was 
thus to investigate important analytical parameters and the capacity of LOC to handle different 
samples. Depending on the results, we tried to find different areas of application in wheat protein 
analysis that could benefit from the use of LOC rather than current methods. 
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MATERIALS AND METHODS 

Different Hungarian, Australian and Kazakh wheat varieties were investigated in this study. The 
samples were provided by the Agricultural Research Institute of the Hungarian Academy of Sciences, 
by the Hungarian Institute for Agricultural Quality Control, by Food Science Australia and by 
CIMMYT. Some of the varieties were the same but were bred at different locations using different 
agro-technical practices. Chinese Spring was used as a reference wheat variety, and standard proteins 
(ladder for SDS-gel electrophoresis) from Biorad Laboratories were used for sizing control. 
A prototype micromill (FQC-2000, Metefém Ltd, Hungary) was used for milling. The extraction 
process for the whole protein profile was based on the procedure of Uthayakumaran (Uthayakumaran 
et al. 2006): 0.3 ml, 1% SDS solution containing 1% dithiothreitol (DTT) was used as extraction 
medium. The solution was always freshly made before use. The milled wholegrain samples (20±0,1 
mg) were extracted in Eppendorf tubes. The samples were mixed with vortex for 10 seconds at room 
temperature and put in a water bath to keep the extracts at 65 0C for 5 minutes. The supernatant was 
separated by centrifugation at 12 000 rpm for 5 minutes. The samples were stored in a fridge at 4 0C. 
For GS composition analysis, to find the most suitable sample preparation, the effect of four different 
extraction media (DMSO, 1% SDS, 50% propanol, 50% ACN), and other factors (number of washes, 
extraction time, and heat treatment) were investigated. 
2100 Bioanalyzer from Agilent Technologies was used for the determination of analytical parameters 
and possible applications. Among currently available protein kits, the Protein 230 Kit was chosen. To 
compare the results with a different LOC system, Biorad Experion was used with the Pro260 kit to 
investigate robustness. The prepared extracts were applied with standardized prepacked reagents and 
were analysed following the relevant instructions (Agilent Protein 230 Kit Quick Start Guide, 2007; 
Instruction Manual, Experion Pro260 Analysis Kit). The separation procedures of 10 samples required 
less than 30 minutes in every case. Agilent 2100 Expert software (version: B.02.02.SI238) , and 
Experion software (version: 2.1.158.0) from Biorad were used to evaluate the results. An 
electropherogram and a simulated gel image were obtained and evaluated by the software. Standard 
deviations and relative standard deviations (RSD) were calculated to describe repeatability and 
reproducibility. Statistical analysis was performed with STATISTICA 7.0. software (StatSoft Inc, 
USA). 

RESULTS AND DISCUSSION  

In the first step, different proteins used as a ladder in PAGE were applied to control sizing. The result 
of nine repeated measurements - with independent sample preparation - showed quite good accuracy 
below 200 kDa, the average difference was 2.25% between calculated and determined molecular mass. 
However the size of myosin – which was 200 kDa with conventional gel electrophoresis – was 
overestimated up to 216 kDa with LOC. 
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Fig 1. Chinese Spring analyzed with Bioanalyzer 2100, protein 230 kit (software: Agilent 2100 
Expert).  
 
Later on, the Chinese Spring variety (which was our reference variety for further investigations) 
produced well resolved protein profiles (see Fig. 1.). The high molecular weight glutenin subunits 
(HMW-GS), which have the highest molecular weight, were visible in the upper part of the range 
(above 100 kDa), clearly distinguished from the other proteins. The four known alleles of Chinese 
Spring (1Dx2, 1Bx7, 1By8, 1Dy12) were easily identifiable; however the first subunit was partly 
covered by the ω-gliadins. At the middle of the range, the procedure revealed the patterns of the low 
molecular weight glutenin subunits (LMW-GS) and the rest of gliadin fractions, which overlapped 
completely. Below 30 kDa, mainly albumins and globulins appeared. 
Molecular mass, primarily HMW-GS, was overestimated, however during the repeatability tests (using 
new extraction solution, and different chips on different days, but with the same seed sample) the 
variance of the protein subunits sizing was 0.57%2, showing very good repeatability. This means the 
profile is probably suitable for different applications, e.g. profile identification, but for accurate 
determination of molecular mass, a correction factor should be used. The highest variance in size 
determination appeared at the last peak (the highest HMW-GS) due to the small difference, sometimes 
fused into one peak with the standard protein present in the sample buffer as an internal standard, 
namely at 240 kDa. In some cases, this led to a minor shift in the size measurement, but overall, LOC 
displayed very good reproducibility in the inter-laboratory tests. The results are summarized in the 
Table 1. 
The method was also used in Biorad Experion, another instrument based on the same innovation but 
from a different manufacturer. Using the same protocol, the repeatability was the same, but we 
observed that sizing (measured molecular mass) and selectivity differed in some regions. So the results 
were not entirely the same with the two instruments. 
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Table 1. 
 Parameter Investigated Result 

1.5-4 % difference depending on the protein characteristic 
below 200 kDa with standard proteins Accuracy Sizing 
overestimation up to 300% with wheat proteins 
RSD of sizing wheat proteins: 1.32 % 

Instrument 
RSD of relative concentration of subunits: 19% 
RSD of sizing wheat proteins: 1.35% 

Method 
RSD of relative concentration of subunits: 27% 
RSD of sizing wheat proteins:1.71%  
Non-significant effect on sizing 

Precision 

biological variability 
RSD of relative concentration of subunits: 52% significant 
effect on quantitation of the protein subunits 
14 in Chinese Spring with automatic analysis  

Selectivity number of peaks 
10 to 20 in other samples 
Non-significant difference in sizing repeatability 

Robustness  
different LOC technology 
(Biorad Experion) significant difference in sizing, selectivity and quantitation 

 

Comparing the analytical characters of LOC and PAGE based on our general experience with 
conventional SDS gel electrophoresis, and the analytical properties of LOC, we can conclude that 
LOC has significant advantages in time saving and reagent requirements. It is more accurate (with a 
correction factor if the protein has different migration properties in the gel-filled microchannels 
compared with the ladder proteins), and significantly better repeatability. On the other hand, high 
resolution PAGE gels have better selectivity. This is a serious disadvantage in the LOC technology, 
which needs to be improved in the near future. The manufacturers are aware of the problem, and -for 
example- high-sensitivity chips are now available from Agilent. However, according to new labelling 
regulations, the sample solution is not allowed to contain reducing agents (DTT or mercaptoethanol) 
which can make sample preparation difficult in the case of wheat polymeric proteins. 
The effects of environmental conditions on protein profile were also investigated using LOC by 
focusing on quality data (different size and number of protein subunits) and quantity (relative 
concentrations). Two different Hungarian varieties originating from the Pannon Wheat Quality Project 
were studied. The samples were bred at different locations using different agricultural practices, and so 
the protein profile was (or could be) influenced by biological variability. In these experiments, the 
average RSD of the protein sizes of the same varieties did not significantly differ from the 
repeatability of the method. This indicates that there were no detectable changes in the quality 
information with LOC. The quantification study revealed other interesting points. The RSD was 52% 
between the peak areas, and this value was significantly higher, as we observed in the repeatability 
test. The results thus indicate that the effect of environmental conditions on the protein profile is 
detectable with LOC in some cases. During other studies based on the concentration of the protein 
subunit, we were able to monitor the blending ratio of a mixture of two known wheat varieties with 
good correlation. 
A variety database was constructed, based on the subunit profiles and composition of 90 Hungarian 
cultivars. To organize the data, principal component analysis was performed using the results of the 
quality analyses. In the end, we were able to distinguish between the varieties analyzed. Simple, user-
friendly software was also developed for automatic identification of varieties. 
To use LOC to identify GS allele composition, four different extraction solutions were used to remove 
other fractions. The most suitable was the 1% SDS solution. Probably because the extraction medium 
was the same as when the GS were extracted from the sample matrix (with the addition of a reducing 
agent). The heat treatment during extraction did not affect the result; 10 min shaking was sufficient to 
remove the unnecessary fractions at 2000 rpm, with one washing step. After that, 24 wheat varieties 
with different allele combinations were measured. The HMW alleles were clearly identifiable; 
however the identification of LMW-GS alleles seems to be more difficult. There was a difference in 
quality between some combinations, but overall, the main difference appeared in the ratio of the same 
peaks on the electropherogram. Currently an identifier macro is under development, to determine 
which type of GS alleles can be identified with LOC, and which not. 
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CONCLUSIONS 

In conclusion, LOC produced reliable results and is capable of screening many samples in a short 
time. During our study, important analytical parameters were determined providing a basis for further 
applications. The profiles were suitable for discrimination of some major changes in the protein profile 
depending on the environmental effects, or for identification of wheat varieties or of HMW-GS alleles. 
The LMW-GS allele composition was partly identifiable. We believe that, after further improvement 
of the technology and methodology, this technique could replace the traditional SDS-PAGE, and can 
be used as a complement to other analytical methods in the near future. 
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ABSTRACT 

Wheat may trigger different hypersensitive reactions including food allergy to wheat (FAW). In most 
cases, FAW is an IgE-mediated allergy. In children, FAW frequently induces atopic eczema 
/dermatitis syndrome. In adults, allergic reactions to wheat are often severe (exercise induced 
anaphylaxis, chronic urticaria, anaphylaxis). Wheat allergens have been characterized by several in 
vitro and in vivo techniques (ELISA, Western blotting, cell activation and skin prick tests). They have 
been identified among albumins/globulins as well as among prolamins. The albumin/globulin fraction 
contains major allergens for patients suffering from atopic dermatitis. ω5-gliadins and low molecular 
weight (LMW) glutenin subunits (GS) are dominant allergens for adults developing severe symptoms. 
Epitope mapping showed that the last group of patients had IgE directed against numerous linear 
epitopes in repetitive domains of gliadins. The large genetic polymorphism of wheat leads to 
variations in sequences or contents of some proteins and may influence the allergen content of wheat 
genotypes. In a previous study, we concentrated on a bread wheat collection representative of 
European variability at the Gli-B1 locus, where genes coding for ω5-gliadins are clustered. We 
observed that the 1BL/1RS translocation, deleting the Gli-B1 locus, abolished IgE reactivity towards 
gliadins for most patients with severe symptoms. We then started analysis of old wheat species such as 
Triticum spelta, Triticum monococcum or Triticum turgidum and observed differences in allergen 
composition between some of these genotypes and cultivated wheat. These studies allow better 
characterization of allergenicity of different wheat genotypes and may be used by breeders to reduce 
allergen content for some individuals. 

INTRODUCTION 

In susceptible individuals, wheat may trigger different hypersensitive reactions, among which:  
− celiac disease, a T-cell mediated immune response leading to a malabsorption syndrome. It 

concerns about 1% of the European population. 
− food allergy to wheat (FAW). In most cases, FAW is an IgE-mediated allergy. It is less 

frequent than celiac disease. In France, FAW represents about 6% of food allergies in 
children and 6% of allergies in adults [1]. In children, FAW frequently induces atopic 
eczema /dermatitis syndrome and in some cases anaphylaxis. In adults, allergic reactions to 
wheat are often severe (exercise induced anaphylaxis, chronic urticaria, anaphylaxis). 

− respiratory allergy to wheat flour (baker’s asthma) is an occupational disease found among 
bakers, millers or pastry/pizza workers. 

The only treatment for patients with celiac disease and FAW is a life-long wheat free diet.  
 
Resistance to digestive enzymes is a distinctive feature of some allergens favouring the sensitization of 
susceptible individuals. Several wheat proteins (such as gliadins, glutenins, LTP) are known to resist 
gastric digestion. Heat treatments promoting aggregation increase this phenomenon. Thus, in some 
individuals, immunogenic sequences are able to pass through the intestinal epithelium and activate 
immune cells [2]. In food allergy, the immune response corresponds generally to B cell activation and 
secretion of particular antibodies, IgE. Wheat specific IgE are then captured by mast cells or basophils 
through high affinity receptors. The binding of wheat allergens to these specific IgE leads to 
inflammatory mediator release by mast cells and triggers the allergic reaction. 
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Triticum aestivum and Triticum durum are the most widely consumed wheats, however, other wheat 
genotypes of ancestral type are cultivated on limited areas and many others are present in world 
collections. The large genetic polymorphism of wheat leads to variations in sequences or in the 
amounts of some proteins and could be used to search for genotypes with reduced allergen content.   

MATERIALS AND METHODS 

Wheat allergens have been characterized by several in vitro and in vivo techniques including: ELISA 
[3], Western blotting [4], mast cell activation [5] and skin prick tests [6]. Linear epitopes on wheat 
allergens were mapped by the pepscan technique [7] using overlapping synthetic peptides of 10 amino 
acids. The deca-peptides covered the entire sequences of different gliadins: αβ (accession number 
P04725), γ (P08453), ω2 (Q9FUW7), ω5 (sequence obtained from contigs TSE - Kasarda, personal 
communication), of a LMW glutenin subunit (Q9ZNY0) and a LTP1 (P24296). 
 
Sera were obtained from patients (adults and children) with FAW expressed by various symptoms, in 
the Service of Clinical Immunology and Allergology of Nancy hospital. Blood collection and skin 
prick tests were performed with the informed consent of the patients or their parents, and after 
approval by the ethical committee (authorization number: DGS2007-0066). Polyclonal and 
monoclonal antibodies directed against specific sequences of ω5-gliadins were used for the precise 
identification of these components in protein extracts from the different genotypes. 
 
Several wheat genotypes were chosen for this work. Two cultivated bread wheats (Apache and 
Soisson) were used as reference. Two bread wheats (Caribou and Clément) carrying the 1BL/1RS 
translocation lacking the Gli-B1 locus coding for ω5-gliadins were selected as well as cultivars from 
ancient wheat species: Triticum spelta (genome ABD), Triticum turgidum (genome AB) or Triticum 
monococcum (genome A). Albumins/globulins, gliadins and glutenin subunits were extracted from the 
flours by sequential extraction based on differential solubility [4]. 

RESULTS AND DISCUSSION 

Wheat allergens and epitopes 
Allergens involved in FAW were identified among albumins/globulins as well as among prolamins 
(for review see [8] and [9]). The albumin/globulin fraction contains major allergens for patients 
suffering from atopic eczema /dermatitis syndrome (mostly children). Gliadins, notably ω5-gliadins, 
and some LMW glutenin subunits are dominant allergens for adults with severe symptoms and 
particularly exercise induced anaphylaxis (EIA) after wheat consumption[3]. Epitope mapping showed 
that this last group of patients had IgE directed against numerous linear epitopes in the repetitive 
domains of gliadins[7]. The consensus motif identified on ω5-gliadin was (Q)QQX1PX2QQ (X1 being 
L, F, S or I and X2 Q, E or G). It can be hypothesized that the presence of multiple epitopes in the 
repeat domain of ω5-gliadin promotes high activation of mast cells and favours severe symptoms. On 
the contrary, sera from patients with atopic eczema /dermatitis syndrome revealed very few or no 
linear epitopes on gliadins and LTP, despite the fact that they contained IgE specific to these proteins. 
Their IgE are probably directed towards conformational epitopes.  
 
Presence of allergens in different wheat genotypes  
The influence of wheat genetic diversity on its allergenicity was investigated by analysing different 
wheat genotypes in vitro and some of them in vivo by skin prick tests.  
 
In vitro evaluation  
Our previous study concentrated on a bread wheat collection representative of the European variability 
at the Gli-B1 locus where genes coding for ω5-gliadins are clustered. Using immunoblotting, we 
observed that the 1BL/1RS translocation deleting the Gli-B1 locus abolished IgE reactivity towards 
gliadins for nine on ten patients allergic to wheat with severe symptoms [10].  
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Figure 1: SDS-PAGE separation in non-reducing conditions of gliadins extracted from different wheat 
genotypes: T.a.: Triticum aestivum (Soisson and Apache), 1BL/1RS: translocated bread wheat Caribou, T.m.: 
Triticum monococcum (cultivars Pays de Sault and Dubkovsky), T.s.: Triticum spelta (cultivars Blanc sans barbe 
and Altgo), T.t.: Triticum turgidum (Poulard d’Auvergne and Poulard de Beauce). Immunoblotting analysis with 
a serum from a patient suffering from chronic urticaria after wheat ingestion. 

 
A second similar study was performed including old wheat species: Triticum spelta, Triticum 
monococcum or Triticum turgidum (Figure 1). Five sera from patients allergic to wheat with severe 
symptoms were analysed by immunoblotting on gliadin extracts. As already observed with the 
translocated bread wheat Clément [10], these sera did not react with gliadins from Caribou; however, 
we noted that a few sera reacted very weakly with an α−gliadin band. In all the other genotypes, ω5-
gliadin bands were detected by patient IgE, although IgE binding to the spelt wheat cultivar Altgo was 
weak. As revealed by specific anti-ω5 antibodies, the 100 kDa band detected in T. monococcum 
corresponds to ω5-gliadin aggregates, present in high amounts in these genotypes. The sera were also 
incubated with glutenin extracts from the same wheat collection. They displayed strong binding to B 
subunits of glutenins in all genotypes (not shown) but no binding was observed to HMW GS. A 
monoclonal antibody (clone ORE15F10) directed against an IgE-binding epitope of ω5-gliadins also 
reacted with some B LMW GS in glutenin extracts. This result pointed to the presence of motifs 
similar to the ω5 epitope in some LMW GS, particularly in those from T. monococcum. 
 
To obtain a quantitative evaluation of allergen contents in some genotypes, ELISA were carried out 
with a larger number of sera on protein extracts from three wheat genotypes: the bread wheat Apache, 
the translocated bread wheat Caribou and the T. monococcum cultivar ‘Pays de Sault’. The responses 
of 11 sera from patients with severe symptoms towards gliadin extracts were analysed (Figure 2). The 
mean serum concentration in IgE specific to Caribou gliadins was significantly lower than the means 
of responses to Apache and T. monococcum gliadins (and seven sera did not react with Caribou 
gliadins). This result confirmed the reduced reactivity to Caribou already observed by 
immunoblotting. The reactions of 17 sera from patients with symptoms of eczema towards salt soluble 
extracts from the three selected wheat were also analysed by ELISA (Figure 3). In that case, the mean 
serum concentration in IgE specific to T. monococcum salt soluble proteins was significantly lower 
than means obtained for the other salt soluble extracts.  
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Figure 2: Comparison of specific IgE responses to 

gliadin extracts from Apache, Caribou and T. 
monoccum for wheat allergic patients with severe 
reactions. 

Figure 3: Comparison of specific IgE responses to salt 
soluble proteins extracted from Apache, Caribou 
and T. monococcum for wheat allergic patients 
with eczema. 

 
In vivo evaluation  
Eighteen patients underwent skin prick tests with flours from the three selected wheat genotypes 
(Apache, Caribou and T. monococcum ‘Pays de Sault’ – figure 4). For seven patients allergic to wheat 
with severe reaction, no significant difference was observed between means of papule diameters 
obtained with the three flours. Conversely, for nine patients with eczema, the mean of papule 
diameters obtained with T. monococcum flour was lower than the means measured with Apache and 
Caribou, confirming the decrease in IgE reactivity already seen with ELISA; however after statistical 
analysis, this difference was not significant. 
 

 
Figure 4: Reactivity of patients allergic to wheat to flours from 3 genotypes: Apache, Caribou and T. 
monococcum analysed by skin prick test (diameter of papule).  
Left: patients with severe reactions. Right: patients with eczema.  
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CONCLUSIONS 

The analysis of different wheat cultivars and species demonstrated variations in the presence or 
amount of allergens. This study evidenced the absence of a major allergen for patients with FAW 
developing severe symptoms (ω5-gliadins) in bread wheat carrying the 1BL/1RS translocation. For 
these patients, we observed a strong in vitro reduction in IgE reactivity for these wheats compared to 
classical bread wheat. However, this reduction was not confirmed by in vivo tests (skin prick tests) 
suggesting an important role of other allergens in vivo (probably some LMW GS). Our work also 
revealed differences among salt soluble allergens between T. monococcum and cultivated bread wheat. 
Indeed, both in vivo and in vitro reactivity of patients with FAW suffering from eczema decreased 
with T. monococcum. This implies a particular salt soluble protein composition for this genotype that 
should be characterized. Several applications might derive from the exploration of wheat genetic 
diversity. Better knowledge on the allergenicity of different wheat genotypes will be gained, notably 
for ancient cultivars used in organic bread making. In the case of allergens with no impact on 
physiological or technological parameters, their content could be lowered by breeding. This could be 
valuable for specific allergic individuals but may also be a way to reduce exposure of the general 
population to these allergens and prevent sensitisation.  
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ABSTRACT 

Celiac disease (CD) is an auto-immune disorder of the small intestine in genetically susceptible 
individuals caused by an abnormal immune response to dietary gluten. The only treatment is strict lifelong 
adherence to a gluten-free diet. Here, we present a short overview of the disease, the disease-causing 
agents (gluten proteins and its CD-toxic peptides) and of several strategies and current research on variety 
selection, breeding and genetic modification to obtain CD-safe wheat material. Attention is also paid to 
the rapidly increasing interest for CD patients in using oats as a safe replacement for wheat, rye and 
barley. These developments may help the CD patients improve the quality of their diet, their health and 
their life. It also enables grain producers and food manufacturers to take responsibility for reducing the 
(CD-toxic) gluten load for patients, especially the large group of undiagnosed patients. 

INTRODUCTION 

Celiac disease (CD) is a food-related health problem, caused by a hypersensitivity reaction of the immune 
system (notably of the gluten-sensitive T-cells) in the small intestine to stable degradation products 
(peptides) from gluten proteins (gliadins and glutenins) of wheat, rye and barley. Normally, these gluten 
peptides are harmless, i.e. they are recognized and subsequently tolerated by the immune system. In some 
individuals, however, T-cells falsely consider these peptides as pathogens and respond to these with local 
inflammation resulting in atrophy of the villi in the small intestine. Villi give the small intestine its 
enormous surface (of about 300 m2) necessary for the uptake of food components. Chronic inflammation 
and reduced food uptake leads to a variety of symptoms including chronic bowel-ache, diarrhea and 
growth retardation in children, chronic fatigue, bowel complaints, reduced fertility, miscarriage, skin 
inflammations (dermatitis herpetiformis), osteoporosis, and even lymphoma in adults. Currently, the only 
remedy is strict life-long adherence to a gluten free diet.  

CELIAC DISEASE 

The prevalence of CD is about 1% of the population. A recent study demonstrated that this prevalence 
increased dramatically from 0.2 to 0.9% during the past 50 years. In addition, undiagnosed CD is 
associated with a nearly 4-fold increased risk of death (Rubio-Taia et al., 2009).  
 
CD has a strong genetic component: the incidence within families is 10 times higher than in unrelated 
individuals, and the concordance between monozygotic twins is about 80% (but not 100%), compared to 
less than 20% between dizygotic twins (Greco et al., 2008). These data indicate that environmental factors 
are also involved in the onset of CD. As a first cause, a difference in the infection profile in early life 
between both twin individuals is suggested. Especially in genetically predisposed young children, repeated 
rota-virus infections may play a role in the onset of CD through chronic mucosal damage and subsequent 
production of tissue transglutaminase (TG2) by the mucosal cells for tissue repair (Stene et al., 2006). 
Especially this TG2 is capable of deamidating Q (glutamine) into E (glutamic acid) in specific gluten 
peptide motifs. This specific deamidation considerably increases the T-cell stimulatory effect of these 
peptides. A recent study by Bernardo et al., (2009) suggests the contribution of CD-specific mucosal-
associated bacteria to the development of CD due to high gliadinase activity. These bacteria appeared to 
be absent in the small intestine of all non-predisposed individuals. Such gliadinase activity has not yet 
been found among known human proteases. This would mean that CD patients, through these CD-specific 
bacteria, digest gluten proteins differently, and more efficiently, into small immunologically active 
peptides. These gliadin-metabolizing bacteria may represent one of the missing environmental links in the 
development of CD (Bernardo et al., 2009). Such small peptides may have increased intrinsic ability to 
directly affect epithelial permeability and to get access to the lamina propria, where they become 
deamidated, loaded onto HLA DQ2 (or DQ8) molecules and present as a 9-mer peptide (epitope) (see 
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Table 1) on the surface of antigen-presenting cells (APC), where they provoke the reaction of epitope-
specific T-cells. α- and γ- gliadins appear to contribute most to the CD-toxicity of wheat (Camarca et al., 
2009). Upon epitope recognition, these T-cells become activated, expand and give help to both gluten-
specific and TG2-specific B-cells, as well as secrete proinflammatory cytokines. Simultaneously, innate 
gluten peptides induce the production of the cytokine IL15 leading to apoptosis-mediated destruction of 
the epithelial layer and subsequent villous flattening. In the continuous presence of dietary gluten peptides, 
chronic inflammation will persist (Bethune and Khosla 2008). 
 
There is increasing evidence that CD belongs to a larger cluster of auto-immune diseases that share several 
genetic and immunological mechanisms. This cluster also includes type-1 diabetes (T1D), rheumatoid 
arthritis, and multiple sclerosis. Often, these diseases are simultaneously found in one patient, or co-occur 
within the same family (Zhernakova et al., 2009). Data suggest that the development of T1D is also related 
to the consumption of gluten (Smyth et al., 2008). 

GLUTEN AND ITS CD-TOXICITY 

Gluten is the water-insoluble, alcohol-soluble protein fraction that makes up the majority of the total seed 
storage protein in wheat. Generally, two types of gluten proteins are distinguished, glutenins and gliadins, 
with several subtypes (high- and low-molecular glutenins; α(β)-, γ- and ω-gliadins). The genetics of gluten 
is complex. Bread wheat (Triticum aestivum) is an allohexaploid species, which resulted from two 
independent interspecific hybridization events between diploid ancestor wheat species that occurred 
naturally in ancient times. The original A, B and D genomes are inherited independently, as the 
homoeologous chromosomes do not recombine. The homoeologous chromosomes 1A, 1B and 1D carry 
the loci of most of the γ-, the ω-gliadins and the LMW- and HMW glutenins; the loci of the α(β)-, and 
some γ-gliadins are on homoeologous chromosomes 6A, 6B, and 6D. Copy numbers for the gliadins range 
from 25 to 150 per haploid genome (Anderson et al., 1997), whereas 30 to 40 LMW and 6 HMW glutenin 
gene copies have been identified (Branlard et al., 2001). Similar proteins occur in barley and rye. 
Collectively, these alcohol-soluble proteins in these cereals are called prolamins, especially in reference to 
their industrial application. With regard to CD, the term ‘gluten’ refers to any of these prolamins from 
wheat, barley and rye. In any given wheat variety, not all the gluten genes will be expressed: some are 
pseudogenes, others are naturally silenced by mutual interactions of the three different genomes in the 
nucleus. Furthermore, environmental factors such as soil quality and climate may also influence the 
quality and quantity of protein in the kernel. In general, wheat breeding was carried out during the last 
century for, among other things, increased yield, protein content and improved baking quality, and appears 
to have resulted in reduced genetic variation in protein composition but in increased CD toxicity (Van den 
Broeck et al., in preparation). 
 
Major and minor differences in amino acids exist among the individual gluten proteins of one family, 
between the members of one locus as well as between the three homoeologous loci. Some of the 
differences in amino acids are relevant in the context of CD, as they affect the presence of intact epitopes. 
Using molecular sequence information and epitope-specific T-cells and antibodies, the heterogeneity of 
epitope occurrence has been shown at the gene and protein level as well as at the plant variety and species 
level. According to sequence characteristics and epitope distribution, α-, and γ- gliadins could clearly be 
assigned to their original A, B or D genome (Van Herpen et al., 2006; Salentijn et al., in preparation). 
Most α-gliadin genes of the B genome did not contain any canonical epitope sequence. In contrast, 
sequences from the D-genome contained all four known α-gliadin epitope sequences, and the sequences of 
the A genome were in an intermediate position (Van Herpen et al., 2006). Regarding γ-gliadins, recent 
studies also suggest a prominent role for these proteins in CD. Several γ-gliadin epitopes have been 
identified (Table 1) with the Glia-γ1 epitope as the most dominant. γ-gliadins are especially expressed 
from the D genome (Salentijn et al.. in preparation). Especially toxic in α-gliadins and γ-gliadins are a 33-
mer, and a 26-mer peptide, respectively, which contain most of the known epitopes, often in overlapping 
sequences. These oligomers are highly resistant to further proteolytic degradation in the intestine. Analysis 
of 16 different diploid, tetraploid and hexaploid wheat species and varieties revealed considerable 
variation in CD-toxicity in T-cell and monoclonal antibody assays, with some species and varieties 
responding very weakly and others very strongly (Spaenij-Dekking et al., 2005). In summary, these data 
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indicate the existence of marked variation in CD-toxicity among genomes, among diploid species, and 
among tetraploid and hexaploid varieties. This would pave the way to produce non- or less toxic wheat 
varieties.  
 
Table 1: Characteristics of T-cell-stimulatory gluten epitopes (Koning 2008). 
 

Epitope (code) Sequence Protein source HLA-DQ 
Glia-α2 PQPQLPYPQ α-gliadin 2 
Glia-α9 PFPQPQLPY α-gliadin 2 
Glia-α20 FRPQQPYPQ α-gliadin 2 
Glia-γ1 PQQSFPQQQ γ-gliadin 2 
Glia-γ2 FPQQPQQPF γ-gliadin 2 
Glia-γ30 IIQPQQPAQ γ-gliadin 2 
Glt-17 FSQQQQQPL LMW-glutenin 2 
Glt-17 FSQQQQQPL LMW-glutenin 2 
Glt-156 FSQQQQSPF LMW-glutenin 2 

    
Glia-α QGSFQPSQQ α-gliadin 8 

Glt QGYYPPTSPQ HMW-glutenin 8 
Amino acids are indicated by the 1-letter code. Glutamine residues that can be deamidated by TG2 are 
underlined. LMW: low molecular weight; HMW: high molecular weight. 

LESS CD-TOXIC CEREALS 

During the last 100 years, wheat breeding seems to have ultimately resulted in increased CD-toxicity of 
modern varieties (Van den Broeck et al., in preparation). This may be one of the reasons for the over 
fourfold increase in the prevalence of the disease during recent decades (Rubio-Taia et al., 2009). Another 
reason may be the enormous expansion of the application of gluten in the food industry, in all kinds of 
products, even in products that would hardly be expected to contain them, such as meat products, sauces 
and soups, some types of potato chip flavouring, sweets, medicines, vitamin supplements, beers, etc. CD-
patients, therefore, have to make their food choices very carefully to avoid consuming gluten. European 
regulations are a little helpful in this regard through their Directive 2007/68/EC, which stipulates that 14 
allergens in packed food products must be declared on the product label; gluten is one of these. But the 
major problem is that only 15 to 20% of the existing CD patient population has been diagnosed. Most 
patients are not aware they have the disease, and consequently may buy all these gluten-containing foods 
that are being introduced into the food market in increasing numbers. This clearly shows that there is an 
increasing need for less CD-toxic wheat and gluten, especially for the undiagnosed CD patient population. 
Here, we see an increasing responsibility of seed producers and food manufacturers to support the 
development of such low CD-toxic wheat varieties. 
 
Several strategies have been developed to reduce the amount of CD epitopes, using selection, breeding 
and genetic modification, for the production of less CD-toxic wheat. Selection makes use of the existing 
genetic diversity of wheat species and varieties at various ploidy levels. We found that wheat land races 
and tetraploid durum wheat varieties (which are especially used in pasta and pizza) have more diverse 
protein composition. Recently, we identified several promising low CD-toxic tetraploid varieties that 
could be used in breeding programs. The almost complete gluten gene database at PRI will be extremely 
useful for the production of genetic markers to speed up the breeding process. In another strategy, 
hexaploid deletion lines are used from which, due to induced mutations, chromosomal parts have been 
eliminated from one of the three homoeologous chromosomes. Some of these deletion lines lack just those 
chromosome parts that carry the gliadin or glutenin genes of specifically the A, B or D genome (Van den 
Broeck et al., in preparation). This phenomenon could be used to eliminate the most toxic loci, such as the 
α-gliadins from chromosome 6D. A more basic strategy involves the re-synthesis of hexaploids from 
tetraploid and diploid varieties. This has the advantage that a much broader set of starting material can be 
selected for low CD toxicity, and that the material can be combined with safe lines obtained in other ways. 
For instance, the identified low CD-toxic tetraploid could be combined with a diploid wheat species that 
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has been mutagenised or genetically silenced for its toxic gluten genes. Several steps in these strategies 
have already been undertaken. We focus on the combination of advanced breeding tools (Gilissen et al., 
2008). However, as the success of each newly produced variety is determined by its agronomic and food-
technological quality, CD-safe wheat must have a quality level comparable to current bread wheat or 
pasta-wheat varieties to be attractive to wheat farmers. This quality largely depends on the composition of 
gluten combined with starch. As the production of such cultivars takes several years, we should not 
hesitate to initiate their development. 

OATS 

The great majority of CD patients do well on a diet containing oats. Also for health in general terms, oats 
is a very interesting crop which has several advantages over wheat. It contains well-digestible proteins 
with high amounts of essential amino acids, it is a good source of slowly degrading carbohydrates, and it 
contains relatively high levels of poly-unsaturated fatty acids (with a good balance of omega-3 and 
omega-6 fatty acids). Especially interesting is the presence in oats of specific beta-glucans that help 
prevent heart and vascular diseases and are suitable for a cholesterol-lowering diet. Other advantages are 
the presence of specific phenolic compounds with anti-oxidant activity, and high vitamin E content. The 
slow digestibility and high fat content of oats can contribute to the prevention of obesity, and are 
advantageous for diabetes patients. Last but not least, oats and oat-derived products are a good 
replacement for wheat and other gluten-containing cereals for CD patients, especially as an appropriate 
supplement to the generally fiber-poor gluten-free daily diet. For these reasons, consumption of oats is 
encouraged in Scandinavian countries, not only for CD-patients. However, a serious problem with oats is 
the often large-scale contamination with gluten-containing cereals, mostly wheat and rye. Contamination 
occurs at all steps in the production chain, from cultivation to harvest, transport, storage, milling, baking, 
etc. The various steps in the production chain from seed to food often take place at different locations. 
Safeguarding against such contamination requires good management in the framework of an HACCP 
protocol. In Sweden and Finland, gluten-free oat chains have already existed for several years. In the 
Netherlands, such a chain is currently under development in cooperation with the Dutch Celiac Disease 
Society. On 20 January 2009, Regulation EC 41/2009 was published regarding the composition and 
labeling of foods for persons with gluten-intolerance. According to this regulation, the Dutch Celiac 
Disease Society takes the view that oats is allowed to be labeled gluten-free if the amount of 
contaminating gluten from wheat, barley and rye is below 20 mg/kg (20 ppm). Oat products that fulfill this 
criterion are allowed to carry the Dutch gluten-free logo. It is hoped that the new regulation will encourage 
the use of oats by CD patients. 



Xth International Gluten Workshop, 2009 

291 

CONCLUSIONS 

In recent years, the Netherlands has gained a strong international position in the field of CD research. 
Several large scientific programmes have been initiated (especially the Dutch Celiac Disease Consortium 
with scientific and industrial partners and the Dutch Celiac Disease Society are involved: www.celiac-
disease-consortium.nl; an EU project on the prevention of CD: www.preventceliacdisease.com) and will 
find and keep their place on the research agendas of several research organizations. Much attention is also 
being paid to improving the quality of life of CD patients, with one of the initiatives focusing on the 
production of healthy and CD-safe foods. From the above, we can conclude that the production of CD-safe 
wheat is not a utopia but is a realistic objective in the coming decades. Developing and breeding CD-safe 
wheat will require strong support from industrial partners and governments. Fortunately, the production of 
CD-safe oat products is already realistic right now. 
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ABSTRACT 

Both technological and nutritional properties of wheat flours and wheat-derived foods are determined 
by kernel proteins. Wheat belongs to the group of six foods identified by the Codex Alimentarius as 
eliciting IgE-mediated allergic responses. It is generally accepted that there is an increase in wheat 
allergic pathologies. The problem of allergy to plant proteins has also received increasing attention 
with regard to the issue of “substantial equivalence” of genetically modified (GM) plants. Although 
transgenic genotypes of wheat are not commercial, we intended to compare a specific bread wheat 
transgenic line produced for research purposes, and its untransformed counterpart with regard to the 
expression of endogenous allergens. 
To this end, a transformed bread wheat line strongly over-expressing a low molecular weight glutenin 
subunit was compared to the corresponding untransformed genotype. Previous work showed that this 
GM genotype had a significant decrease in the amounts of polypeptides belonging to the prolamin 
superfamily, likely as a compensatory response to transgene over-expression. 
In this study, sera from children and adults with clinically documented wheat allergy were used. Our 
investigation focused on the comparison of the soluble proteins fraction between the GM genotype, its 
wild-type counterpart and other commercial genotypes. For this study, we performed ELISA tests and 
immunoblots after 2D electrophoresis (2D-E). Data showed that there was no significant difference in 
the amount of allergenic polypeptides between the GM genotype and its wild-type counterpart, or in 
the commercial genotypes considered here. 

INTRODUCTION 

The number of patients suffering from food allergies is increasing throughout the world and 
corresponds to 1-5% of the population. The most prevalent food allergens are milk, eggs, peanuts and 
tree nuts, fish, shellfish, soy, wheat, fruits and legumes. Because of the extensive use of wheat and 
related cereals in our daily diet, cereal-associated allergies are considered to be a serious problem. 
Allergic reactions to wheat flour occur both by inhalation (baker’s asthma) and ingestion (food 
allergy). Symptoms of wheat allergy are typically generalized urticaria, atopic eczema/dermatitis 
syndrome (AEDS), and more severe reactions, such as wheat-dependent exercise-induced anaphylaxis 
(WDEIA) (Akagawa et al., 2007). Wheat allergens involved in food allergy have been characterized 
both among salt-soluble proteins and gluten proteins (Battais et al., 2003, 2005, 2008) 
Genetically modified wheat lines are commonly produced in research laboratories to understand and 
improve technological and nutritional quality. Although they are not commercial, we wanted to 
compare a specific bread wheat transgenic line produced for research purposes, and its untransformed 
counterpart, with regard to the expression of endogenous allergens. 
To this end, a transformed bread wheat line strongly over-expressing a low molecular weight glutenin 
subunit was compared to the corresponding untransformed genotype. A previous proteomic 
characterization showed that this GM genotype displayed a significant decrease in the amounts of 
polypeptides belonging to salt-soluble and gliadin fractions, likely as a compensatory response to 
transgene over-expression (Scossa et al., 2008). Our investigation focused on the comparison of the 
salt-soluble proteins fraction between the GM genotype, its wild-type counterpart and other 
commercial genotypes. 
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MATERIALS AND METHODS 

Sera from patients with food allergy to wheat  
Sera were obtained from patients with clinically documented food allergy to wheat in the Service of 
Clinical Immunology and Allergology of Nancy hospital. The patients were 11 children, 10 of whom 
suffered from the atopic eczema /dermatitis syndrome and one from anaphylaxis and two adults (with 
eczema and chronic urticaria).  
 
Extraction of wheat proteins  
Wheat flour proteins of the bread wheat cv Bobwhite, transformed with a quality-related gene (a 
LMW-GS) and the corresponding untransformed line were extracted using a sequential fractionation 
technique based on differential solubility. Albumins/globulins were extracted from 8 g of wheat flour 
dispersed in 240 mL of 0.05 M sodium phosphate buffer, 0.1M NaCl pH 7.8 (buffer I), and incubated 
for 2 h at 4 °C with constant agitation. After centrifugation at 8000 g for 15 min at 4 °C, the 
supernatant was recovered and the pellet was washed three times for 10 min with 80 mL of buffer I 
and centrifuged at 8000 g. The salt-soluble fraction was dialysed against water at 4 °C for 6 days 
before freeze drying. 
The protein concentration was determined using Kjeldahl’s method.  
 
Determination of allergen content by ELISA 
Allergen contents of the salt-soluble extracts were evaluated by ELISA by measuring the 
concentration of specific IgE directed against these proteins for each wheat line as described by Battais 
et al., (2005). 
 
Protein separation by 2D Gel Electrophoresis and detection of allergens by Western blotting. 
Before two-dimensional gel electrophoresis, the protein extract was dispersed in 1 mL of cold acetone  
(–20°C) and stored at –20°C for at least 2 h. The suspension was then centrifuged at 13,000 g for 10 
min at 2 °C. The supernatant was removed and the pellet allowed to dry at room temperature. The 
pellet was then solubilized in a solution composed of 8M Urea, 2M Thiourea, 2% CHAPS, H2O 
bromophenol blue and added with 1% IPG Buffered pH 3-10 (GE Healthcare). The final protein 
concentration was 600 µg/250 µL. 
Isoelectric focusing (IEF) was performed using IPGphor (Amersham Pharmacia Biotech) and carried 
out on immobilized pH gradient (IPG) strips (13 cm) at pH 3-10. The strip were hydrated overnight 
(12.5 h) with samples at room temperature. The total voltage reached for the isoelectric focusing was 
22800 V. After IEF, the strips were equilibrated with sample buffer containing 50 mM Tris, 6 M Urea, 
30% Glycerol 87% (v/v), 2% SDS, H2O, bromophenol blue, at room temperature for 10 min. Proteins 
were then separated in vertical 15% polyacrylamide gels using the DALT System (Amersham 
Pharmacia). Gels were stained with Coomassie Blue according to Devouge et al., 2007. 
After electrophoresis, the proteins were electrotransferred onto nitrocellulose membrane (Bio-Rad 0.2 
µm) at 300 mA for 45 min using a semidry electroblot system and a TRIS-glycine transfer buffer 
system (25 mM Tris, 192 mM Glycine, 0.1% SDS, 20% ethanol).The membrane was incubated 
overnight with patients’ sera diluted 1:20 with buffer 1 (1X PBS, 0.1% Tween 20 and 2% 
polyvynilpyrrolidone). The membranes were then washed three times with buffer 1, and incubated 
with Polyclonal Rabbit Anti-Human IgE/HRP at a dilution of 1:100000 for 1 h at room temperature. 
After further washing, membranes were incubated in a chemiluminescent substrate (SuperSignal West 
Dura Extended Duration Substrate, 34076, Pierce, United States) according to the supplier’s 
recommendation. Luminescence was then detected using a camera Fujifilm Intelligent Dark box. 
Spot detection and quantification were performed using ImageMaster 2D Platinum software 
(Amersham Biosciences). For all samples, protein spots were detected under the same conditions and 
normalized based on the relative intensity of spots. Replicated gels for each variety were matched to 
each other and then compared with other varieties and immunoblots. 
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RESULTS AND DISCUSSION 

The GM genotype, which over-expresses a low molecular weight glutenin subunit, is characterized by 
a significant decrease in the amount of polypeptides belonging to the two other classes of proteins, 
salt-soluble proteins and gliadins, likely as a compensatory response to transgene over-expression. 
(Scossa et al., 2008). The quantity of proteins in the albumin/globulin fraction in the GM genotype 
decreased by 22% and was therefore clearly affected by the transformation. We thus focused our study 
on this fraction and compared the GM and the reference line on the basis of their protein and allergen 
patterns using identical conditions of 2D-E loadings and identical protein concentrations in ELISA.  
The comparison of the 2D-E patterns for the two genotypes revealed 57% of common spots, as well as 
quantitative differences in the expression of some proteins (Fig. 1). 
 

 
 
Figure 1: Two dimensional electrophoresis of salt-soluble wheat-flour proteins from the 
untransformed genotype Bobwhite on the left and the transformed genotype (GM line) on the right. 
Polypeptides were visualized by Coomassie Brilliant Blue G250 (Sigma-Aldrich) staining. 
 
Evaluation of allergen contents and patterns in the wheat lines by ELISA and immunoblotting  
Enzyme-Linked Immunoabsorbent Assay (ELISA) was used to test quantitative differences in IgE 
responses between three lines: the GM line and the corresponding untransformed genotype, but also 
the French bread wheat cultivar Récital. Sera were obtained from 13 patients with food allergy to 
wheat. The concentration of IgE specific for the salt-soluble fraction of each genotype is shown in 
Figure 2. All the sera displayed medium to strong IgE responses towards the three lines and few 
differences were observed between genotypes. Only two sera (14, and 38) showed a significant 
reduction in IgE binding to the GMO protein fraction. Therefore, the GM line appeared to be less 
different from Bobwhite, than Bobwhite from Récital. Because of the large amount of serum needed in 
immunoblotting after 2D-E, only three sera: 14, 38 and 265 (with a high concentration of specific IgE) 
were selected for further analysis.  
These three sera were used to compare the allergen patterns obtained after 2D immunoblots of the salt-
soluble protein fraction of the transformed and untransformed lines. 
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Figure 2: Concentrations of specific IgE in the salt-soluble protein fraction from three wheat 
genotypes in the sera from 13 patients with food allergy to wheat. 
 

 
 

Figure 3: Reactivity in immunoblotting of IgE from two patients suffering from wheat allergy with 
the protein soluble fraction extracted from the untransformed line Bobwhite and the GM line. 
 
All sera revealed a high number of IgE-binding polypeptides in the salt-soluble fraction, in the range 
of 15-100 kDa, and 3-10 pI. Depending on the serum, 71-189 allergens were detected (Table 1). 
Comparison of the two sera within each genotype revealed many differences in the position and 
intensity of the polypeptides (grey circles in Fig. 3), but also common IgE-binding spots (dotted 
circles in Fig. 3). The comparison of the two lines, serum by serum, showed some common allergens, 
sometimes differing in the intensity of their responses, but spots specific to each genotype were also 
observed.  
Image analysis of immunoblots from the GM and reference line showed that the number of spots 
recognized by IgE was the same in the two lines. However, commons spots (identical allergens) 
represented only from 44 to 60% of the total number of spots. These differences may be caused by a 
quantitative difference in the accumulation of known allergens: lower expression of some IgE-binding 
spots becoming undetectable or inversely, or by the expression of new allergens.  
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Table 1: Results obtained from differential image analysis of the immunoblots for Bobwhite and GM 
line. 
Number 
of serum 

Age Symptoms Polypeptides 
number 

recognised for 
Bobwhite 

Polypeptides 
number 

recognised 
for GM line 

Common 
spots 

between the 
two lines 

% of 
correspondence 

38 Children Eczema 161 155 99 59% 
14 Children Anaphylaxis  76 71 33 44% 
265 Children Eczema and 

gastrointestinal 
disorder 

189 181 106 57% 

 

CONCLUSIONS 

Analysis by immunoblotting after 2D-E with sera from wheat allergic patients revealed differences in 
2D patterns of salt-soluble allergens between the GM and its reference line. These differences may be 
caused by quantitative modifications in the accumulation of known allergens or by the expression of 
new allergens. The possibility that previously silent genes are expressed in the GM genotype cannot be 
excluded without identification of the differential spots by mass spectrometry analysis. However, the 
fact that global IgE responses measured by ELISA between the salt-soluble fraction of the GM and the 
normal line were similar for most sera indicated that the differences observed are probably not 
significant. 
These results revealed a low impact of the gene transfer event on the allergenicity of the soluble 
fraction of the GM genotype despite a significant decrease in the total salt-soluble proteins extracted 
from this wheat. 
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ABSTRACT 

Wheat gluten is important for the quality of bread wheat (T. aestivum) and durum wheat (T. turgidum). 
Unfortunately, gluten is also a highly variable resource for epitopes that can trigger a T-cell reaction in 
celiac disease patients, leading to strong inflammatory responses in the small intestine. A 33-mer 
peptide derived from the alpha-gliadin fraction of gluten is clearly the most immunodominant gluten 
peptide in HLA-DQ2+ celiac disease patients. Although gamma-gliadin derived epitopes elicit a lower 
T-cell response, their involvement in celiac disease is recognized (e.g. Vader et al., 2002; Camarca et 
al., 2009). Several T-cell stimulating epitopes have been evidenced in gamma-gliadins (γ-I, γ-II, γ-III, 
γ-VI, γ-VIIa, γ-VIIb, 14-mer-1, 14-mer-2, Glia-γ2a, Glia-γ2b) of which γ-I, PQQPQQSFPQQQQPA 
(PQQPQQSFPQQEQPA after deamidation) is the most frequently recognized by HLA-DQ2 restricted 
T-cells of celiac disease patients (Camarca et al., 2009). Natural occurring genetic differences in the 
immunogenic gluten fractions of wheat cultivars would open possibilities for the breeding of wheat 
varieties with reduced celiac disease toxicity/immunogenicity based on specific epitope repertoires 
expressed in the developing seed. To facilitate this, we set out to determine the genetic variation in T-
cell stimulatory sequences present in novel genomic gamma-gliadin sequences of diploid wheat 
species and in gamma-gliadin transcripts of bread wheat (T. aestivum) derived from the public 
database (Genbank, NCBI). Based on sequence homology towards orthologous genes from diploid 
ancestors, 27 different gamma-gliadins that were discriminated among the gamma-gliadin transcripts 
of T. aestivum were allocated to the distinct Gli-1 loci on the homoeologous bread wheat 
chromosomes 1A, 1B and 1D. It was found that almost half (49%) of the gamma-gliadin transcripts 
were expressed from the Gli-1 locus on chromosome 1D. The natural variants of celiac disease 
epitopes were scored and perfect epitopes were found in all gamma-gliadin transcript groups reflecting 
the diverse nature of gamma-gliadins and underpinning the less focussed T-cell responses towards 
gamma gliadin epitopes. Natural variants of the dominant epitope from gamma-gliadins, γ-I, as found 
in gamma-gliadin transcripts of bread wheat, were subjected to in vitro T-cell proliferation. Variants of 
γ-I found in gamma-gliadin transcripts derived from chromosomes 1A and 1B were capable of 
stimulating a γ-I specific HLA-DQ2 T-cell clone. In contrast, gamma-gliadin transcripts expressed 
from chromosome 1D all contained variants of γ-I that were incapable of triggering the proliferation of 
this T-cell line. 

REFERENCES 

Camarca A, Anderson RP, Mamone G, Fierro O, Facchiano A, Costantini S, Zanzi D, Sidney J, Auricchio S, 
Sette A, Troncone R and Gianfrani. 2009. Intestinal T cell responses to gluten peptides are largely 
heterogeneous: Implications for a peptide-based therapy in celiac disease. J. Immunol, 182:4158-4166. 

Vader W, Kooy Y, van Veelen P, de Ru A, Harris D, Benckhuijsen W, Pen S, Mearin L, Drijfhout JW. 2002. 
The Gluten response in children with celiac disease is directed towards multiple gliadin and glutenin 
peptides. Gasteroenterology, 122:1729-1737. 

 



Xth International Gluten Workshop, 2009 

298 

Progress in the down-regulation of wheat gliadins by RNA 
interference (RNAi) 

J. GIL-HUMANES 1, F. PISTÓN 1, R. AOUNI 2, and F. BARRO 1 

1Instituto de Agricultura Sostenible, CSIC, E-14080, Córdoba, Spain. 
2Agrasys S.L., E-08028 Barcelona, Spain. 

ABSTRACT 

RNA silencing is a sequence-specific RNA degradation system that is conserved in a wide range of 
organisms. The elucidation of the mechanism of RNA silencing has stimulated its use as a reverse 
genetics tool because RNA silencing strongly down-regulates the expression of the target gene in a 
sequence-specific manner.  
The major protein fraction of wheat grain is gluten, which is largely responsible for the functional 
properties of dough. These proteins are traditionally classified into glutenins and gliadins, and 
represent about 80% of the total protein in the wheat grain. The high molecular weight glutenin 
subunits (HMW-GS) have been correlated with differences in the bread-making quality of wheat. 
Gliadins are also important because they are associated with the development of celiac disease, a food-
sensitive enteropathy caused by the ingestion of gluten proteins. Genetic engineering provides new 
tools for down-regulating the expression of gliadin genes which trigger celiac disease. 
Genetic modification was used in the present work to down-regulate the expression of gliadins by 
RNA interference (RNAi). We used different hairpin-based constructs to target specific groups of 
gliadins. First, the sequence of a γ-gliadin gene was used to construct the pghp8.1 plasmid [1]. The 
hpRNA silencing fragment was designed on the basis of 169 base pairs (bp) from a γ-gliadin [2] in 
sense and antisense orientation with the sequence of the maize Ubi1 intron as spacer region between 
the repeats. Seven transgenic wheat lines were obtained and all showed reduced levels of γ-gliadins. 
The proportion of γ-gliadins was reduced in the transgenic lines by between 50 and 90%, depending 
on the line. Second, a new set of hairpin constructs was designed containing sequences from all four 
groups of gliadins. Thirty-four transgenic lines were obtained showing reduced levels of gliadins. The 
construct was effective in down-regulating gliadins in both bread and durum wheat. No off-target 
effects were observed and the glutenin complement was the same as in control lines. All transgenic 
lines were fully fertile and their grain morphology and seed weight were comparable to that of control 
lines. Lines were characterized by A-PAGE, MALDI-TOF, RP-HPLC and ELISA assays. The 
proportion of gliadins was reduced by up to 95%, depending on the construct and wheat line. An 
ELISA assay based on the R5 antibody showed strong reduction in total gliadin reactivity.  
This work demonstrates that RNAi technology can be used to down-regulate groups of proteins 
encoded by multigene families, such as gliadins. The material generated is ideal for elucidating the 
roles of specific groups of proteins in determining the functional properties of flours and their relative 
activities in triggering celiac disease. 
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ABSTRACT 

Gluten proteins from wheat, rye and barley can induce celiac disease (CD) in genetically susceptible 
individuals. Celiac disease is an inflammatory response in the small intestinal mucosa caused by 
specific gluten proteins. Apparently, not all gluten proteins contain T-cell stimulatory epitopes. Gluten 
proteins are encoded by multigene loci present on homoeologous chromosomes 1 and 6 of the three 
homologous genomes (A, B and D) of hexaploid bread wheat (Triticum aestivum). The effect of 
deleting individual gluten loci on both reduction of T-cell stimulatory epitopes and on technological 
properties of wheat dough was analyzed using a set of deletion lines of Triticum aestivum cv. Chinese 
Spring. The reduction of T-cell stimulatory epitopes was analyzed by immunoblotting using 
monoclonal antibodies that recognize the epitopes present in gluten proteins. The deletion lines were 
technologically tested with respect to dough mixing properties and dough rheology. Removing the 
short arm of chromosome 6D containing the α-gliadin locus, resulted in a significant decrease in T-cell 
stimulatory epitopes but also in a significant change in technological parameters compared to ‘Chinese 
Spring’. However, removing the short arm of chromosome 1D containing the ω-gliadin, γ-gliadin, and 
LMW-glutenin loci, reduced the number of T-cell stimulatory epitopes while largely maintaining 
technological properties compared to ‘Chinese Spring’. These changes, such as an increase in dough 
strength and stiffness, may be corrected for by addition of non-CD-toxic monomeric proteins to the 
flour, for example from safe sources such as oats. Results demonstrate that a strategy to breed for 
bread wheat low in T-cell stimulatory epitopes while retaining technological properties may therefore 
include lowering the gluten proteins encoded by the short arm of chromosome 1D and the short arm of 
chromosome 6D. Crosses were performed between deletion lines and progeny plants that carried both 
deletions resulted in the removal of a large amount of T-cell stimulatory epitopes as shown by 
immunoblotting using monoclonal antibodies that recognize T-cell stimulatory epitopes. 
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ABSTRACT 

Celiac Disease (CD) is a permanent intestinal inflammatory disorder induced by prolamins from 
wheat, barley, rye and triticale in genetically susceptible individuals. The peptic/tryptic (PT) digest of 
prolamins from common and durum wheat contains dozens of proteolytically stable peptides that 
either stimulate the secretion of inflammatory cytokines by CD-specific T lymphocytes or trigger early 
T-cell unrelated enterocyte lesions. By contrast, PT-digested prolamins from ‘dicoccum’ wheat (T. 
turgidum ssp dicoccum) landraces L5540, L5558 and L5563 do not exhibit any cytotoxic effect, as 
measured in terms of activation of apoptosis and alteration of transepithelial electrical resistance of 
human colon adenocarcinoma Caco-2/TC7 cells, and agglutination of K562(S) cells. Moreover, these 
landraces do not alter cell growth and interferon-γ production in T cell lines from celiac patients. 
Negligible effects on K562(S) and Caco-2/TC7 cells are also exerted by 11 ‘monococcum’ wheat 
(Triticum monococcum ssp monococcum) accessions, which possess prolamin peptides that prevent 
agglutination of K562(S) cells by gluten-derived proteins. These antagonist molecules do not react 
with the polyclonal antiserum developed against the anti-inflammatory QQPQDAVQPF sequence 
from durum wheat cv. Adamello. On the other hand, the PT-digests of prolamins from ‘monococcum’ 
wheats Monlis, 358 and 1636 are able to agglutinate K562(S) cells. These noxious genotypes lack ω-
gliadins in their A-PAGE patterns, a rare (<2%) condition associated with superior breadmaking 
quality. The results are discussed in relation to CD prevention by breeding safe wheats poor in harmful 
prolamins and rich in anti-inflammatory peptides resistant to gastric/intestinal degradation. 

INTRODUCTION 

The intake of alcohol-soluble proteins (prolamins) from common food sources such as wheat, barley 
and rye by genetically susceptible patients induces a T-cell-mediated response leading to production of 
interferon-γ (INF- γ) and destruction of the intestinal villous structure (Sollid 2002). In common wheat 
(Triticum aestivum), this permanent inflammatory disease called Celiac Disease (CD) can be activated 
by at least 18 distinct, proteolytically stable epitopes that are recognized by the human leukocyte 
antigen (HLA) DQ2.5 (or DQ8) on the surface of Antigen Presenting Cells (APCs), which in turn 
stimulate T cell proliferation and INF-γ production (Camarca et al., 2009). Most of these epitopes have 
to undergo deamidation by transglutaminase 2 (TG2) to elicit a T cell response (Molberg et al., 1998). 
Variation in amino acid sequences among antigenic epitopes affects their binding within the HLA 
binding cleft, and/or the contact of the epitope/HLA complex with the T cell receptor. As a 
consequence, a high level of T cell stimulation is elicited by a few α-gliadin immunodominant 
epitopes only (Ellis et al., 2003; Shan et al., 2005). In addition, there is experimental evidence of a 
rapid, T cell unrelated, prolamin-induced response leading to enterocyte damage. This innate 
pathological reaction is activated by a 19-mer α-gliadin sequence devoid of antigenic activity towards 
T lymphocytes (Maiuri et al., 2003). Finally, the 10-mer QQPQDAVQPF sequence in the PT-digest of 
prolamins from durum wheat cv. Adamello is able to prevent prolamin-induced proliferation of both 
intestinal and peripheral blood lymphocytes, and apoptosis of enterocytes in intestinal mucosa from 
CD children (Silano et al., 2008). There are large differences in the harmfulness profile of prolamins in 
the Triticum genus. In particular, a ‘dicoccum’ wheat (T. turgidum ssp dicoccum) landrace has been 
shown to differ from the bread wheat cv. San Pastore in lacking cytotoxic effects against human colon 
cancer Caco-2/TC7 cells (Vincentini et al., 2007). Moreover, a reduced number of lesions, if any, were 
observed in the cultured intestinal mucosa from CD patients exposed to prolamin peptides from 
‘monococcum’ wheat (T. monococcum ssp monococcum) accession 1382 (Pizzuti et al., 2006). 
Currently, CD is the most serious and diffuse (prevalence ≥1%) alimentary disease for which the only 
effective therapy is a life-long gluten-free diet. However, according to Vader et al., (2003), the number 
of gluten epitopes that interact with the HLAs in the intestinal mucosa and the strength of the T cell 
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response induced by each epitope/HLA complex determine a threshold that must be overcome to raise 
a pathological immune response to gluten proteins in each genetically CD-susceptible individual. 
Together, these results led to the idea of breeding wheat cultivars that are poor in immunodominant 
epitopes and, therefore, unable to exceed the CD pathological threshold (Spaenij-Dekking et al., 2005; 
Molberg et al., 2005). 
In the present work, T-cell lines from celiac patients, human K562(S) cells and colon cancer Caco-
2/TC7 cells were exposed to prolamins extracted from a number of ‘dicoccum’ and ‘monococcum’ 
landraces. This investigation was aimed at obtaining information on innate and adaptive immune 
reactions elicited by ancient wheat crops that have been neglected by breeding activity in the last 
century. 

MATERIALS AND METHODS 

Plant materials 
Seeds of the common wheat cv. S. Pastore, eight ‘dicoccum’ landraces (Filosini, Leonessa 4, Leonessa 
5, Ersa 6, Ersa 8, L5540, L5558 and L5563) and 14 ‘monococcum’ genotypes (331, 358, 362, 363, 
1327, 1331, 1352, 1378, 1379, 1380, 1382, 1388, 1636 and Monlis) were used in the present study.  
 
Extraction, digestion and deamidation of prolamins  
Prolamins were extracted and subjected to peptic/tryptic (PT) digestion as described previously (De 
Ritis et al., 1979; Vincentini et al., 2007). Deamidation of PT digests (0.5 g/ml) was carried out for 4 h 
at 37 oC with 100 mg/ml of Guinea pig liver TG2 and 2 mM CaCl2.  
 
Affinity chromatography, A-PAGE and SDS-PAGE  
PT-digested prolamins (50 mg) were fractionated on a 5 x 35 cm column containing Sepharose 6-B 
coupled with mannan as described by De Vincenzi et al., (1995). Gliadins and total proteins from 
single seeds were fractionated by A-PAGE and SDS-PAGE, respectively, as described by Pogna et al., 
(1990). 
 
Tests on K562(S) and Caco-2/TC7 cells  
A 25 µl aliquot of a K562(S) cell suspension maintained as described by Vincentini et al., (2007) was 
mixed with 75 µl of decreasing PT-digest concentrations obtained by serial dilutions (1:1) with PBSS. 
After 30 min incubation at room temperature, a drop of cell suspension was analysed with a 
microscope to count clumped and single cells. The agglutination test was repeated twice.  
Human colon adenocarcinoma Caco-2/TC7 cells at passages 85 to 100 were seeded in 100 mm plates 
at a density of 3.2 x 103 cell/cm2 as described previously (Vincentini et al., 2007). On the 5th day after 
plating, cells were washed with serum-free medium and treated with 1 mg/ml of PT digest for 24 h in 
complete culture medium with 5% FCS. Apoptosis was evaluated with the fluorescent-based assay ‘In 
Situ FLICA Pan-Caspase Detection Kit’ (Chemicon International, Temecula, CA, USA). The 
excitation and emission wavelengths were 490 nm and 520 nm, respectively. Caspase secretion was 
estimated in terms of relative fluorescence unit (RFU). Staurosporine (1 µM) was used as positive 
control. 
Transepithelial electrical resistance of Caco-2/TC7 cell monolayers was determined with a Millicell 
ERS device (Millipore, Bedford, MA, USA) as described by Vincentini et al., (2007). Resistance was 
measured before (R1) and after (R2) 30 min exposure to 1 mg/ml of PT digest, and the R2/R1 ratio 
was calculated. Each experiment was run in duplicate and repeated three times. Data were analysed 
with the Student t-test. 
 
Establishment of intestinal T cell lines 
Short term intestinal T-cell lines (iTCLs) were generated from the mucosal explants of four celiac 
children and three healthy donors. The intestinal biopsies were oriented on a metal grid in a tissue 
culture plate (Falcon, Franklin Lakes, NJ, USA) and incubated with 1 mg/ml of PT digest in RPMI 
1640 (GIBCO, Invitrogen, Carlsbad, California) for 24 h. Biopsies were then treated with 1 mg/ml of 
collagenase A (Sigma, St. Louis, MO, USA) in RPMI for 1 h at 37 °C with gentle shaking to produce 
a single-cell suspension, and passed through a 70 µm filter to eliminate the epithelial cells. Cells were 
then cultured in a 96-well plate in the RPMI 1640 medium supplemented with antibiotics, non-
essential amino acids, sodium pyruvate, glutamine and 10% inactivated human serum, stimulated with 
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1 x 106 /ml irradiated (3500 rad) autologous peripheral blood mononuclear cells (PBMCs) together 
with 10 ng/ml of IL-15 (Peprotech, London, UK). On day 7, iTCLs were restimulated with 50 µg/ml 
of deamidated PT-digest and a feeder layer of autologous irradiated PBMCs. Every three days, fresh 
medium and 10 ng/ml of IL-15 were added to the cell culture. Plasmocin (2.5 µg/ml, Invitrogen, Sial, 
Italy) was added to the cell culture to prevent mycoplasma infection. On day 15, lines were tested in 
the resting phase. 
 
Proliferation assay and interferon-γ determination 
Autologous irradiated PBMCs (1 x 105) were plated in a 96-well plate and prepulsed overnight with 
PT digests in a 100 µl volume. T-cells (5 x 104 cells /well) were added in a final volume of 200 µl. 
The final concentration of PT-digest was 100 µg/ml. The culture medium was used as the negative 
control. T-cell proliferation was estimated after 72 h of incubation using the ELISA 5-bromo-2-
deoxyuridine (BrdU) cell proliferation test (Chemicon International, Temecula, CA, USA), and read at 
450 nm. The Stimulation Index (SI) was calculated as the mean absorbance in the presence of the 
antigen divided by that in the absence of the antigen. All assays were performed three times. Aliquots 
of the supernatant from each iTCL were collected after 48 h for IFN-γ determination using a 
commercial ELISA Kit (Biosource, Camarillo, CA, USA). Standards were run on each plate. The 
sensitivity of the assay was 15 pg/ml. 

RESULTS AND DISCUSSION  

Innate and adaptive immune reactions in ‘dicoccum’ wheat 
Prolamins from wheat, barley and rye proved to be unique in driving agglutination of the K562(S) 
cells (De Vincenzi et al., 1995). Here, the PT digests from common wheat cv. San Pastore and 
‘dicoccum’ landraces Filosini, Leonessa 4, Leonessa 5, Ersa 6 and Ersa 8 caused the complete 
agglutination of these cells at a protein concentration as low as 0.07 g/l (Table 1). By contrast, the PT 
digests from L5540, L5558 and L5563 were inactive even when used at a concentration as high as 5 
g/l. These three ‘dicoccum’ genotypes had no adverse effect on Caco-2/TC7 cells either. In particular, 
caspase secretion 
 
Table 1: Agglutination of K562(S) cells, caspase production and transepithelial electric resistance R2/R1 ratio in 
Caco-2/TC7 cells , stimulation index (SI) and INF-γ production in four intestinal T cell lines after exposure to 
PT-digested prolamins from different wheat species. 

aMinimal concentration (g/l) of PT digest that agglutinates all cells; neg = no agglutination; bSI ≥3 is assumed as 
significant; nd = not determined; *,** significant at P ≤ 0.05 and P ≤ 0.01, respectively. 
 
and transepithelial electric resistance of Caco-2/TC7 cells exposed to prolamins from L5540, L5558 
and L5563 were comparable to those of control cells treated with the culture medium alone. 
Conversely, the PT digests from ‘dicoccum’ landraces Filosini, Leonessa 4, Leonessa 5, Ersa 6 and 
Ersa 8 and cv. San Pastore promoted cell apoptosis, as indicated by their effects on caspase production 
and on the transepithelial R2/R1 ratio. When exposed to prolamins from the latter genotypes, the T 
cell lines obtained from the intestinal mucosa of the four celiac children showed a strong adaptive 
immune response. In particular, there was a 3- to 7-fold increase in 5-bromo-2-deoxyuridine (BrdU) 

Wheat species Cell agglutination Caspase (RFU) R2 /R1 ratio SI INF-γ (ng/l) 
Common wheat      
    cv. San Pastore 0.07a 24 ± 6** 0.4 ± 0.2** 5.8 -7.6b 570 – 710* 
‘Dicoccum’  wheat      
    L5540 neg 8 ± 3  1.0 ± 0.1 1.5 - 1.8 90 – 120  
    L5558 neg 8 ±3  1.0 ± 0.1 1.0 - 1.7 50 – 150  
    L5563 neg 8 ± 3  0.9 ± 0.1 0.8 -1.4 30 – 70  
    Five other landraces 0.07 23 ± 7** 0.6 ± 0.1** 2.7 - 7.1b 220 – 680* 
‘Monococcum’ wheat      
     Monlis 0.15 nd nd   
     358 0.59 nd nd   
     1636 1.27 nd nd   
     11 other accessions neg 8 ± 2  1.0 ± 0.1   
Staurosporine 1µM  35 ± 5**    
Control cells neg 7 ± 1   20 – 120 
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incorporation and IFN-γ production as compared with control cells. Again, ‘dicoccum’ landraces 
L5540, L5558 and L5563 proved to be quite unusual in eliciting negligible immune responses. Upon 
A-PAGE and SDS-PAGE fractionation, these landraces revealed minor differences in their gliadin and 
glutenin subunit patterns, suggesting a common genetic origin (data not shown). However, tetraploid 
hulled wheat genotypes other than L5540, L5558 and L5563 were found to be poor in or devoid of 
antigenic peptides (Molberg et al., 2005). 

Figure 1: Fractionation of PT-digested prolamins from 
Triticum monococcum (accession 362) by affinity 
chromatography. Fractions A and B were eluted with 0.2 M 
ammonium acetate at pH 7.2, fraction C with 0.1M acetic acid 
at pH 2.8.  

 
Innate immune reactions in ‘monococcum’ wheat 
As observed previously (Vincentini et al., 2007), the absence of innate immune reactions is a general 
outcome of K562(S) or Caco-2/TC7 cells challenged with prolamins from ‘monococcum’ wheat 
(Table 1). In particular, amongst the 14 ‘monococcum’ genotypes analyzed here, 11 accessions did not 
promote agglutination and cell apoptosis even at a protein concentration of 14 g/l. 
As shown in an early study (De Vincenzi et al., 1995), when loaded onto a Sepharose-6B mannan 
column, the PT digests of those 11 accessions separated into fractions A, B and C (Fig.1). 
Concentrations of 0.02 to 0.1 g/l of peptides from fraction C of the different ‘monococcum’ accessions 
promoted K562(S) cell agglutination, indicating that T. monococcum contains noxious, proteolytically 
stable prolamin molecules. Notably, 10 g/l of peptides from fraction B abolished cell agglutination 
when mixed with the active peptides from fraction C, suggesting that the absence of immune reaction 
in the K562(S) cells exposed to the whole PT digests was likely due to interaction between the 
peptides in fraction C and those in fraction B. Similar to fraction B peptides, the 10-mer 
QQPQDAVQPF peptide in the PT-digest of prolamins from the durum wheat cv. Adamello was 
shown to exert an antagonist effect on enterocyte apoptosis caused by gluten proteins in intestinal 
mucosa from CD children (Silano et al., 2008). The polyclonal antibody raised against this 10-mer 
sequence did not react with any band in the SDS-PAGE pattern of storage proteins from T. 
monococcum (data not shown). The nature of the antagonist peptides in fraction B thus remains 
obscure. On the other hand, PT-digested prolamins from cv. Monlis interacted with K562(S) cells and 
caused their complete agglutination at a protein concentration as low as 0.15 g/l, which is comparable 
with the minimal agglutinating concentration (0.07 g/l) of the PT digest from cv. San Pastore 
(Table 1).  
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Cell agglutination was also elicited by high concentrations of prolamin peptides from 
accessions 358 and 1636. In an attempt to elucidate this peculiar behaviour, Monlis, 
358 and 1636 were compared with the other monococcum genotypes for their storage 
protein compositions as determined by A-PAGE and SDS-PAGE. The analysis 
revealed that Monlis, 358 and 1636 share the common feature of lacking ω-gliadin 
bands in their A-PAGE patterns (Fig. 2), a rare (< 2%) condition found to be 
associated with superior breadmaking characteristics (Saponaro et al., 1995). This 
suggests that some proteolytically stable peptides with anti-inflammatory activity 
reside in ω-gliadins, as demonstrated for the 10-mer QQPQDAVQPF peptide from 
cv. Adamello (Pogna et al., 2008). 

 

 
Figure 2: A-PAGE gliadin patterns of (from the left) ‘monococcum’ accessions 1327, 1352 and 358. In the latter 
genotype, ω-gliadins encoded by the Gli-Am1 locus are absent. 

CONCLUSIONS 

Not all wheat plants appear to elicit innate and adaptive immune reactions by intestinal enterocytes 
and gluten-specific T cells from CD individuals, respectively. Here, prolamins from three dicoccum 
landraces showed no noxious effect on both Caco-2/TC7 cells and T cell lines from celiac children. 
Regardless of the precise mechanism of this unusual behaviour, the present results have implications 
for breeding of wheat cultivars with reduced antigenicity for CD patients. An ideal safe wheat should 
be poor in highly antigenic peptides, and rich in anti-inflammatory sequences such as the 10-mer 
QQPQDAVQPF molecule from durum wheat or the fraction B peptides from ‘monococcum’ wheat. 
The present results also suggest that some protective molecules may reside in ω-gliadins. 
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Preparation of partially hydrolysed prolamins as 
references for the immunochemical quantification of 

gluten-derived peptides 

P. KOEHLER, B. GEßENDORFER, and H.WIESER 
German Research Centre for Food Chemistry, Lise-Meitner-Straße 34, 85354 Freising, Germany. 

ABSTRACT 

To prepare a suitable reference for the quantitation of partially hydrolysed gluten in fermented wheat, 
rye and barley products, the prolamin fractions from barley (hordein) and rye (secalin) were isolated 
from corresponding flours by means of modified preparative Osborne fractionation. The prolamin 
fraction from wheat was obtained as reference gliadin from the Prolamin Working Group. The 
prolamin fractions were successively digested by pepsin and trypsin or pepsin and chymotrypsin, 
procedures, which have been used for celiac disease specific toxicity tests on cereal storage proteins 
for many years. The protein/peptide content (N x 5.7) of the prolamin fractions and digests, which was 
the basis for the calculation of the gluten content by ELISA, varied between 67.1% and 96.0%. The 
prolamin fractions and enzymatic digests were then tested for their response in a sandwich and a 
competitive ELISA for the detection of gluten and gluten-derived peptides, respectively. Intact 
prolamins were detected with high sensitivity in both ELISA showing no important differences 
between the cereals. In contrast, the digested proteins were poorly detected with the sandwich ELISA, 
which was considerably less sensitive than competitive ELISA. The latter provided approximately 
70% of the signal intensity obtained with the intact prolamins and were considered to be adequate 
references for the analysis of partially hydrolysed gluten. The limit of detection for competitive 
ELISA using a peptic-tryptic hordein digest as reference was 2.3 µg prolamin equivalent per mL and 
the limit of quantitation was 6.7 µg prolamin equivalent per mL. This system was applied for the 
determination of gluten equivalents in five commercial beverages based on fermented cereals. 

INTRODUCTION 

Celiac disease (CD) is a gastrointestinal disorder that is characterised by a permanent intolerance to 
the storage proteins (gluten) of wheat, rye, barley and possibly oats. Currently the only treatment is a 
strict gluten-free diet. Gluten-free foods underlie the regulations of the "Codex Alimentarius Standard 
for Foods for Special Dietary Use for Persons Intolerant to Gluten". The recent "Draft Revised Codex 
Standard" (ALINORM, 2008) as well as the new Commission Regulation (EC) No 41/2009 propose a 
gluten level of 20 mg per kg of food as maximum amount for gluten-free products. The 
immunochemical quantification of gluten should be based on the R5-ELISA (Valdes et al., 2003). This 
test is available in two versions, as a sandwich ELISA for intact proteins and as a competitive ELISA 
for partially hydrolysed gluten (gluten peptides). While the suitability of sandwich ELISA including a 
gliadin reference (Van Eckert et al., 2006) for calibration has been confirmed by various studies and a 
ring test (Immer et al., 2003; Immer and Haas-Lauterbach, 2004), competitive ELISA still lacks a 
convenient reference for the quantification of gluten, for example in starch syrup, malt extract and 
beer. Therefore, the aim of the present study was to prepare a suitable reference for the quantitation of 
partially hydrolysed gluten in fermented wheat, rye and barley products. 

MATERIALS AND METHODS 

Grains from the rye and barley cultivars "Nikita" and "Barke" were milled into white flour in a 
laboratory mill. Proteins were stepwise extracted from defatted flours with a buffered salt solution 
(= albumins and globulins) and 60% ethanol (= prolamins). The prolamin fractions were dialysed and 
lyophilised. Prolamins from wheat were obtained as a gliadin reference (Van Eckert et al., 2006) from 
the Prolamin Working Group (PWG-Gliadin). The three prolamin fractions were successively digested 
with pepsin and trypsin and lyophilised. Prolamin fractions and digests were characterised by RP-
HPLC on C8 and C18 silica gel, respectively. Their crude protein content (N x 5.7), which was the basis 
for the comparative quantification by ELISA, was determined by the Dumas method. ELISA was 
performed with the kits "Ridascreen® FAST Gliadin" (R7002, r-Biopharm, Darmstadt) and 
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"Ridascreen® Gliadin competitive" (R7011, r-Biopharm, Darmstadt) according to the manufacturer's 
instructions. Cereal-based fermented beverages (bionade®, malt drink, bread drink (kwas), gluten free 
beer "Saxon") were obtained from the market. For the production of a peptidase sample, rye grains 
(cv. "Nikita") were germinated for 7 days at 15 °C, lyophilised and milled into flour and bran. Bran 
(250 mg) was extracted with 5 mL sodium acetate buffer (0.2 mol/L, pH 4.8) and centrifuged; 1.0 or 
0.1 mL of the supernatant was added to 100 mL of malt drink or bread drink and incubated for 4 h at 
50 °C. 

RESULTS AND DISCUSSION 

Isolation and characterization of prolamin fractions. White flours from the rye cultivar "Nikita" 
and barley cultivar "Barke" were used as starting materials for the preparation of prolamins. The crude 
protein contents (N x 5.7) of the flours were 5.7% (rye) and 5.9% (barley), respectively. Flours were 
defatted and prolamins were isolated using a modified Osborne procedure. The yield of secalin was 
2.2 g substance per 100 g of rye flour and that of hordein 2.7 g substance per 100 g of barley flour. 
The gliadin reference was PWG-gliadin. The crude protein contents of the prolamin fractions were 
94.6% (gliadin), 83.8% (secalin) and 83.3% (hordein) (Table 1). 
 
Table 1: Protein/peptide content (%, N x 5.7) of prolamins and enzymatic digests thereofa  
Samples Gliadinb Secalin Hordein 
Prolamin 94.6 ± 0.7 83.8 ± 0.2 83.3 ± 0.9 
PT-digest 96.0 ± 3.2 67.0 ± 0.6 80.0 ± 0.2 
PC-digest 75.7 ± 2.5 65.7 ± 0.1 78.6 ± 0.6 
a Mean values of 3 determinations ± standard deviation 
b PWG-gliadin (Van Eckert et al., 2006) 
PT, peptic-tryptic; PC, peptic-chymotryptic 
 

  

 

Figure 1: RP-HPLC of unreduced gliadins (A), 
reduced secalins (B) and reduced hordeins (C). 
ω5, ω5-gliadins; ω1,2, ω1,2 gliadins; α, α-
gliadins; γ, γ-gliadins; ω, ω-secalins; γ-75k, γ-
75k-secalins; γ-40k, γ-40k-secalins; C, C-
hordeins; γ, γ-hordeins; R, unidentified proteins. 
 

 
The protein compositions of the prolamin fractions were analysed by RP-HPLC. The RP-HPLC 
elution pattern of PWG-gliadin (Figure 1A) was almost identical to that found in previous studies 
(Van Eckert et al., 2006) as were the proportions of ω5-, ω1,2-, α- and γ-gliadins (Table 2). Because 
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reduced disulphide bonds allowed improved separation of secalin and hordein types, the 
corresponding prolamin fractions were treated with dithioerythritol prior to RP-HPLC analysis 
(Figures 1B and C). γ-75k-Secalins (36%) were the leading protein type within the secalins, followed 
by ω- (31%) and γ-40k-secalins (26%). The dominating proteins within the hordeins were γ-hordeins 
(61%) followed by C-hordeins (35%) (Table 2). 
 
Table 2: Proportions (%) of single protein types in total prolaminsa 

Gliadinb  Secalin  Hordein 
Type %  Type %  Type % 
ω5 5.0 ± 0.1  ω 30.6 ± 0.2  C 34.9 ± 0.0 
ω1,2 6.3 ± 0.2  γ-75k 35.9 ± 0.6  γ 60.6 ± 0.0 
α 41.7. ± 0.4  γ-40k 26.3 ± 0.7  unidentified 4.5 ± 0.0 
γ 47.0 ± 0.7  unidentified 7.2 ± 0.2    

a Mean values of 2 determinations ± standard deviation 
b PWG-Gliadin (Van Eckert et al., 2006) 
 
Preparation and characterization of prolamin digests. For the preparation of enzymatic digests, the 
prolamin fractions of wheat, rye and barley were successively digested with pepsin and trypsin (PT) or 
with pepsin and chymotrypsin (PC). This is in accordance with the classical procedures that have been 
used for CD-specific toxicity tests on cereal proteins for many years. The advantage of digestion for 
toxicity testing is that the insoluble prolamins are almost completely transformed into products that are 
soluble in water and salt solutions, but retain their toxicity. This is also relevant for the ELISA 
analysis of partially hydrolysed gluten. The crude protein/peptide contents (N x 5.7) of the digests, 
which were important as a base parameter for ELISA calibration, varied from 65.7% (PC-secalin) to 
96.0% (PT-gliadin) (Table 1). The wide variation was due to the different NaCl content originating 
from the pH adjustments with HCl and NaOH. SDS-PAGE showed the absence of bands with Mr 
exceeding 14,000 (not shown) indicating that intact proteins were no longer present in the digests. 
 
ELISA . The three prolamin fractions and the six enzymatic digests at concentrations of 40 µg/mL 
each were compared with the same protein/peptide level (N x 5.7) by means of both sandwich and 
competitive R5-ELISA. Generally, PWG-gliadin was used as reference for both ELISA and the 
measured response of PWG-gliadin was set to 100.0 (Table 3). The coefficient of variation for the 
three determinations was ±5.2% (sandwich), and ±6.8% (competitive), respectively. The secalin and 
hordein fractions showed somewhat higher responses (105-117) than PWG-gliadin. This can be 
explained by the specificity of the R5-antibody, which is raised against ω-secalins (Valdes et al., 
2003). ω-Secalins, C-hordeins and ω-gliadins are homologous proteins with closely related amino acid 
sequences (Wieser and Koehler, 2008). As shown in Table 2, this type of protein was more abundant 
in secalins and hordeins than in gliadins. Consequently, significant differences could not be detected 
between intact secalins and hordeins and between sandwich and competitive ELISA. This means that 
both ELISA systems can be used for the quantitation of intact prolamins. In contrast, the PT-digests 
were poorly detected by sandwich ELISA (response 40-44); significant differences were present only 
between PT-gliadin and PT-secalin. As competitive ELISA needed only one epitope for binding, it 
produced significantly higher responses (63-75). Similar to the intact prolamins, PT-secalin and PT-
hordein showed higher responses than PT-gliadin. One explanation for the lower response of the 
digests compared with that of the intact prolamins could be that some epitopes relevant for antibody 
binding were cleaved by the enzymes, or peptides containing these epitopes were too short for strong 
binding (Osman et al., 2001). This fact may not be a handicap for prolamin quantitation, because CD 
toxicity of prolamin peptides is lost when the length of peptides falls below nine amino acids 
(Kagnoff, 2007). The PC-digests were analysed only by competitive ELISA. The results did not show 
any significant differences to the PT-digests, except PC-hordein which showed a lower response.  
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Table 3: ELISA response of prolamin and prolamin digest solutions (40 µg protein/peptide per mL) 
Samples Sandwicha Competitivea 
Gliadinb = 100.0 ± 4.5 = 100.0 ± 6.1 
Secalin 112.2 ± 6.5 104.8 ± 4.2 
Hordein 117.4 ± 2.7 114.0 ± 6.9 
PT-gliadin 39.8 ± 1.6 62.9 ± 4.0 
PT-secalin 43.7 ± 1.8 72.7 ± 7.1 
PT-hordein 40.4 ± 4.3 74.8 ± 6.3 
PC-gliadin n.d. 64.0 ± 6.8 
PC-secalin n.d. 73.1 ± 0.8 
PC-hordein n.d. 64.6 ± 1.4 
a Mean values of 3 determinations ± standard deviation 
b PWG-gliadin; response was set to 100.0 
PT, peptic-tryptic; PC, peptic-chymotryptic; n.d., not determined 
 
The limit of detection (LOD) and the limit of quantification (LOQ) of competitive ELISA using PT-
hordein was determined according to the method of Hädrich and Vogelgesang (1999). The calculation 
of the LOD is based on the highest value for the standard deviation of multiple blank runs. In a 
calibration function, this maximum value is used as the signal value, and the corresponding 
concentration is calculated representing the lowest concentration that is different from the blank (= 
LOD). After further statistical calculations, the LOQ was approximately 3-fold higher than the LOD. 
The LOD was 2.3 µg prolamin equivalent/mL and the LOQ was 6.7 µg prolamin equivalent/mL. Thus, 
calibration of the competitive R5-ELISA using PT-digests of prolamins allowed the determination of 
gluten equivalents (= 2 x prolamin equivalents) with sufficient sensitivity.  
 
Analysis of beverages. Aliquots of cereal-based fermented beverages were analysed by both 
sandwich and competitive R5-ELISA according to the manufacturer’s instructions. For calibration, 
PWG-gliadin was used for the sandwich test and PT-hordein for the competitive test. The photometric 
values obtained were converted into gluten equivalents (= 2 x prolamin), which are decisive for the 
evaluation of gluten-free food according to the "Draft Revised Codex Standard". The data is shown in 
Table 4. In the Bionade® sample, gluten could not be detected by either test; thus, the gluten content 
was below the limit of detection (<4.0 and <4.6 mg/L for the sandwich and competitive ELISA, 
respectively). The gluten content of the beers "Saxon" and "Lammsbraeu" was below the detection 
limit, when the sandwich test was used, and amounted to 15.6 mg/L and 8.1 mg/L, respectively, when 
the competitive test was used. According to the threshold definition of the "Draft Revised Codex 
Standard" (20 mg gluten/kg), both beers labelled as gluten-free were, in fact, gluten-free. In contrast, 
the malt drink and the bread drink, which are not sold as gluten-free, contained gluten equivalents 
above this threshold. In agreement with the analyses of the prolamin digests (see above) the 
concentrations determined by the competitive test were considerably higher (32 and 36 mg/L) than 
those determined by the sandwich test (21 and 25 mg/L). 
 

Table 4: Gluten equivalents (mg/L) of cereal-based fermented beverages determined by sandwich and 
competitive ELISAa 
Beverage Sandwichb Competitivec 
Bionade® <4.0d <4.6 
Malt drink 20.5 ± 1.4 32.3 ± 1.8 
Bread drink 25.4 ± 1.2 36.0 ± 2.2 
Beer “Saxon” <4.0d 15.6 ± 0.8 
Beer “Lammsbraeu” n.d. 8.1 ± 1.1 
a Mean values of 3 determinations ± standard deviation 
b Reference: PWG-gliadin 
c Reference: PT-hordein 
d LOD according to manufacturer´s product information 
n.d., not determined 
 

According to previous studies on germinated cereals (Hartmann et al., 2006), "detoxification" 
experiments were performed with the malt drink and the bread drink. They were treated with an 
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extract from bran of germinated rye, which had been shown to contain high activities of gluten-
degrading peptidases. Neither sandwich nor competitive ELISA detected any gluten in the bran used 
for detoxification. The incubation of the beverages with 0.1% addition of the extract for 4 h at 50 °C 
caused a significant reduction in gluten equivalents; after the beverages were treated by 1% addition of 
the extract, gluten could no longer be detected (Figure 2). 
 

 

Figure 2: Reduction in gluten content by treating 
beverages with peptidases from germinated rye bran. 
Determination of the gluten content by means of the 
competitive ELISA using PT hordein as reference 
material. LOD, limit of detection. 

 

CONCLUSIONS 

Competitive ELISA is better than sandwich ELISA for the detection of smaller peptides. Partially 
hydrolysed prolamins from wheat, rye and barley are suitable references for the immunochemical 
detection of gluten in fermented foods. The responses of competitive ELISA can be directly converted 
into gluten concentrations and, thus, be related to the gluten threshold for gluten-free foods as 
proposed by the "Draft Revised Codex Standard". The R5-antibody detects "gluten" from rye and 
barley with higher sensitivity than from wheat. The gluten content of cereal-based fermented 
beverages can easily be reduced below the detection limit by incubation with a peptidase extract from 
germinated rye bran. 
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ABSTRACT 

Gliadins consist of central repetitive domains and terminal non-repetitive domains characterized by 
high and low levels of the amino acid proline (Pro), respectively. Peptides obtained from these 
domains, may differ in their functionality. A lab-scale method was developed to separate high and low 
Pro containing peptides from a tryptic gliadin hydrolysate (GliaTryp). To that end, the hydrolysate was 
separated into soluble (GliaTrypsol) and insoluble (GliaTrypinsol) peptides. GliaTrypsol was fractionated 
by graded ethanol (EtOH) precipitation resulting in fractions of peptides of different molecular weight 
(MW). GliaTrypinsol showed relative low Pro levels, while the solubles precipitating at 90% EtOH 
were more enriched in Pro. Small peptides, soluble in 90% EtOH, had low levels of Pro. The resulting 
peptide fractions were screened for their potential ability to inhibit the angiotensin I-converting 
enzyme (ACE), which plays an important role in regulating blood pressure. As ACE-inhibitory 
peptides consist of small peptides with low MW, the fractions were further hydrolyzed by additional 
peptidases. No differences in ACE-inhibitory activity were found between Pro poor and enriched 
fractions. In each case, hydrolysis of GliaTryp or fractions thereof by thermolysin showed the highest 
ACE-inhibitory activity. Further purification by metal-ion affinity chromatography (IMAC) of the 
soluble fraction of the Pro poor GliaTrypinsol hydrolyzed by thermolysin (GliaTrypinsolThersol) resulted 
in a fraction with a significantly lower IC50 value (0.02 mg/mL) than that of GliaTrypinsolThersol. 

INTRODUCTION 

Commercial gluten is the proteinaceous co-product of wheat starch separation and consists of 
approximately equal amounts of gliadin and glutenin. Gliadins are extractable in 70% ethanol and are 
made up of a central domain (CD) containing repetitive amino acid (AA) sequences that are 
particulary rich in Pro, and two terminal non-repetitive domains (TD) enriched in hydrophobic AA 
(Gianibelli et al., 2001). Most gluten uses are based on its ability to enhance the texture of food 
products. Gluten applications may be extended by enzymatic hydrolysis resulting in techno-functional 
or bioactive peptides. 
Bioactive peptides are inactive within the sequence of the parent protein and can be released by 
enzymatic proteolysis. Once bioactive peptides are liberated, they display physiological properties 
which may influence health (Korhonen et al., 1998; Kitts and Weiler, 2003). Antihypertensive 
peptides are of great interest because they can decrease blood pressure by inhibiting the angiotensin I-
converting enzyme (ACE). This peptidase plays a dual role in regulating blood pressure by converting 
angiotensin I into angiotensin II, a vasoconstrictor, and degrading bradykinin, a vasodilator. One 
ACE-inhibitory peptide has been isolated from wheat gliadin after enzymatic hydrolysis with acid 
peptidase and identified as Ile-Ala-Pro (Motoi and Kodama, 2003). 
The aim of this study was to fractionate peptides from a tryptic gliadin hydrolysate into fractions with 
different Pro levels. The ACE-inhibitory properties of each fraction were studied after hydrolysis with 
secondary peptidases, as ACE-inhibitory peptides consist of only a few AA residues. Additional 
purification steps may result in fractions with increasing ACE-inhibiting activity. 

MATERIALS AND METHODS 

Materials. Commercial wheat gluten [moisture content: 6.7%, crude protein content ([N]×5.7): 
80.22% on dry basis (db), starch content: 8.35% db] was obtained from Cargill (Bergen op Zoom, The 
Netherlands). Trypsin from porcine pancreas, thermolysin from Bacillus thermoproteoliticus rokko 
and Angiotensin I-Converting Enzyme (ACE) from rabbit lung were purchased from Sigma-Aldrich 
(Bornem, Belgium). Alcalase and Esperase were from Novozymes (Bagsvaerd, Denmark) and purified 
ficain was supplied by Biochem Europe (Mons, Belgium). Furanacryloyl-L-phenylalanylglycylglycine 
(FAPGG) was from Kordia (Leiden, The Netherlands). 
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Enzymatic hydrolysis. A 6.0% (wprotein/v) suspension of freeze-dried gliadin extracted from 
commercial wheat gluten with 70% ethanol, was incubated with trypsin (5.0% w/wprotein) in a pH-stat 
set up using a Titrino (Metrohm, Herisau, Switzerland) at pH 8.0 and at 50 °C for 2.0 h. The resulting 
hydrolysate is referred to as GliaTryptotal. Fractions of this hydrolysate were further hydrolyzed by 
different peptidases. For screening purposes, dispersions of GliaTryp fractions (1.0%, wprotein/v) in 
0.2 M sodium phosphate buffer at pH 8.0 containing ethanol (25%, v/v) were incubated with ficain, 
Alcalase or Esperase at 50 °C or thermolysin at 65 °C (0.5% w/wprotein). For further purification by 
immobilized metal-affinity chromatography (IMAC), hydrolysis was performed on a larger scale (3% 
wprotein/v) in a pH-stat set up. 
 
Graded EtOH precipitation. Water soluble (GliaTrypsol) and insoluble (GliaTrypinsol) peptides (pH 
6.0) were separated by centrifuging GliaTryptotal. The solubles were fractionated by graded ethanol 
precipitation resulting in peptides precipitating at 75, 80, 85 and 90% ethanol and 90% ethanol soluble 
peptides (GliaTrypsol0-75, GliaTrypsol75-80, GliaTrypsol80-85, GliaTrypsol85-90 and GliaTrypsol90+

, 
respectively).  
 
Size-exclusion high performance liquid chromatography (SE-HPLC). SE-HPLC was performed 
with a Biosep-SEC-S2000 column (Phenomenex, Torrance, USA). Samples were dissolved in the 
mobile phase (50% v/v acetonitrile (ACN) + 0.1% v/v trifluoroacetic acid). The column was calibrated 
with ribonuclease A (13.7 k), aprotinin (6.5 k), (Ala)5 (373) and Ala-Gln (217) MW markers. 
 
Immobilized metal-affinity chromatography (IMAC).  IMAC was performed using a prepacked 
HisTrap HP Ni2+ column (GE Healthcare, Uppsala, Sweden). The column was calibrated with a 0.02 
M sodium phosphate buffer (pH 7.3) containing 1.0 M NaCl (Buffer A). Hydrolysates were 
solubilized in buffer A (5.0% wprotein/v) and loaded on the column. Unbound peptides were rinsed from 
the column using buffer A. Peptides with affinity for Ni2+ ions were eluted by decreasing the pH with 
a linear gradient from 0 to 100% for 10.0 min with 0.02 M sodium acetate buffer (pH 3.5) in buffer A. 
Afterwards, the eluted peptide fractions were desalted by semi-preparative reversed-phase HPLC 
(Zorbax 300SB-C8, Agilent, Diegem, Belgium) with ACN:water mixtures as elution solvent and were 
subsequently freeze-dried. 
 
Determination of protein content. Protein contents were determined by the Dumas combustion 
method, an adaptation of the AOAC official method 990.03 (AOAC, 1995) to an automated Dumas 
protein analysis system (EAS, varioMax N/CN, Elt, Gouda, The Netherlands), using 5.7 as the 
conversion factor for gluten proteins. Protein levels from HPLC effluents were determined by Lowry’s 
colorimetric method (Lowry et al., 1951) using a GliaTrypsol concentration range as the standard 
curve. 
 
Determination of amino acid (AA) composition. AA content was determined after release by acid 
hydrolysis, as described by Rombouts et al., (2009). Separation of AA was performed by anion-
exchange high performance liquid chromatography (AE-HPLC) with an AminoPac PA10 column 
(Dionex, Sunnyvale, California, USA) and monitored by integrated pulsed amperometric detection 
(IPAD). 
 
In vitro assay for ACE-inhibitory activity.  ACE-inhibitory activity of peptides was determined 
based on the assay described by Vermeirssen et al., (2002). This method was scaled down for 
microtiter plates. The assay is based on the hydrolysis of the furanacryloyl-Phe-Gly-Gly (FAPGG) 
substrate by ACE resulting in a decrease in extinction at 340 nm. Under the conditions of the assay, 
the concentration of ACE (typically ~0.09 U/mL ) was that needed to result in a decrease in extinction 
of 0.020 to 0.025 between 5.0 and 10.0 min after addition of the FAPGG solution. 
ACE solution (75 µL) was added to water (75 µL, control) or aqueous peptide solution (75 µL, 0.1 % 
wprotein/v) and incubated at 37 °C. Next, FAPGG solution (125 µL, 1.0 mM) was added and extinction 
(340 nm) was measured as a function of time at 37 °C. ACE-inhibitory activity was determined from 
the decrease in extinction in the presence of the potential inhibitors to the decrease of a control 
between 5 and 10 min after incubation of substrate with the mixture of ACE and peptide solutions. 
IC50-values were determined by assaying appropriately diluted samples and plotting the ACE 
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Fig. 1: SE-HPLC profiles of GliaTryptotal (A), GliaTrypinsol (B), 
GliaTrypsol (C), GliaTrypsol0-75 (D), GliaTrypsol75-80, (E), 
GliaTrypsol80-85 (F), GliaTrypsol85-90 (G) and GliaTrypsol90+ (H). 
MW markers are indicated with dots. 
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inhibition percentage as a function of the protein concentration (GraphPad Prism; GraphPad Software, 
San Diego, CA, USA) and are expressed as protein mass per mL. 

RESULTS AND DISCUSSION 

Fractionation of peptide fractions with different Pro levels 
Prior to enzymatic hydrolysis of gliadin, the theoretical action of a number of peptidases on gliadin 
AA sequences was studied using online databases (ExPASy, http://www.expasy.ch and MEROPS, 
http://merops.sanger.ac.uk) (Gasteiger et al., 2003; Rawlings et al., 2008). Trypsin, cleaving the C-
terminal peptide bonds at Lys and Arg residues, was selected as both AA are mainly located at the 
non-repetitive ends (TD) of gliadins. Therefore, enzymatic hydrolysis with trypsin should lead to 
peptides with lower MW originating from the TD and larger ones resulting from the CD. A tryptic 
gliadin hydrolysate was prepared (GliaTryptotal) and the water-soluble peptides (GliaTrypsol) were 
further fractionated by graded EtOH precipitation. The SE-HPLC patterns (Fig. 1.) show that 
GliaTryptotal consists of a wide range of peptides with different MW. The insoluble fraction 
(GliaTrypinsol) contained peptides with the highest apparent MW, while increasing EtOH concentration 
resulted in fractions with peptides of decreasing apparent MW. The AA composition of each fraction 
(Table 1.) shows that the peptides with the lowest MW (GliaTrypsol90+) contained decreased levels of 
Pro, while the EtOH fractions precipitating at up to 90% EtOH showed increased levels of Pro. Based 
on what was predicted for enzymatic hydrolysis of gliadin by trypsin, it was assumed that 
GliaTrypsol90+ was enriched in low MW peptides resulting from the TD, whereas the other EtOH 
fractions were enriched in peptides originating from the CD. However, the water insoluble peptides 
(GliaTrypinsol) showing decreased levels of Pro, consisted of high MW peptides. Further experiments 
on GliaTrypinsol revealed that the peptides were neither aggregated nor linked together by disulfide 
bonds. Therefore, it is possible that not all theoretical cleavages took place in vitro.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Amino acid compositions of GliaTrypinsol, GliaTrypsol0-75, 
GliaTrypsol75-80, GliaTrypsol80-85, GliaTrypsol85-90 and 
GliaTrypsol90+. 
 GliaTrypinsol GliaTrypsol 
  0-75 75-80 80-85 85-90 90+ 
Arg 4.7 1.9 2.0 2.4 2.3 6.3 
Lys 0.7 0.4 0.3 0.5 0.5 0.9 
Ala 3.8 2.7 2.2 2.5 2.2 5.5 
Thr 2.4 2.4 2.2 1.9 1.6 3.2 
Gly 2.7 2.9 2.3 3.3 3.4 5.7 
Val 4.8 3.6 3.4 4.7 5.5 7.0 
Ser 5.6 5.4 4.5 5.1 4.9 5.1 
Pro 14.3 18.4 21.0 19.0 19.9 14.4 
Ile 4.9 3.2 2.6 2.9 2.6 5.5 
Leu 10.6 7.4 7.0 8.1 8.0 10.6 
Met 1.3 0.7 0.5 0.7 0.6 1.1 
His 2.1 1.4 1.3 1.3 1.1 1.1 
Phe 4.0 5.8 6.6 5.4 5.5 4.5 
Glx 31.4 39.2 39.7 36.7 37.2 23.0 
Asx 2.9 2.0 1.8 2.3 2.3 3.2 
(Cys)2 1.7 1.0 0.6 0.7 0.3 0.3 
Tyr 2.2 1.9 1.8 2.2 2.2 2.6 
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ACE-inhibitory activities 
ACE-inhibitory activities of GliaTrypsol and the different EtOH fractions were determined (results not 
shown). The Pro poor fraction GliaTrypsol90+ had the highest ACE-inhibitory activity with an IC50-
value of 0.33 mg/mL (wprotein/v). This fraction also contained the smallest peptides (Fig. 1.). As ACE-
inhibitory peptides have low MW (Murray and FitzGerald, 2007), its higher ACE-inhibitory activity 
seems rather due to the effect of MW as other fractions contain peptides that are too large to serve as 
ACE-inhibitors. GliaTrypsol, GliaTrypinsol and EtOH fractions were further hydrolyzed by ficain, 
thermolysin, alcalase or esperase. All hydrolysates showed increased ACE-inhibitory activities, except 
after incubation with ficain. The ACE-inhibitory activities of the thermolysin-hydrolyzed fractions 
were the highest, followed by those of the hydrolysates obtained after incubation with alcalase and 
esperase. 
A fraction containing Pro rich peptides, obtained by excluding the 90% EtOH soluble peptides from 
GliaTrypsol, and a fraction consisting of Pro poor peptides (GliaTrypinsol) were further hydrolyzed by 
thermolysin in a pH-stat set up at a larger scale. This resulted in two hydrolysates henceforth referred 
to as GliaTrypsol0-90Ther and GliaTrypinsolThersol with IC50 values of 0.16 and 0.10 mg/mL, 
respectively. As ACE is a zinc metallo-exopeptidase, immobilized metal-ion affinity chromatography 
(IMAC) was used to purify peptides with affinity for metal ions. Peptides with affinity for Ni2+ were 
detected. Elution of GliaTrypsol0-90Ther peptides with affinity for Ni2+ resulted in two fractions with 
IC50-values of 0.14 and 0.26 mg/mL, respectively (Table 2). The Ni2+ binding fraction of 
GliaTrypinsolThersol showed an IC50-value of 0.02 mg/mL. The latter fraction also contained the highest 
levels of hydrophobic AA (Table 2), which are often essential in ACE-inhibitory peptides (Murray and 
FitzGerald, 2007). 
 
Table 2: ACE-inhibitory activity of Pro poor and enriched peptides of gliadin after enzymatic 
hydrolysis by trypsin and thermolysin (GliaTrypinsolThersol and GliaTrypsol0-90Ther, respectively) and 
of fractions that were further purified by immobilized metal-ion affinity chromatography (IMAC). 
Sample  IC50 (mg/mL)  Protein yield1 (%)  His (mole %)  Hydrophobic AA (mole %)  

GliaTrypsol0-90Ther  0.16 100 1.6 49.0 

 - IMAC peak1  0.14 0.53 13.3 36.2 

  - IMAC peak2  0.26 0.44 15.6 33.5 

GliaTrypinsolThersol  0.10 100 2.13 52.2 

  - IMAC  0.02 1.91 6.9 49.0 
1Expressed as the quantity of eluted protein to the quantity of protein loaded on to the IMAC column. 
Protein levels were determined by Lowry’s method. 

CONCLUSIONS 

Based on AA sequences of different types of gliadins and the specificity of a number of peptidases, we 
predicted that trypsin would lead to peptides with lower MW originating from the TD and larger ones 
resulting from the CD, and that CD and TD related peptide fractions would differ in their Pro levels. 
Gliadin was hydrolyzed in vitro by trypsin in order to release CD and TD related peptides. 
Fractionation based on water solubility and graded EtOH precipitation resulted in peptide fractions 
with different Pro levels and MW distributions. The insoluble peptides (GliaTrypinsol), as well as the 
fraction soluble in 90% EtOH, showed decreased levels of Pro and may be related to the TD. The 
peptides that precipitated at 90% EtOH were enriched in Pro and may be related to the CD. Of the 
GliaTryp fractions, the highest ACE-inhibitory activity was observed for GliaTrypsol90+. Further 
hydrolysis of the GliaTryp fractions by thermolysin resulted in the largest increase in ACE inhibitory 
activity. No differences in ACE-inhibitory activity were found between fractions with different Pro 
levels. Purification by IMAC with Ni2+ of peptides from GliaTrypinsolThersol, which was derived from a 
Pro poor fraction, resulted in a peptide fraction with an IC50-value of 0.02 mg/mL. This fraction 
contained a large proportion of hydrophobic AA, which are presumed to be essential for the ACE-
inhibitory effect of peptides. 
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ABSTRACT  

Hydrolyzed wheat proteins (HWP) are common ingredients in manufactured food products and are 
used in some cosmetics. They have been shown to trigger immediate hypersensitivities (IHHWP) 
through skin contact (c-IHHWP), or food ingestion (f-IHHWP), or both (c/f-IHHWP) (Pecquet et al., 
2002; Laurière et al., 2006). Patients suffering from the different kinds of IHHWP were selected. They 
all developed a positive skin prick test (SPT) with HWP but a negative SPT with unmodified wheat 
proteins. The analysis of the reactivity of their IgE confirmed that they reacted with numerous wheat 
proteins after hydrolysis and with high molecular weight components present in HWP. However, IgE 
directed against unmodified wheat proteins were also detected in these patients, and IgE from those 
which suffered from c/f-IHHWP reacted specifically with ω1,2-gliadins (Laurière et al., 2007). In the 
present work, the origin of the neo-allergenicity of HWP was studied, using immunoblot inhibition 
experiments and size exclusion-high performance liquid chromatography (SE-HPLC). Unmodified 
proteins inhibited almost completely the IgE reactivity with HWP. This suggested that most of HWP 
epitopes were already present on native proteins and that if neo-epitopes were generated by hydrolysis, 
their role was limited in the allergenicity of HWP. SE-HPLC also confirmed that IgE reacted 
preferentially with high molecular weight aggregates present in HWP and which were likely due to 
rearrangements of polypeptides. The occurrence of these multi-epitopic entities could explain the high 
immunogenicity of HWP in sensitized people. 

INTRODUCTION 

Industrial hydrolysis is a common modification of gluten, to increase its solubility and to modify its 
functional properties. Enzyme and acid hydrolyses are used. Limited enzyme hydrolysis at neutral pH 
is generally preferred because it limits side reactions like deamidation of gluten peptides, which are 
toxic for celiacs. Hydrolyzed wheat proteins (HWP) are common ingredients in manufactured food 
products and are used in some cosmetics. They are complex mixtures of hydrolyzed and intact wheat 
proteins. Their composition depends from the process used and thus also from the producer. Various 
studies have been performed on the effects of hydrolysis on the allergenicity of gluten proteins. 
Enzymatic treatments have been developed to produce wheat proteins hypoallergenic for patients 
allergic to wheat, by focusing on the digestion of known allergenic epitopes present on some 
glutenins. It has been also suggested that heating could increase the allergenicity of wheat gluten 
proteins (Simonato et al., 2001). Cases of food allergy to deamidated gluten isolates have also been 
described (Leduc et al., 2003). Our group has been involved in the description of different cases of 
immediate hypersensitivities to hydrolyzed wheat proteins (IHHWP) triggered by skin contact with 
cosmetics containing HWP (c-IHHWP patients). Some of them also developed in addition food 
allergies to food products containing HWP (c/f-IHHWP patients) (Pecquet et al., 2002) 
Patients specifically sensitive to HWP differ from others allergic to wheat proteins in that they tolerate 
normal wheat products, even if they develop IgE against normal wheat proteins. (Pecquet et al., 2002; 
Laurière et al., 2006). 
In the present work, we describe the properties of the IgE from patients suffering from IHHWP and we 
point out on the effects of the industrial hydrolysis processes on the neo-allergenicity of HWP.  
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MATERIALS AND METHODS 

Patient sera 
Sera came from patients suffering from IHHWP through skin-contact, food ingestion or both. Patients 
were identified at Tenon Hospital (Paris, France), Saint-Eloi Hospital (Montpellier, France), Saint-
Jacques Hospital (Besançon, France), and Imelda Hospital (Bonheiden, Belgium). All patients were 
evaluated by Skin Prick Test (SPT) with wheat flour extracts from Stallergenes S.A. (Antony, France) 
or from ALK (Varennes en Argonne, France), and with gluten and wheat isolate from ALK, industrial 
HWP.  
The study was approved by the committee for protection of human subjects in biomedical research at 
Cochin Hospital (Paris, France), and all patients gave their informed consent before blood taking. 
 

Wheat protein fractions 
Wheat proteins were extracted sequentially from wheat flour with 1 M Tris buffer pH 7.1 (for 
gliadins) then 65% (w/w) n-propanol, 1% (v/v) 2-mercaptoethanol (for LMW-GS) and 35% (w/w) n-
propanol, 0.1 M acetic acid, 5% (v/v) 2-mercaptoethanol (for HMW-GS). All solubilized prolamins 
were precipitated overnight with NaCl 5% (w/v). After centrifugation, three volumes of acetone were 
added to the supernatant resulting from the precipitation of gliadins to precipitate albumins/globulins 
overnight. The pellets were all solubilized again with Laemmli’s sample buffer (Laemmli 1970) 
containing 5% (v/v) of 2-mercaptoethanol and boiled for 5 min. 
 

Industrial HWP 
Six HWP from different industrial producers were used in the study.  
 

SE-HPLC 
SE-HPLC was performed on a HPLC GOLD System from Beckman Coulter Inc (USA). The column 
used was the Superose 6 10 / 300 GL Tricorn (10 mm ID X 300 mm) from GE Healthcare 
(Buckinghamshire, GB). The mobile phase was PBS with 0.1 % (w/v) SDS. 10 mg of HWP 1 or HWP 
2 (in PBS containing 4 % (w/v) SDS) was injected, at a flow rate of 2 mL/min. For each injection, 
eluted polypeptides were collected every minute between 14 and 70 minutes. The content of these sub-
fractions was pooled into eight fractions (I to VIII) according to the chromatographic profile obtained 
at 214 nm. 
 

Quantification of polypeptides 
The polypeptidic content of each SE-HPLC fraction was measured using the ninhydrin method of 
Landry and Delhaye (1996). Gluten was used as standard. 
 

SDS-PAGE and Western blotting 
SDS-PAGE was performed on Novex (Invitrogen, Carlsbad, CA) precast 12% Bis-Tris 
polyacrylamide gels using 3-(N-morpholino)propane sulfonic acid SDS running buffer with anti-
oxidant according to the manufacturer’s instructions. Gels were blotted on PVDF membranes, under 
semidry conditions using the protocol of Laurière (1993). 
 

Immunoblot experiments and protein staining  
Immunoblot and immunoblot inhibition experiments were performed according to Snégaroff et al., 
(2006). 
 

Chemiluminescence detection and quantification 
Chemiluminescence was recorded using the luminescent image analyzer LAS-3000 supplied by 
Fujifilm (USA). Quantification was done using Bio 1D software (Vilbert-Lourmat, Torcy, France) by 
calculating the volume of the chemiluminescent responses, in arbitrary units. The volume was the sum 
of the intensity of each pixel contained in the delimited area. For the immunoblot inhibition 
experiment, the calculation of the inhibition was 100 - (Volume assay with inhibition * 100 / volume 
assay without inhibition). 
 

Dot-Blot 
A Millipore dot blot device was used. Cups were filled with samples from each SE-HPLC fraction 
(from I to VIII) equivalent to 5 µg of polypeptides and with 500 µL of a solution containing 25 % 
(v/v) ethanol, 10 % (v/v) acetic acid, and 0.5 % (w/v) SDS. Polypeptides were thus precipitated 
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directly on PVDF membrane. Immunoblot experiments and quantification of chemiluminescence 
signals were performed as above. 
 

RESULTS AND DISCUSSION  

IHHWP patients 
All the patients were characterized by their absence of allergy to traditional wheat products and their 
negative SPT with wheat flour extracts and often with gluten (Laurière et al., 2006). The type of 
industrial hydrolysis had no important effect on the reactivity of patients. 

 

Reactivity of HWP with IgE from IHHWP patients  
The IgE-reacting pattern of the components of different HWP samples, was determined for all IHHWP 
patients using SDS-PAGE and immunoblotting. Figure 1 shows the results obtained with four of them. 
All HWP samples reacted with IgE despite differences in the industrial processes. However, 
differences in IgE-reactivity patterns and in the intensity of the responses, which varied with the 
patient and the HWP, were observed. IgE reacted with large undefined aggregates of HWP, resulting 
in smears on the electrophoretic patterns (Laurière et al., 2006). 
 

Reactivity of wheat proteins with IgE from IHHWP patients 
The reaction pattern of proteins from the main wheat protein fractions with IgE from all patient sera, 
was analyzed. Figure 2 shows the results from only two of them, one c/f-IHHWP and one c-IHHWP. 
All wheat protein fractions reacted, and differences in IgE-reactivity patterns and in response 
intensities, according to the patient and to the protein fraction were observed. These reactivities must 
be compared to the negative response obtained when using the same proteins in SPT. This emphasizes 
the differences of data obtained with SPT and with immunoblot analysis. These latter allow the 
detection of all IgE epitopes whereas SPT need the presence of at least two epitopes on the protein to 
be positive. The reactivity of IgE towards wheat proteins differed also according to the type of allergy: 
IgE from patients suffering from c/f-IHHWP reacted with all wheat fractions, and especially gliadins, 
whereas IgE from patients suffering from c-IHHWP did not react with gliadins.  
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Identification of the gliadins reacting with IgE from c/f-IHHWP patients 
The gliadins reacting with IgE from four c/f-IHHWP patients sera were identified using high 
resolution gels. The sensitization pattern obtained for the four patients showed that their IgE reacted 
mainly with ω1,2-gliadins (identified by *) and one γ-gliadin encoded on chromosome 1B (identified 
by▲) of all tested varieties (Laurière et al., 2007). The figure 3 shows the typical patterns obtained 
with the IgE from two of these patients. 
 
 
 
 
 
 
 
 
 
Figure 3: Gliadin extracts from seven varieties of wheat (Triticum aestivum L.) (lanes: 1. Chinese Spring; 2. 
Soisson; 3. Prinqual; 4. Chopin; 5. Arsenal; 6. CampRémy; 7. Feuvert) were analyzed using SDS-PAGE and 
either immuno-probed on PVDF membranes with sera from two patients suffering from c/fIHHWP (Panels A) or 
stained with Coomassie Brilliant Blue (Panel B).  
 

The fact that IgE from the studied patients could react with both normal and modified wheat proteins, 
combined with the food and skin tolerance of these patients for unmodified proteins, strongly 
suggested that there was a change in the allergenic status of wheat proteins when they were processed 
in HWP. This change could be due to different molecular mechanisms. Among them, the IgE epitopes 
already present on native proteins could be displayed differently to the immune system, or new 
epitopes could be created during the process of these proteins. The occurrence of allergenic neo-
epitopes was already hypothesized for deamidated wheat protein isolates (Leduc et al.; 2003). 
 

Search for neo-epitopes created on modified wheat proteins 
Immunoblot inhibition experiments using total wheat proteins directly extracted from grains, as 
inhibitor of the reaction of IgE with normal protein fractions and on HWP separated using SDS-
PAGE, were performed. Table 2 shows the results obtained. 
 

Table 2: Cross-Reactivity between Unmodified Wheat Proteins and HWP. 

Type of proteins/HWP on membrane 
Albumins 
/globulins 

Gliadins Glutenins HWP 

% of inhibition by a wheat protein extract 97 65 0 86 
 

In the conditions of the assay, the IgE fixation on albumins and globulins was fully inhibited (97%) by 
the extract, which contained the same proteins in solution. This was considered as a good positive 
control. The inhibition of IgE fixation was partial on gliadins and null on glutenins, probably due to 
solubility problems. In the same conditions, the fixation on HWP was very strong, which suggested 
that most of the epitopes involved were already present on native proteins and that neo-epitopes, if 
they were present, had a minor contribution. 
 

Fractionation and IgE-binding ability of polypeptides from HWP 
SE-HPLC fractionations of HWP from two different origins (HWP 1 and 2) were performed to 
evaluate the molecular size distribution of the reactive polypeptides. The size profile of the two HWP 
sample was similar, and ranged from 1,184 kDa, which is rather large for hydrolyzed polypeptides, to 
less than 5 kDa. Eight similar fractions were pooled from each HWP sample, and dot blotted on PVDF 
membranes. Figure 4, panels B shows by Indian ink total protein staining, that the polypeptidic content 
of all fractions remained normally fixed on the membranes after processing. IgE reacted mainly with 
the fractions I to III from HWP 1 and I to V for HWP 2 (Figure 4, A panels). This corresponded to a 
molecular weight ranging from 1,184 kDa to 31 kDa for HWP 1 and from 1,184 kDa to 15 kDa for 
HWP 2. Other fractions did not reacted or the reaction was very faint. These experiments showed that 
only high molecular weight aggregates contained in the tested HWP were IgE-reacting with the serum 
used. These results were consistent with SDS-PAGE experiments which displayed smears of reactive 
polypeptides up to very high molecular weights. 
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Figure 4: 5 µg of polypeptides from each of the previous fraction (from SE-HPLC separation of HWP 1 and 2) 
were spotted on PVDF membrane and immuno-probed with the serum from one IHHWP patient (A panels). 
Indian ink staining of the membrane after immuno-detection was performed as control (B panels). 

CONCLUSIONS 

Upon hydrolysis wheat proteins can become strong allergens for some individuals, when they are 
applied on their skin or ingested. The proteins involved in the allergic reactions of these individuals 
belong mainly to the albumin/globulin fraction. However allergic patients who developed both contact 
and food IHHWP also reacted specifically with ω1,2-gliadins and one γ-gliadin encoded on 
chromosome 1B. This makes this form of allergy completely different from the well-known wheat 
dependant exercise induced anaphylaxis. The present study points out the importance of the industrial 
hydrolysis processes on the allergenic properties of hydrolysates. Besides the formation of protein 
fragments, large aggregates of polypeptides are also formed during the process or during the storage. 
Only these aggregates reacted with the IgE of the studied patients and most of the epitopes that were 
detected in the studied HWP had structures already present in native proteins. The formation of multi 
epitopic structures associated to a change in their presentation to the immune system was hypothesized 
to be the main basis of the allergenicity of HWP.  
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This study investigated how drying profiles in pasta processing can change the protein solubility and 
structure of protein films and their repercussions on in vitro protein digestibility and allergenicity of 
digests. 
 

Wheat pasta were processed and dried differently at low (55 °C, LT), high (70 °C, HT), and very high 
temperature (90 °C) applied either at the beginning (VHT) or at the end of the drying profile 
(VHT_LM). Proteins in dried or cooked pasta were investigated. Pasta were cooked at optimal 
cooking time (as indicated by the disappearance of the white core of the pasta) + 1 min. In vitro 
digestion was performed in batches: cooked pasta were minced to reproduce their breaking down 
during mastication, and were successively hydrolysed by α-amylase for 5 min, pepsin at pH 2 for up 
to 3 hours and pancreatin at pH 6.5 for up to 3 hours. Digests at the end of gastric phase or intestinal 
phase were selected to be evaluated for the presence of IgE reactive peptides by competitive ELISA 
with a pool of four sera from patients with food allergy to wheat.  
 

Whereas the protein solubility of dried pasta differed considerably as a function of the drying process, 
with higher amounts of covalently (S-S and not S-S) aggregated proteins in the case of VHT 
processes, pasta cooking appeared to erase differences between pastas, as cooking also resulted in the 
formation of such covalent links. 
Concerning pasta microstructure, increasing the drying temperature did not create major differences: 
the structure of protein films mainly depends on their location (central, intermediate and external 
zones) in the pasta. However, small differences were observed in pasta dried at higher temperatures 
(HT, VHT and VHT_LM): their protein network included a larger amount of the thinnest films 
(<4 µm), whatever the location in the pasta.  
 

Protein digestibility in cooked pasta remained low during the bucco-gastric phase and was not affected 
by the drying process. However, VHT_LM drying significantly decreased (by 10%) protein 
digestibility of cooked pasta at the end of the intestinal phase, probably due to the highly aggregated 
proteins linked by very strong covalent bonds. None of the drying profile was found to abolish the 
allergenic properties of pasta: IgE-reactive peptides from prolamins and albumins/globulins fractions 
were found in all digestion juices, VHT-LM drying increased the latter in digestion juices at the end of 
the intestinal phase.  
 

This link between process, structure and nutritional properties emphasizes the key role of industrial 
processing in the determination of the nutritional properties of food.  
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ABSTRACT  

The prevalence of food hypersensitivity reactions is on the increase. As the only cure for these 
illnesses is the total avoidance of sensitizing proteins, proper legislation is crucial to protect sensitive 
people. In the European Union, 14 allergenic components must be labelled, which requires reliable and 
validated analytical methods for the appropriate quantification of allergenic proteins. Method 
validation is one of the hot topics of the activity of EU funded Network of Excellence, MoniQA. As 
the Hungarian member of this project, our aim is to study the parameters that may affect analytical 
results and thus have to be taken into account during the validation process. To investigate these 
issues, preliminary experiments with standard gliadin-starch mixtures as a model food matrix were 
conducted. The model mixtures were observed at two gliadin concentrations, three heat treatments and 
two concentrations of extracting ethanol by ELISA and LFD. Significant effects of gliadin 
concentration, temperature and their interaction were revealed by the statistical data. Based on these 
results a second experiment was designed using wheat flour based cookies as a real processed food 
matrix with milk and egg powders as allergen sources. Effects of food processing steps were 
investigated at two concentrations. ELISA analysis revealed a large-scale decrease in measurable 
protein concentration after baking. Understanding the background of this phenomenon and expanding 
these experiments for gluten are the main goals of our future work.   

INTRODUCTION 

Food allergy and food intolerance are abnormal hypersensitivity reactions to certain food proteins in 
the human body. Symptoms of these illnesses show large-scale variability ranging from sneezing 
through eczema to anaphylactic shock. Eight kinds of foodstuffs (the so-called “Big Eight”) are 
responsible for 90% of these sensitivity reactions. Today the only cure of these illnesses is completely 
avoiding sensitizing proteins in the diet. These diets require foresight in both consumers and food 
manufacturers (Taylor et al., 2001). 
 
To ensure the safety and the right for information of people suffering from food hypersensitivity 
reactions, 14 foodstuffs (the “Big Eight” and 6 further food components) must be labelled on the 
package of foods sold within the European Union according to Directive 2003/89/EC and 
2006/142/EC (van Hengel, 2007). For this purpose, reliable validated analytical methods for 
qualification and quantification of food allergens are necessary. During method validation there may 
be some problems in designing a satisfactory protocol. In one hand, allergenic proteins are often not 
fully characterized and are sometimes present only in small amounts in foodstuffs. On the other hand, 
the behaviour of these proteins in a processed food matrix is not always well known (Poms et. al., 
2006).  
 
Validating methods and studying the above-mentioned issues is an important part of the activity of the 
EU funded Network of Excellence, MoniQA (Monitoring and Quality Assurance in the Food Supply 
Chain, FOOD-CT-2006-036337). As the Hungarian member of this project, our Department has 
joined in the work of the Allergen Working Group. The main goal of our work is to investigate the 
effect of food processing steps on measurable allergen protein content with the help of model matrices 
that contain allergenic proteins in specified amounts. During our experiments, model products 
containing gluten, milk or egg were studied.  
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MATERIALS AND METHODS 

For the preliminary experiments, a powder mixture of standard gliadin (Sigma G3375-5G) and starch 
from rice and corn (Sigma S7260-500G and Sigma 9679-5G, respectively) was produced. A basic 
mixture with 1000 ppm gliadin concentration was made and this stock standard was diluted with 
starch to prepare a 2 ppm (approx. LOQ of applied analytical methods) and a 75 ppm (approx. low 
gluten level according to Codex legislation) gliadin concentration mixture. The mixtures were heat 
treated at three temperatures: room temperature, at 80 °C, for 1 hour to model pasta making, and at 
180 °C, for 30 min to model bread making. The samples were analyzed both with an in-house indirect 
competitive ELISA method using polyclonal antibodies for determination of gliadin (developed by 
Hungarian Central Food Research Institute) and with LFD test strips (R-Biopharm, R7003, RidaQuick 
Gliadin). Sample preparation was implemented at two concentrations of extracting ethanol: 40 and 
60%, on the basis of the extraction method provided by Codex (40-70%).  
 
During the second experimental session, wheat flour based cookies were used as a processed matrix. 
These were produced according to a modified recipe by Scaravelli et al (2008). Standard milk (IRMM 
BCR-380R Whole Milk Powder) and egg (NIST RM 8415 Whole Egg Powder) powders were used as 
the source of allergenic proteins. First, stock mixtures with 10000 ppm milk/egg powder were made 
which were further diluted with a mixture of dry ingredients to produce diluted powder mixtures with 
100 ppm milk powder and 1000 ppm egg powder. Samples were taken from each mixture, from 
freeze-dried raw dough, and from the cookies. Analytical investigation of all samples was by indirect 
competitive ELISA (Tepnel BIOKITS Casein Assay Kit) and sandwich ELISA (R-Biopharm 
Ridascreen Fast Ei/Egg) methods.  

RESULTS AND DISCUSSION  

Statistical data generated from the analytical results of gliadin model products showed that gliadin 
concentration, temperature and their interactions had a significant effect on the measured data (Fig. 1 
and 2).  
 

 
 
Figure 1: Effect of gliadin concentration and temperature, 
2 ppm gliadin 

Figure 2: Effect of gliadin concentration and 
temperature, 75 ppm gliadin 

 
Based on the results of the study on gliadin-starch mixtures, a second series of experiments was 
carried out with model samples in a real processed food matrix, i.e. wheat flour based cookies with 
milk and egg powder as allergen sources. Results of ELISA measurements showed several effects 
(Fig. 3-4). On one hand, raw dough contained a lower amount of allergenic protein than the mixture of 
dry raw materials, due to the observable diluting effect of margarine and water added to the mixture of 
raw materials to produce the dough. This showed that that the first step of processing (hydration, 
dough development) had no effect on measurable allergen content, as expected, there was no protein 
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denaturation. On the other hand, a major decrease in measurable protein content was observed in the 
cookies after baking. This phenomenon has not yet been clarified and may have different explanations, 
for instance total heat denaturation of proteins or minor modifications in their structure reducing 
detectability. Another possible explanation is a failure in the immunoanalytical method used, e.g. use 
of antibodies that are only able to determine the native form of the protein; or a problem during sample 
preparation, e.g. improper extraction method. Another interesting question is how this phenomenon 
influences the clinical effects of these proteins. 
 

 
Figure 3: Effect of processing steps on measurable 
milk protein (casein) content. 

Figure 4: Effect of processing steps on measurable 
egg protein content 

 

CONCLUSIONS 

Very important questions are emerging in connection with the validation of methods for allergen 
qualification and quantification. One is the effect of food processing on allergen content. One of our 
most interesting results was a large-scale decrease in measurable protein content in each case when 
heat treatment was applied. The cause of this phenomenon has not yet been clarified. There are several 
possible explanations, e.g. complete heat denaturation or minor modifications in protein structure 
reducing extractability or detectability, the failure of the analytical method or problems during sample 
preparation (wrong antibodies or extraction method). The influence of this phenomenon on the clinical 
properties of these proteins also remains to be explored. The main goals of our future work are thus 
understanding the background of the above-mentioned phenomenon and expanding these experiments 
to gluten in a real processed food matrix. For this reason, the use of different, confirmatory analytical 
methods (e.g. MS) is planned. The new data may contribute to a future validation protocol, to the 
development of an appropriate method and to the refinement of legislation concerning the issues of 
food allergy and intolerance. 
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ABSTRACT 

 
Celiac disease (CD) patients are especially sensitive to the prolamin fraction of wheat (gliadins), rye 
(secalins) and barley (hordeins). Symptoms of CD can be avoided by adhering to a strict life-long 
gluten-free diet, but gluten is difficult to avoid since it is the main component of wheat flour (80%), 
traditionally used in the bakery and pasta industries, and is also a hidden ingredient in many other food 
products. Since early 2009 oats have been considered as gluten-free products by the CODEX 
ALIMENTARIUS, if the amount of contaminating gluten from wheat, rye and barley is below 20 
ppm. However, the use of oats by CD patients is still somewhat controversial despite many scientific 
reports indicating that the consumption of oats by CD patients does not cause harmful symptoms. One 
reason is the occurrence of gluten contamination of many commercial oat products. In addition, there 
have been reports of human T-cells reacting to peptides that were allegedly derived from avenins. As 
only very few avenin sequences are known, it is impossible to validate such claims. 
We have now cloned and sequenced the avenins from one commercial hexaploid oat cultivar, Gigant. 
We also extended our analysis to ESTs. Here we report on the analysis of the sequences obtained, both 
in terms of general structure and sequence variation in the gene family, and with regard to variants of 
known CD epitopes. 
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ABSTRACT 

Introduction : Celiac disease (CD) is a chronic inflammatory disease affecting the small intestinal 
mucosa. The causative agents have been identified as proline-rich proteins (called prolamins) from 
wheat, and also related proteins from barley and rye. Upon ingestion, these proteins bind to HLA-
DQ2/8 APCs and are recognized by CD4+ T cells, causing the inflammatory reaction. Although 
several alternatives are under investigation, the only acceptable treatment for CD is a life-long 
wheat/barley/rye exclusion diet. Food products based on these cereals form an important part of the 
Western European diet, and CD patients consequently need other cereals to replace these sources of 
the fibre and nutrient intakes. Oats are a controversial field: although most patients can tolerate them, 
intrinsic toxicity has also been reported [1]. Furthermore, oat products are frequently contaminated by 
other cereals, which complicates analysis [2]. 
 
Objective: To characterize the potential toxicity of oats using biochemical and immunological 
techniques. 
 
Materials and methods: 28 oat varieties were included in this study. Gluten proteins were extracted 
with a new method based on the reductant reagent dithiothreitol (DTT). The extracts were analyzed by 
means of competitive ELISAs and Western Blots (WB), using four different monoclonal antibodies 
(mAbs): two against gliadin (α9- and α20-glia) and two against glutenin (LMW- and HMW-glut) [3]. 
To confirm the results obtained with these mAbs, the oat samples were also analyzed by sandwich R5 
ELISA (Ingezim® Gluten, Ingenasa, Spain). The presence of T cell stimulatory epitopes in the oat 
samples was determined using various T cell lines isolated from biopsies of CD patients. 
 
Results and discussion: The competitive ELISAs and WB with the mAbs against α9-glia, α20-glia 
and HMW-glut were negative, demonstrating that the oat samples were not contaminated with wheat, 
barley or rye. These results were confirmed by sandwich R5 ELISA. However, strong reactivity of the 
LMW mAb with all the oat samples was observed in both ELISA and WB. Those proteins recognized 
by the LMW mAb were excised from the gel and, after trypsin and chymotrypsin digestion, identified 
by mass spectrometry and bioinformatics as “celiac immunoreactive avenins” (Swiss-Prot Q09114.1). 
Furthermore, the LMW mAb specifically recognized synthetic avenin peptides, demonstrating that the 
reactivity of the mAb is based on cross-reactivity between LMW-glut and avenins. Importantly, we 
observed that a gamma-gliadin specific T cell line, known to recognize an immunogenic avenin-
derived peptide [4], differentially responded to stimulation with pepsin/trypsin digests of the oat 
varieties.  
 
Conclusions: The analyzed oat varieties were not contaminated and contained a natural variation in 
potential celiac immunogenic epitopes. Further research is needed to determine the clinical relevance 
of these results. 
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ABSTRACT 

Celiac disease (CD), gluten-sensitive enteropathy, is an autoimmune disease of the small intestine 
caused by the ingestion of gluten proteins from food sources such as wheat, rye, and barley. The 
current treatment for CD is a strict gluten-free diet throughout life. Recently, the capacity of probiotic 
lactic acid bacteria (LAB) in hydrolysation of wheat flour gliadins, including polypeptides responsible 
for CD, has been explored as a tool to increase tolerability in CD patients. Sourdough contains 
metabolically active yeast and LAB strains. Gliadin and glutenin fractions are hydrolyzed by their 
complex protease and peptidase system, and also by the wheat proteolytic enzymes. In this review, 
studies on the effects of sourdough fermentation on the toxicity of gluten were evaluated as a helpful 
tool for a gluten-free diet. 

INTRODUCTION 

Celiac disease is a chronic inflammatory disease characterized by flattened villi on the small intestine 
mucosa, and is induced in genetically susceptible people by the ingestion of proline- and glutamine-
rich gluten proteins (Di Sabatino and Corazza, 2009). Gluten proteins can be divided into two main 
fractions according to their solubility in aqueous alcohols: soluble gliadins and insoluble glutenins. 
Gliadins, molecular weights (MWs) around 28,000–55,000 Da, can be classified according to their 
different primary structures into the α/β-, γ- and ω-type. Disulphide bonds are either absent or present 
as intrachain crosslinks. The glutenin fraction, MWs around 500,000 to more than 10 million, 
comprises aggregated proteins linked by interchain disulphide bonds (Wieser, 2007). Gliadin is only 
partially cleaved because of high proline and glutamine content and confers resistance to the enzymes 
of the human digestive tract which lack postproline cleaving activity. High proline content increases 
the resistance of peptide to gastrointestinal proteolysis, and glutamine makes gluten a good substrate 
for the enzyme tissue transglutaminase (tTG) (Lindfors et al., 2008; Stepniak et al., 2006). In the 
lamina propria, the tTG converts glutamine into the negatively charged glutamic acid, resulting in the 
increased affinity of gliadin peptides for the histocompatibility leukocyte antigen (HLA) molecules. 
Intestinal T cells, which release proinflammatory cytokines, are activated by the interaction between 
gliadin peptides and HLA molecules. Consequently, severe damage to intestinal mucosa architecture 
occurs (Arendt and Dal Bello, 2008). HLA-DQ2 and DQ8 are the genetic components found in at least 
95% of patients (Lindfors et al., 2008; Catassi and Fasano, 2008; Sollid and Khosla, 2005). CD has an 
incidence of 1 out of 100–550 people in the European population (Fasano and Catassi, 2001). The only 
effective treatment for CD is a strict adherence to a gluten-free diet throughout the patient’s lifetime, 
which, in time results in clinical and mucosal recovery (Gallagher et al., 2004). Although the amount 
of tolerable gluten varies among people with CD, a daily gluten intake of <10 mg is unlikely to cause 
significant histological abnormalities (Akobeng and Thomas, 2008). In Codex Alimentarius (2000), 
the gluten limit in gluten-free products is 20 ppm. 
 

A few short sequences very rich in glutamine and proline residues (e.g. P-S-Q-Q and Q-Q-Q-P 
sequences) and domain I of α-gliadins are related to toxicity (Rollán et al., 2005; Hamer, 2005). Some 
fragments reported to be toxic are 31–43 fragment of α-gliadin (Marsh et al., 1995), oligopeptide 
corresponding to aminoacids 31-49 of A-gliadin (Sturgess et al., 1994), 33-mer of α2-gliadin (residues 
57 to 89) (Shan et al., 2002), 26-mer peptide from γ-5 gliadin (Shan et al., 2005), peptide 9 
(41QPYPQPQPFP50) located in the domain I of α- and α/β-gliadins and peptide 42 
(206LGQGSFRPSQ215) only in α-gliadin (Lahdeaho et al., 1995). Fraser et al., (2003) stated that each 
patient demonstrated a reaction to peptide G8 (corresponding to residues 56–75 of α-gliadins). Since 
the patients were HLA DQ2 positive, none was HLA DQ8 positive, it cannot be concluded that 
peptide G8 is toxic to all CD patients.  
Aspartic proteinases and carboxypeptidases are in the major proteinase group in both wheat and rye 
flours (Loponen et al., 2004; Tuukkanen et al., 2005). Germinated rye grain contains mainly aspartic 
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and cysteine proteinase activities that are especially active at pH 3.8 (Brijs et al., 2002). Under acidic 
conditions, endogenous proteolytic enzymes have an effect on primary proteolysis (proteins to 
peptides) in wheat and rye sourdoughs (Loponen et al., 2004; Tuukkanen et al., 2005; Thiele et al., 
2002). Microbial acidification shifts the dough pH to 3.5-4.0 to match the pH optimum of the cereal 
aspartic proteinases. Microbial acidification and the reduction of disulfide bonds in gluten proteins by 
heterofermentative lactobacilli increase the solubility of gluten proteins and make them more 
susceptible to proteolytic degradation. The hydrolysis of peptides (secondary proteolysis) by 
sourdough lactobacilli accumulates amino acids in dough in a strain dependent manner, whereas yeasts 
decrease amino acid levels in dough. (Gänzle et al., 2008). Thiele et al., (2002) demonstrated that the 
amino acid levels in wheat doughs depend mainly on the pH level of dough, the fermentation time, 
and the consumption of amino acids by the fermentative microflora. Also, increased levels of amino 
acids in doughs improved the flavour of the bread.  
 

Sourdough is an intermediate product that can be classified as type I, type II and type III. Traditional 
type I doughs sustained by repeated inoculation at ambient temperature according to traditional 
procedures, type II using elevated temperatures, longer fermentation times and higher water content, 
and type III initiated by defined starter cultures (Vogel et al., 1999). Although Lactobacillus, 
obligatorily homofermentative and possibly or obligatorily heterofermentative, are typical sourdough 
LAB, Leuconostoc, Weissella, and Pediococcus species are also frequent (De Vuyst and Neysens, 
2005; Gobbetti, 1998). The most frequently isolated LAB are Lb. sanfranciscensis, Lb. plantarum and 
Lb. brevis. Lb. pontis, Lb. reuteri, Pediococcus pentosaceus, Leuconostoc mesenteroides, Lb. 
delbrueckii ssp., Lb. casei, Lb. alimentarius, Lb. fermentum, Lb. rossiae have also been identified. The 
most common yeasts are Saccharomyces cerevisiae, Saccharomyces exiguus, Candida holmii, C. 
krusei, Pichia norvegensis and Hansenula anomala (Gobbetti, 1998; Gul et al., 2005; Gerez et al., 
2006; Carnevali et al., 2007). The use of Lb. sanfranciscensis and Lb. plantarum during sourdough 
fermentation causes a considerable increase in the total concentration of free amino acids. Lb. 
sanfranciscensis strains show the highest aminopeptidase, dipeptidase, tripeptidase and 
iminopeptidase activities in comparison with the other sourdough LAB (Gobbetti, 1998). Rollán et al., 
(2005) showed that Lb. plantarum CRL 778 and CRL 759 were both able to hydrolyze the chemically 
synthesized 31–43 fragment of α-gliadin. After 4 h of incubation, hydrolysis of the 31–43 peptide of 
α-gliadin by enzyme preparations of Lb. plantarum CRL 759 and CRL 778 was 73% and 36% 
respectively. The results of another study showed that Pediococci strains isolated from sourdough are 
proteolytically active on gluten. P. pentosaceus CRL 797 was the most proteolytic strain, displaying 
similar activity on gluten to that of Lb. plantarum CRL 759 (Gerez et al., 2006). 
 

Using Lb. alimentarius 15M, Lb. brevis 14G, Lb. sanfranciscensis 7A, and Lb. hilgardii 51B, Di 
Cagno et al., (2002) demonstrated that albumins, globulins, and gliadins, except glutenins, were 
hydrolyzed during sourdough fermentation. Fragment 31-43 of A-gliadin was hydrolyzed after 4 h of 
treatment with enzyme preparations of lactobacilli. Liberation of free amino acids was observed 
during fermentation. On the basis of these results, a wheat sourdough bread was produced with the 
same Lb. species (Di Cagno et al., 2004). The amount of wheat flour was decreased to 30% by mixing 
with oat, millet, and buckwheat flours. Almost complete hydrolysis of wheat gliadins was achieved 
while prolamins from oats, millet, and buckwheat were affected less or not at all. The hydrolysis by 
the lactobacilli also concerned oligopeptides such as fragment 62-75 of A-gliadin and the 33-mer 
peptide. A comparison with a chemically acidified dough or with a dough started with baker’s yeast 
alone showed that the hydrolysis was due to the proteolytic activity of sourdough lactobacilli and that 
prolamin fractions were not affected during dough fermentation with yeast. The above-mentioned 
LAB were also used to ferment durum wheat semolina (Di Cagno et al., 2005). Using 2-D 
electrophoresis, it was shown that 92 of the 130 durum wheat gliadin spots were almost completely 
hydrolyzed during fermentation. According to R5-Western blot, pasta fermented with lactobacilli still 
contained 1045 ppm of gluten, it was stated that pasta formulations include 20% of freeze-dried 
fermented durum wheat semolina can provide a safe threshold. Rizzello et al., (2007) employed 
different L. sanfranciscensis strains characterized by marked peptidase activity towards Pro-rich 
peptides and fungal proteases together with the LAB used by Di Cagno et al., (2002) during long-time 
fermentation of wheat. The results showed that the detected gluten level was less than 20 ppm, which 
means wheat flour hydrolysis was maximum compared with the other studies mentioned above. De 
Angelis et al., (2006) showed that freeze-dried preparation of VSL#3 (VSL Pharmaceuticals) 
containing Streptococcus thermophilus, Lb. plantarum, Lb. acidophilus, Lb. casei, Lb. delbrueckii spp. 
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bulgaricus, Bifidobacterium breve, B. longum and B. infantis completely hydrolyzed the α2-gliadin-
derived epitopes 62–75 and 33-mer. When used individually, strains belonging to VSL#3 preparation 
were less effective in causing hydrolysis. Since the acidification and related redox potential were 
found to affect the solubility, polymerization and hydrolysis of the polypeptides, all the results of the 
above studies were compared to those of a chemically acidified dough (Di Cagno et al., 2002; 2005; 
Rizzello et al., 2007; De Angelis et al., 2006). Tuukkanen et al., (2005) showed that during rye 
sourdough fermentation, rye secalins are degraded even without any microorganisms, especially under 
acidic conditions. This result implies that the endogenous proteolytic enzymes of rye, aspartic 
proteinases, effectively hydrolyze rye secalins when LAB contribute to sourdough chemistry by 
producing organic acids. Hartmann et al., (2006) investigated whether proteases isolated from 
germinating seeds were able to degrade celiac-toxic proline- and glutamine-rich peptides. These 
authors showed that the proteases cleaved toxic gliadin peptides into non-toxic fragments with less 
than nine amino acids. Single prolamin types (ω-, α-, γ-type) and glutelin types (high- and low-
molecular-weight subunits) showed a similar degree of degradation. Loponen et al., (2009) also showed 
that in sourdoughs prepared using germinated rye, the rye prolamins were efficiently hydrolyzed to 
levels that might be tolerated by celiac patients. These authors indicated that more than 99.5% of the 
rye prolamins were hydrolyzed in germinated rye sourdoughs compared to that of unfermented rye 
flour. The use of germinated rye in sourdoughs may avoid the technological problem caused by 
complete elimination of gluten, because the water binding and gas retention are mediated by 
pentosans, which are not affected by proteolysis (Gänzle et al., 2008).  

CONCLUSIONS 

Sourdough fermentation aimed at eliminating the toxicity of gluten fractions shows promise. 
Sourdough bread and fermented durum wheat pasta resulted in a noticeable decrease in toxic gliadin 
fractions, but the toxicity was not totally removed. To decrease the level of gluten under 20 ppm, the 
addition of fungal proteases and use of germinated seeds are considered. Methods such as 2-D 
electrophoresis, RP-HPLC, MALDI-TOF MS, LC/ES-MS, ELISA, Western blotting can be used to 
characterize the toxic degradation products of gluten. Further studies aim to remove the toxicity 
completely to provide a product that is completely safe and suitable for consumption by CD patients.  
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ABSTRACT 

Wheat is used to make a vast range of food products, including bread, pasta and cakes. Allergic 
reactions to food, including wheat products, are becoming more common in Western countries and 
affect up to 2% of the adult population and 6% of children (Sotkovsky et al., 2008). Investigation of 
the stability of proteins in the gastro-intestinal digestion process after heat treatment may contribute to 
their allergenic potential. It is thought that resistance to digestion plays an important role in the 
development of sensitisation, and it is postulated that resistance to gastric conditions (low pH and 
pepsinolysis) may have a significant impact on the solubility and allergenic potential of food proteins 
(Thomas et al., 2007). Both intact proteins and digested polypeptides can potentially elicit an allergic 
reaction. To better understand how chemical and biochemical changes induced by food processing 
(such as cooking) affect digestibility of wheat flour proteins, two-dimensional electrophoresis (2-DE) 
digestion maps of heated and unheated flour were produced. Experiments were carried out using an in 
vitro static system (Mandalari et al., 2009) with an additional ‘chewing’ step including human salivary 
amylase, in order to study oral degradation of wheat flour proteins. Results showed reduced protein 
degradation in heated flour, suggesting that heat treatment can modify protein susceptibility to 
digestion. 

INTRODUCTION 

Wheat is one of the most important crops in the world, and is an essential component in the daily 
nutrition for the majority of the population. During the last few years, hypersensitivity reactions to 
wheat proteins have increased but little information is available about the allergens that cause wheat 
food allergy and how they may be modified by cooking. Studies found that water soluble cereal 
albumins can trigger respiratory diseases such as Baker’s asthma (James et al., 1997), although the less 
soluble gliadin and glutenin fraction are also considered to be responsible for food allergy and wheat 
dependant exercise induced anaphylaxis (WDEIA). It is thought that the digestion process can play an 
important role in assessing the allergenic potential of proteins (Thomas et al., 2007). Mesa del Castillo 
et al., (2004) evaluated the allergenicity, using IgE immunoblotting, of wheat proteins following 
pepsin digestion, and discovered a water soluble allergen around 35 kDa that was involved in wheat 
allergy reactions after ingestion. Simonato et al., (2001) studied the effect of both in vitro digestion 
and baking conditions on wheat allergens. These authors showed that thermal treatment of products 
was an important factor in their allergenic activity in individuals suffering from wheat food allergy, as 
they found that thermally induced protein aggregation prevents complete proteolytic degradation of 
allergens. Recently, proteomic strategies were used to identify allergens, exploiting the high resolution 
of proteins mixture achieved using 2-DE. Sotkovsky et al., (2008) studied salt-soluble wheat allergens 
treated with the gastric protease pepsin, in order to characterise proteins resistant to gastric proteolysis. 
They identified IgE binding proteins that were resistant to pepsin hydrolysis, corresponding to the 0.19 
dimeric α-amylase inhibitor, peroxidase 1 and the glyceraldehyde-3-phosphate dehydrogenase. The 
aim of our study was to gain a more detailed understanding of the behaviour of wheat flour proteins 
during in vitro gastric digestion before and after cooking, using 2-DE protein maps and image analysis 
to monitor the rate of protein degradation. 
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MATERIALS AND METHODS 

Flour preparation 
(1) Heated flour: Wheat flour (Triticum aestivum, cv. Hereward) was mixed with water and cooked at 
100 °C for 10 min, in order to achieve full gelatinisation of the starch and to produce a paste. 
Subsequently an amount of this paste, corresponding to 20 mg of protein, was mixed with simulated 
salivary fluid (SSF) at pH 6.9 and was subjected to oral-gastric digestion. (2) Unheated flour: Flour 
(containing 20 mg of protein) was mixed with simulated salivary fluid (SSF) to obtain a liquid 
mixture; this mixture was subjected to oral-gastric digestion. 
 

Chemicals and enzymes 
Human salivary amylase (210 U mg-1 solid) and pepsin (3.260 U mg-1 protein) were supplied by 
Sigma ((Poole, Dorset, UK), egg L α - phosphatidilcholine (PC, lecithin grade 1 (99 % purity)) was 
obtained from Lipid Products (South Nutfield, Surrey, UK). Other chemicals were of analytical grade. 
 

In vitro oral and gastric digestion 
Simulated in vitro digestion experiments were performed on both heated and unheated wheat flour. 
Samples were processed by following a modified simulated gastric digestion method based on that 
described by Mandalari et al., (2009). In vitro digestion was performed in individual bottles, each 
corresponding to one time point of digestion. The amount of heated and unheated flour, containing 
approximately 20 mg of protein, was subjected to in vitro oral digestion in simulated salivary fluid 
(SSF) at pH 6.9, containing human salivary amylase (2U ml-1 SSF) and subsequently incubated at 
37 °C, for 5 min in a shaking incubator (170 rpm). Gastric digestion was performed sequentially by 
adding simulated gastric fluid (SGF), pepsin (163 U mg-1 protein) and PC (0.1mM). Proteolysis was 
stopped after 5, 30 and 60 min of incubation, using 1M ammonium bicarbonate. Samples were stored 
at -20 °C until further analysis. 
 

2D-E  
(1) Sample preparation 
Samples were centrifuged at 10, 000 x g for 10 min to separate the soluble fraction (SF) from the 
insoluble fraction (pellet). SF was treated using a 2D Clean-up Kit (GE Healthcare, UK.) to remove 
interfering compounds such as lipids and salts. The SF and pellet proteins were solubilised in 
rehydration buffer containing 7M urea, 2M thiourea, 2 % (w/v) CHAPS, 1 % (w/v) DTT and 0.5 % 
IPG-buffer pH 3-11NL. The protein concentration was determined by 2D Quant-Kit (GE Healthcare 
UK). 
(2) Isoelectric focusing (1st dimension) 
Proteins were separated by isoelectric point (pI) on 7 cm immobilised pH gradient (IPG) strips 
(Immobiline DryStrip™, GE Healthcare, UK) (pH 4-7 and 6-11), 125 µl rehydration buffer containing 
20 µg of protein was loaded onto individual IPG strips and rehydrated for 16 h at 20 oC. IEF was 
performed using an Ettan Dalt IPGPhor isoelectric focussing unit (GE Healthcare, UK) for a total of 
6.4 kVh at 20 oC. 
(3) SDS PAGE (2nd dimension) 
Proteins were separated by mass using pre-cast, 4-12 % Bis Tris gradient gel (Invitrogen, UK) and 
were subjected to electrophoresis using a MES buffer system under reducing conditions at a constant 
Voltage of 200 V for 40 min. Resulting gels were stained with Sypro Ruby® protein stain (Invitrogen, 
UK) and imaged at 100 µm resolution using the Pharox FX Plus Imager (Excitation: 532 nm; 
Emission: 605 nm) (BioRad, UK). 
(4) Image analysis 
The undigested sample (soluble or insoluble, heated or unheated) was matched with the oral digesta 
and subsequently with the 5, 30 and 60 min of gastric digestion, using Proteomweaver® software v3.0 
(Definiens). Image analysis allowed visual comparison between the digestion profiles and highlighted 
the changes in protein patterns in the heated and unheated flour during digestion. 
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RESULTS AND DISCUSSION 

The aim of this work was to monitor the protein digestion profiles of cooked and raw wheat flour. 
Attention was focused initially on the oral and gastric phases of digestion, which were simulated using 
a biochemical model of digestion (Mandalari et al., 2009) with sampling at three time points to 
monitor pepsinolysis. 2D-E combined with image analysis was used to compare protein profiles and 
identify changes in protein patterns during digestion. 
First, 2DE maps of raw flour were obtained. These showed that most of the proteins, especially those 
belonging to the prolamin family, were insoluble and remained clearly visible in the pellet maps. It 
was possible to identify the gliadin and glutenin in figure B and C by reference to other annotated 
maps (D’Ovidio et al., 2004). Gliadins MW at Mr 30000 – 80000 kDa, high molecular weight glutenin 
subunits (HMW-GS) at 65000 – 90000 kDa and low molecular weight glutenin subunits (LMW-GS) 
in the Mr 30000-60000 kDa range could be defined. In the insoluble fraction (figure B and D), 
prolamins were more solubilised in the unheated sample than in the heated one. It might be that the 
heating treatment improved the solubility of the prolamin fraction into the soluble phase. It was also 
clear that after treatment, pellet proteins were less well extracted in the thiourea, urea, CHAPS, DTT 
buffer. Soluble and insoluble protein profiles (figure A-D) showed a group of proteins around 14 kDa 
belonging to the α-amylase inhibitor (AAI) family. We did not identify any clear or significant 
differences between starting material or after simulated oral processing in either the unheated or the 
heated flour. This was not surprising since no proteases are present in salivary fluid. Consequently 
more extensive changes in protein profiles were visualised after simulated gastric digestion (data not 
shown). Our gel images displayed further changes to protein profiles during digestion and a protein 
from the insoluble fraction was observed around 15 kDa with an estimated pI of pH 9 (circled). This 
protein was more abundant after 5 min of gastric digestion. This protein spot may correspond to 
puroindoline (also called friabilin), which is a starch granule-associated protein containing five 
disulfide bridges (Lanqin et al., 2008). 
 

 
 
Figure A:  2D pH 6-11 unheated flour, 
soluble fraction undigested sample  
(20 µg protein loaded) 

Figure B – B2: 2D pH 6-11 unheated flour, insoluble 
fraction, undigested sample and chewed sample   
(20 µg protein loaded) 

 
Figures show protein profile maps obtained from flour mixture (heated or unheated). Proteins of the 
two different phases, supernatant (soluble fraction) and pellet (insoluble fraction), both obtained by 
centrifugation, were solubilised in re-hydration buffer (as described in “materials and methods”) and 
loaded in a 7 cm IPG strip. Frame 1: HMW-GS, frame 2: LMW-GS, frame 3: α-amylase inhibitor 
(AAI) family. 
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Figure C: 2D pH 6-11 heated flour, 
soluble fraction undigested sample  
(20 µg protein loaded) 

Figure D – D2: 2D pH 6-11 heated flour, insoluble 
fraction, undigested sample and chewed sample  
(20 µg protein loaded) 

 

CONCLUSIONS 

This work focused on the protein digestion profiles of both heated and unheated wheat flour, to assess 
the effect of the digestion process and of thermal processing. Simulated gastric digestion was 
performed first, and subsequent experiments will involve duodenal in vitro digestion. Results 
confirmed that the heat treatment induces several changes in protein susceptibility to digestion. Heat 
treatment of flour may affect protein digestibility due to aggregation, peptide formation, and 
destruction of amino acids (Hansen et al., 1976). These authors found that protein changes due to 
processing could alter the substrate for digestive enzymes. They also found that peptide bonds of heat 
aggregated proteins were less accessible to pepsin attack than those of unheated protein and it is 
possible that protein-starch interactions were involved. In addition, the food matrix can affect protein 
degradation during gastric and duodenal conditions. Future work will therefore investigate processed 
foods, such as pasta or bread, in order to better understand the behaviour of several protein allergens 
upon gastrointestinal digestion. 2D-E was a useful tool to map different protein profiles and further 
investigations will use proteomics for the identification of proteins that are resistant to digestion or 
peptides derived from proteolysis. 
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ABSTRACT  

Wheat proteins and derived products may trigger various IgE-mediated allergies. The proteins 
involved vary according to the disease type and they may be good indicators for diagnosis. Due to 
their polymorphism, the purification of natural individual prolamins is difficult. The use of 
recombinant proteins is one way to overcome this problem. We cloned and expressed in E.coli two B-
type LMW glutenins. They showed high IgE reactivity with the sera of patients suffering from baker's 
asthma and wheat-dependent exercise-induced anaphylaxis (WDEIA). Recombinant peptides, 
corresponding to halves of molecules displayed different IgE reactivities in different diseases, showing 
that the same protein could bind IgE through different epitopes depending on the disease and the 
sensitization route. The IgE reactivity of peptides and whole glutenins in Western blot assays 
depended on the conformation of the target proteins on the membrane. We cloned and expressed α-, γ- 
and ω-gliadins. Recombinant α-gliadin and γ-gliadin showed variable IgE reactivity. Recombinant 
ω1,2-gliadin could be considered as a marker for skin and food allergy to hydrolyzed wheat proteins, 
and recombinant ω5-gliadin gave a strong signal for WDEIA.  

INTRODUCTION 

Wheat seed proteins and derived products may trigger various IgE-mediated allergies. These diseases 
differ with the sensitization route, symptoms and age of patients. Their diagnosis is often difficult. 
Moreover in some cases, classical wheat-specific tests may be negative.  
In wheat-dependent allergies, most of the identified allergens are water/salt-soluble proteins. Some 
other proteins belonging to the low molecular weight (LMW) glutenin and gliadin families have been 
described as IgE binding. Their IgE-binding pattern differed clearly according to the type of disease.  
Gliadin and glutenin fractions contain many very homologous proteins, with low solubility in 
water/salt solutions. Moreover, cross-contamination between fractions is almost unavoidable. Because 
their physico-chemical properties are very similar, the purification of natural individual prolamins is 
difficult. 
The use of recombinant proteins is one way to overcome these problems. The production of large 
amounts of individualized proteins that were completely characterized, enabled us to study IgE 
binding. 

MATERIALS AND METHODS 

PCR cloning of genes coding for some prolamins  
The part of genes coding for mature wheat prolamins was cloned using PCR. Genomic DNA can be 
used as template, but as it leads to many pseudo-genes, thus it was better to use cDNA. Grains were 
harvested 14 days after anthesis, frozen in liquid nitrogen, and stored at -80 °C until RNA extraction. 
Total RNA was extracted after crushing in liquid nitrogen using the Macherey-Nagel RNA extraction 
kit (midi-prep size). cDNA was synthesized using Superscript II™ (Invitrogen ). PCR was run directly 
with cDNA as template, and the genes were cloned classically in pET plasmids. For more details about 
glutenin cloning, see Snégaroff et al., 2007. 
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Expression in E. coli and partial purification using solubility properties 
E. coli strains adapted to T7 expression were used with supplementation of a plasmid coding for rare 
tRNA in E. coli (Rosetta™ from Novagen). After standard culture and IPTG induction, bacteria were 
harvested, lysed with lysozyme, and Dnase 1 was then added. Inclusion bodies were pelleted and 
solubilized using either SDS or urea. Addition of 2 volumes of ethanol led to precipitation of most of 
the bacterial proteins. The recombinant proteins, with a correct level of purity, were recovered by 
precipitation with 5% NaCl, and re-suspended in a buffer for SDS-PAGE (Snégaroff et al., 2007). 
Western blot analysis 
Transfer on PVDF membrane was done using a semi-dry method (Laurière, 1993). The membranes 
were incubated with sera from patients and IgE were detected using chemiluminescence (for protocol 
details see Snégaroff et al., 2007). 
Sera from allergic patients 
Some French and Belgian adult patients were selected and well characterized: they were suffering 
from respectively baker's asthma, food allergy, wheat-dependent exercise-induced anaphylaxis 
(WDEIA), or allergy to hydrolyzed wheat proteins (Pecquet et al., 2004, Laurière et al 2006). The 
latter can be divided into three groups according to whether the reaction occurs through skin contact, 
food ingestion, or both. Two other sera from patients suffering from multi-allergy with high levels of 
IgE against wheat proteins were provided by Plasmalab Inc. 

RESULTS AND DISCUSSION  

Recombinant B-type LMW glutenins 
Two B-type LMW glutenins were obtained and expressed in E. coli. The first, called P73, belonged to 
LMW-m glutenins and was very similar to that described by Colot et al., 1989. This protein is encoded 
at the GluD1 locus. The second, called B16 (EMBL number AJ937920), belonged to LMW-s 
glutenins. This protein was close to that described by Masci et al., 1998 (EMBL number TAE17845), 
and is encoded at the GluB3 locus. These two glutenins differed only in the length of the repetitive 
domain, a peptide being present twice in the glutenin described by Masci et al., and only once in B16.  
As shown in Figure 1 and Table 1, both recombinant LMW glutenins frequently bound IgE in baker's 
asthma and in WDEIA. So, LMW glutenins can clearly be considered as allergens in these diseases, 
whereas the main known allergens for these diseases are proteins from the albumin/globulins fraction, 
and ω5-gliadin, respectively. With the tested sera from patients suffering from other diseases, IgE 
binding was more variable. In spite of the high homology between these two LMW glutenins, the 
intensity of IgE binding differed between them.  
When the IgE assay was run using the recombinant B16 N-terminal moiety corresponding to the 
repetitive domain, or using the recombinant B16 C-terminal moiety, corresponding to the non-
repetitive domain, some interesting features were observed. Often, only one half of the molecule 
bound IgE, with some variations depending on the disease. Moreover, peptide IgE-reactivity differed 
from that of the whole molecule. In some cases, a peptide was able to bind IgE when the whole 
molecule was not. In WDEIA, the N-terminal moiety was not IgE-reactive although it contains the 
sequence of one well-known epitope for WDEIA (QQFPQQQ, reported in a major allergen, ω5-
gliadin, by Matsuo et al., 2004, and Battais et al., 2005), and the B16 C-terminal moiety was IgE-
reactive, although it does not contain any known epitope sequence. The latter reactivity could involve 
a different epitope (Snégaroff et al., 2007).  
All these results show how important it is to know the structure of target protein or peptide for 
immuno-reactivity in Western blot assays. 
Recombinant α-gliadin and γ-gliadin 
We obtained a recombinant α-gliadin close to that recorded under EMBL number TAE133609, and a 
γ-gliadin (AJ937838 ) equivalent to that recorded under AF234646. With the sera from adult patients, 
IgE binding to α-gliadin was relatively rare, with individual variability (Figure 1 and Table 1). 
However, α-gliadins have been described as frequently reactive in sera from children (Battais et al., 
2003). IgE binding to recombinant γ-gliadin was very variable, but was frequent in allergy to 
hydrolysed wheat proteins. This result can be compared to the observation of Laurière et al., 2007: 
One natural γ-gliadin showed IgE reactivity with sera from patients suffering from this disease when 
food and skin sensitization occurred. 
When using the recombinant α-gliadin and γ-gliadin, the presence of a reducer increased IgE binding 
in Western blot analysis (data not shown). This could correspond to a change in the structure of the 
target, making some epitopes more accessible. 
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Figure 1: Examples of IgE reactivity with recombinant proteins. (Western blot, using sera from 
patients, IgE detection using chemiluminescence.) 

 
Table 1: Number of positive IgE binding to recombinant proteins, compared to the number of sera 
tested 

 Allergy to hydrolysed wheat proteins 

 

Multi- 
allergy 

Baker’s 
asthma 

Food 
allergy 

WDEIA 
skin skin + food food 

B-type LMW 
glutenin P73 

1/3 5/7 0/2 5/5 3/4 4/6 0/3 

B-type LMW 
glutenin B16 

2/3 6/7 0/2 4/5 2/4 2/6 3/3 

N-ter B16 
peptide  

2/2 3/4  1/3 0/2 1/4  

C-ter B16 
peptide  

2/2 1/4  2/3 0/2 0/4  

α-gliadin 0/2 2/7  2/5 0/4 2/6  

γ-gliadin 0/2 3/7  2/5 3/4 3/6  

ω1,2-gliadin   0/1 0/2 1/2  2/2 1/3 

ω5-gliadin   0/1 2/2 2/2  0/2 2/3 

In bold-results >50% of the number of sera tested 
 

Recombinant ω1,2-gliadin 
A recombinant ω1,2-gliadin (EMBL number AJ937839) was obtained. Figure 1 and Table 1 show its 
ability to bind IgE in sera from patients suffering from allergy to hydrolysed wheat proteins when the 
reaction occurred through both skin contact and food ingestion. This has already been reported for 
natural ω1,2-gliadins (Laurière et al., 2007). 
Recombinant ω5-gliadin 
A recombinant ω5-gliadin (EMBL number FM212917) was obtained. It shared the same sequence as 
the ω5-gliadin described by Matsuo et al., 2005, differing only by a shorter repetitive domain: the 
number of repetitions of some peptides was lower. Few sera were tested with this protein, but it clearly 
bound IgE from patients suffering from WDEIA (Figure 1 and Table 1). 



Xth International Gluten Workshop, 2009 

340 

CONCLUSIONS 

The recombinant proteins used here could be considered as representative models for their protein 
families. All showed a sequence very close to other sequences described in sequence databases. They 
were easily expressed in E. coli. The simple protocol for extraction and partial purification led to the 
production of unique proteins with a correct level of purity, and keeping a structure allowing IgE 
binding assays after blotting on a membrane. For these reasons, they are suitable for use in any 
immunogenicity and structure studies. 
They could be also used to characterize immuno-reactivity of sera from patients, which would be 
useful for confirmation of diagnosis, as some proteins are good markers for some diseases (LMW 
glutenins for asthma, and WDEIA, ω1,2-gliadin for skin and food allergy to hydrolyzed proteins, ω5-
gliadin for WDEIA). Of course, it would be necessary to increase the number of sera tested to reach an 
appropriate statistical level and to be sure of the significance of the IgE signals observed. 
In Western blot assays, the conformation of the target proteins appears to be very important for IgE 
binding, as some epitopes are accessible only on peptides, or with a reducer.  
Recombinant peptides also revealed that the same protein may react through different epitopes in 
different wheat-dependent allergies. 
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ABSTRACT 

Background: Animal models demonstrating IgE of the same specificity as human IgE and clinical 
symptoms upon challenge resembling those observed in allergic patients are of great interest for 
understanding the mechanisms involved in the induction and regulation of allergy. Food allergy to 
wheat (FAW) affects 0.1 to 0.4% of the global population. Major allergens have been characterized in 
this pathology. The water/salt soluble albumin/globulin fraction contains major allergens for children 
with the atopic eczema/dermatitis syndrome (AEDS) and the insoluble ω5-gliadins are implicated in 
adults with wheat-dependent exercise-induced anaphylaxis (WDEIA). 
 
Aim:  The aim of this study was to develop a mouse model of food allergy to a gliadin extract, a wheat 
fraction containing major allergens, by testing different protocols. 
 
Methods: Three strains of mice, Balb/c, C3H/HeJ and B10.A, were immunized by four successive 
intra-peritoneal injections of gliadin extract. The influence of the dose of gliadins (10 and 20 µg per 
mouse) was evaluated on allergen specific IgE and IgG1 production, on cytokine production by 
activated T lymphocytes and on the elicitation of an allergic reaction. The development of the allergic 
reaction was compared by testing Th2 type cytokine production and eosinophil influx in the 
bronchoalveolar lavage (BAL) fluids 24 h after a single intra-nasal stimulation with a total gliadin 
extract. 
 
Results: Balb/c mice demonstrated higher gliadin specific IgE and IgG1 production than the other 
mice, whatever the dose administered (i.e. 10 or 20 µg). This was confirmed by the Th2 type cytokine 
profile produced by activated splenocytes. The significant eosinophil influx and the Th2 type cytokine 
produced in the BALs also elicited an allergic reaction in Balb/c mice, whatever the sensitisation dose. 
Low to no elicitation was evidenced in B10.A and C3H/HeJ mice at the 10 µg dose. 
 
Conclusion: This study demonstrates for the first time the interest of the Balb/c strain as a mouse 
model of food allergy to wheat. Our project is to further characterise the fine specificity of induced 
IgE and to compare the responses obtained in humans and mice. 
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ABSTRACT 

In recent decades, the prevalence of food allergies has increased to become a serious health concern which 
affects approximately 4-6 % of children and 1-3 % of adults in western countries [1]. As a result, 
regulatory agencies have enforced allergen labelling rules on pre-packed food to improve the food safety 
of consumers. In France, wheat is at the 8th position for children and at the12th position for adults among 
foods triggering food allergies. Moreover, wheat is also implicated in celiac disease, which affects 1% of 
the population. Both food allergy to wheat and celiac disease require that patients avoid consuming gluten 
and gluten free foods have been specially developed. Since June 2008, Codex Alimentarius advises a 
gluten content of less than 20 ppm in gluten free products for individuals intolerant to gluten [2[. In order 
to guarantee this level, detection methods are required. 
Commercial kits used for the detection of wheat usually involve immunochemical assay such as ELISA. 
They are based on the detection of gliadins. As immunochemical assays are based on exquisite molecular 
recognition, any change in protein structure, epitope alteration due to food processing (deamidation, 
glycosylation, hydrolyse, heating) or interfering ingredients can affect the performance of the assay. 
 
The ALOCAD project consists in developing and optimising a protocol on a chip for the detection of 
wheat, peanut, walnut and hazelnut. This project is based on the detection of specific chloroplastic DNA 
in complex products by quantitative PCR. For wheat detection, specific probes have been developed and 
integrated in a lab-on-chip device. To test the new method, gluten free products were artificially 
contaminated with known amounts of wheat flour before processing and assay performance was compared 
to validated immunochemical methods. Three complex matrixes were tested: an unprocessed mix for 
home made bread and bakery products, gluten free bread (high temperature process) and cake with 
chocolate (interfering ingredient). 
Extraction conditions and matrix composition appeared to be critical for both immunochemical and PCR 
methods. Performance of the PCR method was equivalent to immunochemical assays for each matrix. A 
detection limit below 10 ppm was reached for PCR and immunochemical assays but, although claimed by 
the manufacturers of the kits, gluten quantification was not reliable on these food matrixes. 
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Elastic Bioplastics from Wheat: Rheological 
characterisation to gain insight into the structure and the 

mechanism underlying gluten visco-elasticity 

A. REDL 1, M.H. MOREL 2 and S. GUILBERT 2 
1SYRAL SAS, Marckolsheim, France 

2INRA –SupAgro-UM2-CIRAD, UMR IATE 1208, Montpellier, France 

ABSTRACT 

Wheat gluten is unique amongst vegetable proteins due to its specific visco-elastic properties. These 
unique properties are essential for quality in bread making, but the mechanism underlying wheat 
gluten elasticity is still under considerable discussion. Similar (visco) elastic properties have also been 
evidenced in recently developed bioplastics made of plasticized wheat gluten (MERIPLAST®). These 
elastic properties make the novel materials unique amongst other currently available biodegradable 
plastics such as lactic acid or starch based materials. 
The aim of the study was twofold: first to characterize the novel materials and second to use 
plasticized wheat gluten as a model system to gain insight into the underlying structure and 
mechanism of gluten visco-elasticity. Visco-elastic properties were studied with several rheological 
techniques within or outside the linear domain: 
Within the linear domain, the mechanical spectrum of plasticized wheat gluten was determined over a 
wide frequency range (20 decades) using the principle of time/humidity superposition. The mechanical 
spectra obtained were modelled with a generalized Cole-Cole model [1] which enabled quantification 
of the glassy and elastic modulus and the width of the transition region. Outside the linear domain, 
uniaxial tensile properties were tested in constant strain rate, creep and relaxation experiments. Tensile 
properties were modelled according to Mooney Rivlin [2] and with a Langevin based approach as 
proposed by Meissner [3]. 
The mechanical spectrum obtained revealed the transition from glassy to rubbery behaviour. The 
transition occurred over a very wide time domain of 10-11 decades which is very unusual compared to 
other elastic polymers such as rubber where the transition occurs over 4-5 time decades. Up to now, 
such a broad transition has only been observed for elastin, where a hydrophobic mechanism was 
proposed to explain its elasticity.  
Tensile properties could not be modelled with the Mooney Rivlin model [2] but could with the 
Langevin based approach of Meissner [3], which was successfully applied for filled rubber networks. 
In this work, we discuss the possible implication of a hydrophobic mechanism within a filled rubber 
network to explain gluten elasticity. 

INTRODUCTION 

Wheat gluten is unique amongst vegetable proteins due to its specific visco-elastic properties. As these 
unique properties are essential for bread-making quality, they have been extensively studied; however 
there is still no commonly accepted model and gluten structure is still a matter of debate within the 
scientific community.  
Recently developed bioplastics (MERIPLAST®) from plasticized wheat gluten show similar (visco) 
elastic properties. They make the novel materials unique amongst other currently available 
biodegradable plastics such as lactic acid or starch based materials.  
The aim of this work was twofold: first to characterize the novel biomaterials and second to use 
plasticized wheat gluten as a model system to gain insight into structure and mechanism underlying 
gluten visco-elasticity. Visco-elastic properties were studied with several rheological techniques 
within or outside the linear elastic domain. 
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MATERIALS AND METHODS 

Tensile and relaxation properties: Dumb bell specimens (ISO 527-2, type 1BA, 81 mm overall length, 
40 mm length and 5 mm width of the narrow parallel sided portion, 1.2 mm thickness) were prepared 
by compression moulding of extruded samples [prepared in previous work, ref 4] in a heated hydraulic 
press (Techmo PL 10T, France) at a hydraulic pressure of 150 bars. Temperatures used were 100 °C, 
125 °C and 150 °C, and compression time was 10 min. Tensile properties were determined in constant 
rate and relaxation experiments with a universal testing machine (TA.XT2, Stable Micro Systems, 
Haste Hill, England). 
Mechanical spectra: Thin specimens for determining mechanical spectra were obtained by pressure 
moulding of a gluten glycerol dough prepared according to Pommet et al., [5] in a heated press 
(Techmo, PL 10T, France) at 100, 125 and 150 °C for 10 min at 200 bars. The obtained specimens of 
film (approx. 200 µm thickness and 5 mm width) were tested in tensile geometry with a modified 
Dynamic mechanical thermal analyzer (DMTA, Mark IIIe combined head, Rheometrics Inc., 
Piscataway, USA). The DMTA was modified in order to control the humidity in the measuring 
chamber. This was achieved according to the principle of water vapour saturation at different 
temperatures. The furnace was flushed with air that was bubbled through water at a temperature (T1= 4 
to 26°C) below the furnace temperature (T2 = 30°C). The relative humidity in the chamber was 
calculated via the water vapour pressure. During the experiment, frequency scans (from 30 to 0.5 rad/s 
at εo = 0.001) were performed continuously. Film specimens were allowed to equilibrate at each 
relative humidity, once equilibration was achieved (as indicated by stable mechanical moduli), the 
mechanical spectrum was recorded and the temperature in the furnace increased (typically by 2 °C 
every 1h) to the next level of relative humidity.  

RESULTS AND DISCUSSION 

Tensile and relaxation properties 
Typical tensile properties obtained at a constant extension rate of 3mm/s are shown in figure 1. It can be 
seen that all the materials had an elongation at rupture of approximately 200% and that the stress at rupture 
increased (from 2 MPa to 5 MPa) with increasing thermal treatment (respectively 100 °C and 150 °C). The 
modeling of tensile properties according to Monney (eq 1, ref 2) is also shown in figure 1.  

σ = 2C1(λ−1/λ″) + 2C2(1−1/λ3)    (eq1) 

Table 1: Mooney model parameters 

σ = 2C1(λ−1/λ″) + 2C2(1−1/λ3Ν ) (eq2) 

Table 2: Meissner model parameters 

 
 
 
 

Figure 1. Tensile stress vs. elongation (dots), corresponding Monney model (thin line) and Meissner 
model (thick line).  
For the materials obtained with a thermal treatment at 100 °C, the tensile behaviour is well described 
with the Mooney model (2). However for materials obtained at 125 °C and 150 °C the Mooney model 

Temp 100°C 125°C 150°C 
C1 (MPa) 0.26 0.68 0.70 
C2 (MPa) 0.37 0.32 0.65 
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clearly fails in the low strain region. Such a failure of the Mooney model in the low strain region has 
already been observed in the case of filler reinforced SBR rubbers [3] and coalesced latex blend films 
containing hard latex particles [6].  
A modified Mooney model (eq 2) was proposed by Meissner and Matejka 2000 [3] where an 
additional parameter N is introduced which accounts for the steric hindrance of a filler. This model 
applies well to our system for all temperature treatments with the parameter N increasing with thermal 
treatment from 1.3 to 14 (table 2). 
A change was observed in the tensile curve from rubber like the (Mooney model) to filled rubber like 
the (Meissner model) after a temperature treatment of the material. Apparently temperature induces a 
change of part of the material into rigid particles and the material behaves more like a filled system.  
In tensile experiments, it was observed that the test specimens retracted after rupture to almost their 
original length. This elastic behaviour was investigated in more detail in relaxation experiments. 
Figure 2 shows changes in the tensile modulus over time for samples under extension of e0 = 25%, 
75% and 150%. These experiments clearly revealed the viscoelastic nature of the gluten materials. A 
pure elastic material would have a constant modulus over time, for a pure viscous medium the 
modulus would decrease steadily to zero, depending on the viscosity.  
Looking at the change in moduli on a double logarithmic time scale (figure 2), a linear decrease can be 
observed and equilibrium appears to be far from reached. Fractional derivative or power law models 
can very satisfactorily describe this linear decrease, as described in more detail by Tscheogel [7]. Such 
a Power law can be written as follows for the relaxation modulus: 

E(t ) = E0

t

t0

 
 
  

 
 

− m

 eq (6) 

where m denotes the order of the fractional derivative. For a pure elastic behaviour m would equal 0, 
whereas for a pure viscous behaviour m would equal 1. 
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Figure 2. (a) Changes in the tensile modulus at extension ratios of e0 = 25%, 75% and 150% over time 
on a double logarithmic scale. (b) Residual elongation after relaxation experiments. 
 

The obtained power law exponents are quite similar for all elongation ratios and are very low (m = 
0.155, 0.124 and 0.124 for elongation ratios of 25%, 75% and 150% respectively) indicating dominant 
elastic behaviour with a limited viscous component. A power law decrease in relaxation modulus has 
also been described for gluten water doughs by Ng and Mc Kinley [8] with a power law exponent of 
m=0.175 and a deviation from the power law at short times, which was interpreted as an additional 
Rouse relaxation.  
Further evidence of the visco-elastic behaviour of our samples was that they retracted after removal 
from the testing machine in a time dependent manner. Residual elongation depends on the initial 
elongation ratio and time as shown in figure 2b. If measured 24 h after removal, the residual 
elongation is 1.1%, 3.5% and 7.1% for an initial elongation of 25%, 75% and 150% respectively. 
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Mechanical Spectra and Mastercurves 
Figure 3a shows the mechanical spectra of gluten materials after equilibration at various relative 
humidities. The material showed glass-like behaviour at low relative humidity (6%) with a tensile 
modulus of approximately 1 GPa and nearly no dependency on frequency. At 38% relative humidity, 
the modulus varied between 38 and 135 MPa, whereas at 70%, RH the modulus was stable with 
frequency at approximately 6 MPa.  
In Figure 3 b. the obtained mechanical spectra have been shifted along the frequency axes in order to 
obtain a so called ‘Mastercurve’. In general, the principle of equivalence between the time range of 
observation and the mobility of macromolecules is exploited to obtain such 'mastercurves'. This 
principle has been widely validated for time/temperature, time/plasticizer and time/pressure 
superposition [9]. In most cases time/temperature superposition is used but the use of time/temperature 
superposition is only possible for thermally stable and simple thermorheological materials. In most 
cases, biopolymers such as starch or proteins are not thermally stable, as chemical reactions and loss 
of plasticizer occur at higher temperatures. Therefore we used the second possibility, which is to vary 
the molecular mobility via the plasticizer content and to exploit the fact that for biopolymers, water is 
generally a very good plasticizer. Controlling the relative humidity in the measuring chamber can 
regulate the (water) plasticizer content very conveniently. 
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Figure 3. (a) Mechanical spectra obtained at different relative humidities and (b) mastercurve obtained 
after shifting the mechanical spectra along the frequency axes. 
 
The obtained mechanical spectrum shows the transition from glassy to rubbery behaviour with a 
glassy modulus, Eg = 2 109 Pa, and a rubbery plateau of EN

0 = 5 106 Pa. Such a drop of about 2.5 
decades is comparable to the drop for synthetic polymers (about 3 decades, 8, 9). The transition from 
glassy to rubbery behaviour occurs over 10 time decades. This is a very broad range compared to other 
elastic polymers such as natural rubber or polyisobutylene, where the transition occurs over 4-5 time 
decades [10]. Such a broad transition has already been observed for elastin [11], where a hydrophobic 
mechanism was proposed to explain its elasticity. 
In order to better describe the obtained mechanical spectra, these were fitted with a so-called 
generalized Cole Cole model as proposed by Friedrich and Braun [1]. This model could be applied 
very successfully for biopolymer systems such as xanthan locust bean gum mixtures or 
methylhydroxypropylcellulose or for synthetic polymers such as polybutadiene, modified 
polybutadiene and polyisobutylene [10]. It can be written as follows for the dynamic moduli: 
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where Eg, is the glassy modulus, EN
0 is the plateau modulus associated with the network. The 

characteristic time λ0 represents the onset of the drop in the storage modulus and defines the limit 
between the glassy region and the transition region. Therefore its numerical value depends on the 
chosen reference conditions for the superposition procedure. d is a frequency spread parameter, which 
corresponds to the slope of loss and storage moduli in the transition zone from the glassy modulus to 
the plateau modulus. The parameter c is the asymmetry factor of the tan δ peak. 
The corresponding parameters of the generalized Cole Cole model are summarized in Table 3. Of 
special interest are the glassy modulus Eg, the plateau modulus EN

0 and the frequency spread 
parameter d. 
 
Table 3. Model Parameters of the generalized Cole Cole Model 

 Eg (GPa) EN
0 (Mpa) λ (σ) d (-) c (-) 

Polyisobutylene 1.0 0.26 1.0E+03 0.63 0.55 
Gluten (100°C) 0.5 3.7 7.4E+06 0.40 0.33 
Gluten (125 °C) 1.7 5.7 7.3E+02 0.23 0.21 
Gluten (150°C) 1.7 5.7 6.8E+02 0.25 0.22 

 
Both the glassy modulus and the plateau modulus increase with thermal treatment whereas the 
frequency spread parameter d decreases. In a similar manner as for the large deformation tensile 
properties, the mechanical spectrum of low temperature treated material is closer to typical rubberlike 
materials. 
The increase in plateau modulus indicates strengthening of the network and the crosslinking density, 
the decrease in the frequency spread parameter indicates a broader transition from glassy to rubbery 
behaviour. The mechanism underlying such a broadening of transition is not yet clear. As the 
mechanical properties are weakened due to the introduction of more water in the system, the slope of 
the transition might be interpreted as the equilibrium between hydrophobic and hydrophilic lateral 
interactions. We can hypothesize that the nature of lateral interactions broadens upon thermal 
treatments and that the weakening of hydrophilic interactions is counteracted by a strengthening of 
hydrophobic interactions. Further investigations such as changing the hydrophilic/hydrophobic nature 
of gluten materials via the grafting of hydrophobic groups may elucidate this complex phenomenon 
further. 

CONCLUSIONS 

Gluten does not behave as a simple thermoplastic material. It can be processed with extrusion 
technology and pressure moulding, but thermomechanical treatments induce crosslinking reactions 
proportional to the severity of the treatment. These crosslinking reactions enhance the mechanical 
properties of the final materials and change the material behaviour from rubber like to filled rubber 
like. Apparently one protein fraction of gluten, maybe the gliadin fraction, changes its role between 
100 and 125 °C from a plasticizing function and becomes a hard filler of the system. The materials 
exhibit very complex viscoelastic behaviour with dominant elastic features. 
The mastercurve of mechanical spectra of gluten exhibits a very broad transition region and is very 
close to the one of Elastin. Another common feature of gluten materials and elastin is that they are 
only elastic in presence of water. This suggests a similarity of gluten materials and elastin with regards 
to their structure and the underlying mechanism of elasticity.  
For Elastin, Lillie and Gosline [11] suggested that the elastic energy of elastin could be stored in a 
hydrophobic mechanism in which elastic recoil occurs because non-polar groups (i.e. hydrophobic 
regions), which are exposed to water during stretching, will spontaneously re-associate to minimize 
interactions with water when the external force is removed. The key feature of this model is that a 
solvent (water) is distributed unevenly within the network. This feature applies to any model in which 
stable protein structures partition the network into hydrophobic, water poor regions and hydrophilic, 
water rich regions.  
Such a hydrophobic mechanism can be generalized to any random network swollen by a poor solvent. 
The presence of a solvent that is able to swell the network but not dissolve it is essential. 
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Figure 4. Model of elasticity of gluten materials. 
 
A schematic sketch of the elastic model of gluten materials is depicted in Figure 4. In this model 
gluten proteins are organized in globules in such a way that hydrophilic regions protect hydrophobic 
regions. Water is distributed heterogeneously in the interstices of the globules. Globules are linked to 
each other via crosslinks. Upon stretching, the non-polar central regions are exposed to water, which is 
an unfavourable state and the driving force for elastic recovery. Upon thermal treatments, the overall 
crosslinking density increases and the central region of the globules might become rigid and thus 
explain the filled rubber-like behaviour of the material. 
Although certainly not perfect, the model accounts for the importance of the molecular structure of 
gluten proteins but also for their supramolecular configuration. The driving force for changes in 
supramolecular configuration and the resulting viscoelastic properties would be the presence and 
absence of water.  
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Polymer foams are often forgotten when one thinks about the commercial polymer market, even 
though they are as economically important as the aluminum or glass industry and include large areas 
of building insulation and packaging. Yet knowing that the dominant material (expanded polystyrene) 
is made from non-renewable resources (e.g. synthetic plastics) and that there is a demand for 
alternative bio-derived foam materials, the amount of funding for research in polymer foams is in the 
range of ppm % of financial funding of fibers.  
In recent years, interest there has been interest in making foams using lyophilization processes in 
which the foam structure is obtained by sublimation of ice from frozen dough. The foam’s structure is 
easy to control by changing the freezing conditions and by adding different additives such as 
reinforcing fibers and plasticizers.  The technique is also commercially used in the food industry to 
remove water from products like pasta, instant coffee and other dry base foods. 
Studies of starch and PLA have dominated the field. However, current demand for both these raw 
materials is high and wheat gluten is consequently an interesting alternative. Gluten from wheat has 
excellent foaming properties (e.g. in bread making) and is a cheap by-product of biofuel processes 
(e.g. production of bioethanol), which will certainly become more important in the near future. Gluten 
also has excellent extensibility and good gas barrier properties, which contribute to its suitability as a 
potential insulation or packaging material. 
This paper deals with different structure of foams made from wheat gluten, the adding of additives and 
the changing of freeze condition. We also describe the mechanical and thermal properties of the foam, 
showing how efficient this material can be as an insulation or a packaging material. 
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ABSTRACT 

Today, gluten is becoming a waste product from the production of ethanol to be used as fuel. The 
waste gluten can be used as animal feed, but using the gluten for high value by-products would 
increase the economics of wheat production for bio-fuel. Optimised production of agricultural raw 
material for food and non-food bio-industries, in which each crop can be used simultaneously for 
several purposes adds value to the crop, increases the farmer’s income and contributes to a more 
sustainable economic and environmental use of resources. The aim of our investigations is to create 
new, innovative, biodegradable, energy efficient, and competitive non-food biomaterials that can 
replace the petroleum-based materials used today. In our studies, we evaluate opportunities to produce 
plastic and leather-like materials for packaging purposes and other uses. We also investigate 
opportunities to develop reinforced gluten materials by the addition of fibres from wood and hemp in 
sizes from normal to nano scale. We also attempt to develop foams that can be used for home 
insulation. Our results show the high potential of wheat gluten for various materials applications. The 
most important part of the research is dedicated to creating suitable protein polymer structures for the 
production of the bio-materials with various treatments, additives and processing methods. The most 
promising gluten material we have obtained so far has a strongly polymerized hexagonal structure 
including not only glutenin subunits in the polymeric structure but also gliadins. Most important for 
the reinforcing of gluten with fibres is the use of suitable compatibilisers. 

INTRODUCTION 

Replacing petroleum-based products, such as petrol, diesel, plastics and industrial oils, is an urgent 
need as the products used today cause environmental problems and petrol based products have to be 
reduced in the future due to limited resources. Many of the petroleum based products e.g. diesel, 
petrol, plastics, technical oils and materials can be replaced by crop based products especially if 
innovative techniques are used. The use of crops for bulk production of products such as 
biodiesel/bioethanol, technical oils, beer and other types of food, requires the added value of by-
products so they will be of greater economic interest. Optimised production of agricultural raw 
material, in which each crop can be simultaneously used for several purposes, adds value to the crop, 
increases the farmer’s income and contributes to more sustainable economic and environmental use of 
resources. Gluten proteins are of particular interest in the production of bio-plastics due to their 
specific ability to form polymers at high temperatures and high mechanical energy input (Weegels and 
Hamer, 1998). Several examples of the successful production of biobased materials from plant 
proteins are currently being published. For example, soy and wheat protein based bio-plastics 
combined with industrial hemp fibre have been successfully manufactured (Mohanty et al., 2005, 
Wretfors, 2008; Wretfors et al., 2009). Wheat gluten proteins have been found to be useful due to their 
unique ability to form cohesive blends with ductile properties, and gluten proteins have already been 
processed into different types of bio-plastics (Redl et al., 2003; Gällstedt et al., 2004; Mohamed et al., 
2006; Olabarrieta et al., 2006; Ullsten et al., 2006; 2009). 
The aim of the present work is to investigate opportunities to develop i) plastic and leather-like 
materials from gluten for packaging and other uses, ii) reinforced gluten materials, by addition of fibre 
from wood and hemp in various sizes, iii) foams that can be used for home insulation. 



Xth International Gluten Workshop, 2009 

353 

MATERIALS AND METHODS 

Wheat gluten powder was supplied by Reppe AB, Lidköping, Sweden (Ullsten et al., 2009). Gluten 
films, sheets and foams were produced and their tensile strength evaluated according to Gällstedt et 
al., (2004), Olabarrieta et al., (2006), Ullsten et al., (2009), Wretfors et al., (2009) and Blomfeldt et al., 
(2010). Solubility and the relations between polymeric and monomeric proteins were investigated by 
SE-HPLC according to the method developed by Gällstedt et al., (2004). Protein separation and 
determination using SDS-PAGE and RP-HPLC were carried out as described in Ullsten et al., (2009). 
The structure of the polymeric proteins in the plastics was investigated using Transmission Electron 
Microscopy (TEM; Kuktaite et al., 2010), Scanning Electron Microscopy (SEM; Wretfors et al., 2009) 
and antibody-based Confocal Laser Scanning Microscopy (CLSM; Wretfors, 2008; Kuktaite et al., 
2010). Additional structural evaluation of the protein polymers was carried out using X-ray scattering 
analysis (SAXS at the MaxLab in Lund; Kuktaite et al., 2010). Shifting in secondary protein polymer 
structures (alfa-helix, beta-sheets, etc.) was evaluated by infrared spectroscopy (IR; Ullsten et al., 
2009). Oxygen permeability of the samples was evaluated according to Ullsten et al., (2009). 
Migration of plasticizer was evaluated according to Ullsten et al., (2009). In some experiments, the 
aging of samples was evaluated by investigating changes in tensile strength, protein polymerisation 
and permeability (Ullsten et al., 2006, 2009). The effects on tensile strength and protein 
polymerisation of additives, including nano clay (Montmorillonite) and differences in plasticizers have 
already been evaluated in a number of investigations (e.g. Olabarrieta et al., 2006; Wretfors, 2008; 
Cho, 2009; Ullsten et al., 2009). 
Microsoft Excel and SAS were used for statistical analysis. Spearman rank correlation, analysis of 
variance followed by calculation of means segregating by significant differences using Duncan’s 
multiple range test were used for the evaluation of data. 

RESULTS AND DISCUSSION 

The results show the influence of additives on the tensile strength of the material (Table 1). 
 
Table 1. Influence of different additives on tensile strength in wheat gluten bio-plastic films. 
Additive Tensile data (relative values) 
 Fracture stress (MPa) Fracture strain (%) Young’s modulus (MPa) 
Pure gluten 100 100 100 
Salicylic acid2 100 81 100 
NaOH2 185 151 340 
Hemp fibre1 108 14 473 
Diamine 130 82 136 
Nano 164 73 134 
Other 300 28  
1From Wretfors et al., (2009), 2From Ullsten et al., (2009) 
 
For many applications, higher tensile strength and lower permeability is needed than can be obtained 
with materials derived from only gluten and plasticizer mixtures. For packaging materials, no release 
of gluten proteins is acceptable due to the risk of allergic reactions in humans. Therefore, well 
functioning and sustainable additives have to be used in the production of “green” materials for the 
future. In previous studies, we showed that salicylic acid decreases the tensile properties of gluten 
films somewhat, although it widens the temperature processing range for the production of materials 
from gluten proteins (Ullsten et al., 2006). Addition of hemp fibre to wheat gluten material increases 
its tensile strength, although to a lesser extent than expected due to poor bonding between the gluten 
matrix and the fibre (Wretfors 2008; Wretfors et al., 2009). Addition of NaOH was positive and 
increased tensile strength (Table 1) and also substantially decreased the oxygen permeability of the 
material (Ullsten et al., 2009). More recent investigations showed that other additives are even more 
promising than NaOH for improving the strength (Table 1) and oxygen permeability barrier. 
 



Xth International Gluten Workshop, 2009 

354 

Table 2. Total relative protein solubility with different additives in wheat gluten bio-plastic films after 
one, two and three extractions. 
Additive Protein solubility 
 SDS-extraction Sonication Three sonications 
Pure gluten 47 62 100 
Salicylic acid2 40 55 80 
NaOH2 19 30 40 
Hemp fibre 35 77 129 
Diamine 35 68 93 
Nano 34 53 73 
Other 0.1 0.4 0.7 
2From Ullsten et al., (2009) 
 
In several of our investigations, tensile strength was linked to polymerisation of the proteins in the 
material. In our most promising material with high tensile strength (Table 1), low oxygen permeability 
and low release of gluten proteins, the extractability of the proteins was very low (Table 2), thereby 
indicating a highly polymerised structure of the proteins in the material. 

 

 
 

Figure 1. Structure of wheat gluten bio-plastics as revealed by CLSM. The gluten polymer is stained 
green, while the monomeric gliadins are stained red. This gluten bio-plastic was extruded at 105 ºC 
and contains gluten +plasticizer +1% salicylic acid + 3% NaOH. 
 
Polymerisation of the proteins and their structures were further studied using CLSM, as shown in 
Figure 1, for a gluten protein material containing 1% salicylic acid and 3% NaOH, and also by using 
SAXS. Our most promising material had a highly polymerized structure involving both gluten proteins 
and gliadins, as observed by CLSM, and a hexagonal structure (SAXS). 
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CONCLUSIONS 

Gluten proteins are suitable for the production of biobased materials with plastic and leather-like 
properties, and foams. However, suitable additives and production methods have to be developed in 
order to produce “green” sustainable biobased materials from gluten. Changes in protein polymer 
structure and the inclusion of gliadins in the network help produce such materials. The most promising 
gluten packaging material developed so far appears to have a hexagonal structure (as revealed by 
SAXS) and very low solubility of almost all types of gluten proteins. 
 
Acknowledgements: This research was supported by Formas and Vinnova in Sweden. Antibodies was obtained 

by O. Tranquet and Y. Popineau, INRA, Nantes, France and P. Shewry, Rothamsted Research, UK. SAXS 
was carried out at the Synchrotrone, Maxlab, Lund, Sweden.  

REFERENCES 

Blomfeldt, T. O. J., Olsson, R. T., Menon, M., Plackett, D., Johansson, E. and Hedenqvist, M. S., 2010. Novel 
biofoams from lyophilized vital wheat gluten. (manuscript in preparation). 

Cho, S.-W., 2009. Protein-based packaging films, sheets and composites: Process development and functional 
properties. PhD Thesis. KTH, Sweden. 

Gällstedt, M., Matozzi, A., Johansson, E. and Hedenqvist, M.S., 2004. Transport and tensile properties of 
compression-molded wheat gluten films. Biomacromol. 5:2020-2028. 

Kuktaite, R., Plivelic, T., Cerenius, Y., Hedenqvist, M. S., Gällstedt, M., Marttila, S., Ignell, R., Popineau, Y., 
Tranquet, O., Shewry, P. and Johansson, E., 2010. Wheat gluten bio-.materials structure: from polymeric 
protein aggregates towards unique hexagonal arrangements. (manuscript in preparation). 

Mohammed, A.A., Gordon, S.H., Carriere, C.J. and Kim, S., 2006. Thermal characteristics of polylactic 
acid/wheat gluten blends. J. Food Qual. 29:266-281. 

Mohanty, A. K., Tummala, P., Liu, W., Misra, M., Mulukutla, P.V. and Drzal, L.T., 2005. Injection molded 
biocomposites from soy protein based bioplastic and short industrial hemp fiber. J. Polym. Environ. 
13:279-285. 

Olabarrieta, I., Cho, S-W., Gällstedt, M., Sarasua, J. R., Johansson, E. and Hedenqvist, M.S., 2006. Aging 
properties of films of plasticized vital wheat gluten cast from acidic and basic solutions. Biomacromol. 
7:1657-1664. 

Redl, A., Guilbert, S. and Morel, M-H., 2003. Heat and shear mediated polymerisation of plasticized wheat 
gluten protein upon mixing. J. Cereal Sci. 38:105-114. 

Ullsten, N.H., Gällstedt, M., Johansson, E., Gräslund, A. and Hedenqvist, M. S., 2006. Enlarged processing 
window of plasticized wheat gluten using salisylic acid. Biomacromol. 7:771-776. 

Ullsten, N. H., Gällstedt, M., Cho, S. W., Spencer, G., Johansson, E. and Hedenqvist, M. S., 2009. Properties of 
plasticized vital wheat gluten sheets with sodium hydroxide and/or salicylic acid. Biomacromol. 479-488. 

Weegels, P. L. and Hamer, R. J. 1998. Temperature-induced changes of wheat products. In Interaction: the keys 
to cereal quality (Hamer RJ, Hoseney RC, Eds), American Association of Cereal Chemists: St. Paul, MN, 
pp 95-123. 

Wretfors, C., 2008. Hemp fibre and reinforcements of wheat gluten plastics. Licentiate Thesis. SLU, Sweden. 
Wretfors, C., Cho, S.-W., Hedenqvist, M., Marttila, S., Nimmermark, S. and Johansson, E., 2009. Use of 

industrial hemp fibres to reinforce wheat gluten plastics. J. Polym. Environ. DOI 10.1007/s10924-009-
0147-6. 

 



Xth International Gluten Workshop, 2009 

356 

Gliadin cross-linking at alkaline pH and high temperature 
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ABSTRACT 

Wheat gluten proteins have a potential for conversion into bioplastic materials. However, existing 
knowledge of cross-linking reactions during their curing is incomplete. In this study, gliadin, the 
monomeric fraction of gluten, was heated at pH 8.0 at high temperatures (110 to 130 °C) for different 
times (0 to 120 min). Size-exclusion high-performance liquid chromatography showed gliadin cross-
linking, which increased with time and temperature. The extractability of heated gliadin under non-
reducing and reducing conditions, revealed that the gliadin cross-links formed were partly SS bonds and 
partly non-SS bonds. Free SH groups, which initiate intermolecular SS bond formation by oxidation 
and/or SH-SS-exchange reactions, are absent in native gliadin but were formed during hydrothermal 
treatment. Reversed-phase high-performance liquid chromatography showed that ω-gliadins were less 
involved in gliadin cross-linking than α- and γ-gliadins.  

INTRODUCTION 

Gluten proteins, the storage proteins of wheat, consist of a heterogeneous mixture of monomeric 
gliadins and polymeric glutenins. During thermal treatment, covalent bonds are formed in and between 
these proteins, leading to a three-dimensional network. Because of its cross-linking capacities, wheat 
gluten has potential for use in non-food applications, such as in adhesives, coatings and thermoplastic 
materials (Pommet et al., 2003, Song and Zheng 2008, Woerdeman et al., 2004). Methods to produce 
biodegradable materials from gluten are based on the empirical knowledge that alkaline conditions, high 
temperatures and/or mechanical energy input strongly contribute to protein cross-linking (Kayserilioglu 
et al., 2001, Redl et al., 2003), but the chemical characteristics of cross-linking are not fully understood. 
Cross-linking is mainly attributed to the formation of intermolecular disulfide (SS) bonds by oxidation 
of sulfhydryl (SH) groups of cysteine and/or SH-SS-exchange reactions. Both reactions require 
availability of free SH groups and many studies have established their importance. Gliadin lacks free SH 
groups, but at elevated temperatures, it is incorporated in the gluten network by SH-SS-exchange 
reactions, initiated by free SH groups in the glutenin fraction (Lagrain et al., 2008). By adding cysteine 
to promote cross-linking, Hernández-Muños and co-workers (2004a, 2004b) were able to produce films 
from purified gliadin with mechanical properties similar to those of films made from glutenin.  
However, not all reactions occurring upon hydrothermal treatment of gluten or its fractions can be fully 
explained by oxidation and/or SH-SS-exchange reactions. Lagrain and co-workers (2005) clearly 
demonstrated that with no available free SH, the solubility of purified gliadin in ethanolic media, 
decreases during heating at 95 °C, suggesting protein cross-linking. Furthermore, Guerrieri and co-
workers (1996) found that gluten heated for 18 h at 110 °C could not be dissolved after reduction of SS 
bonds, indicating that bonds other than SS bridges are present in the gluten network. Little is known 
about non-SS cross-linking reactions during (hydro)thermal treatment of gluten, although a complete 
understanding of the chemical background of cross-linking would be of great value to control end-use 
quality.  
This work reports on gliadin cross-linking. Since direct formation of intermolecular SS bonds by 
oxidation of free SH groups or SH-SS-exchange reactions is excluded in gliadin, it serves as a good 
basis to study different cross-linking reactions in gluten proteins. 

MATERIALS AND METHODS 

Materials 
Gliadin was extracted from commercial wheat gluten (20.0 g, Syral, Aalst, Belgium) with 70% (v/v) 
ethanol (250 ml). After centrifugation (10 min, 10,000 x g), the supernatant (gliadin fraction) was 
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evaporated to remove ethanol, freeze-dried, and ground in a laboratory mill (250 µm, IKA, Staufen, 
Germany). 

 

Protein content 
Protein contents were determined in triplicate, using an adaptation of the AOAC Official Method 990.03 
(AOAC 1995) to an automated Dumas protein analysis system (EAS variomax N/CN, Elt, Gouda, The 
Netherlands). A conversion factor of 5.7 was used to calculate protein from nitrogen content. 

 

Hydrothermal treatment of gliadin 
Gliadin samples (500 mg) were heated in 5.0 ml sodium phosphate buffer (pH 8.0, 50 mM) at 110, 120 
or 130 °C for different lengths of time (5-10-20-30-45-60-120 min), and then immediately cooled in an 
ice bath. The reaction mixtures were freeze-dried and ground in a laboratory mill as above. 

 

Size-exclusion high-performance liquid chromatography 
To evaluate extractability under non-reducing or reducing conditions, (heated) gliadin samples [5.0 mg 
protein (db)/ml] were extracted with 70% ethanol and possible residues were extracted under nitrogen 
with 0.05 M Tris/HCl buffer (pH 7.5) containing 50% propan-1-ol, 2.0 M urea and 1.0% (w/v) DTT. All 
analyses were performed in duplicate. Size-exclusion high-performance liquid chromatography (SE-
HPLC) was performed using an LC-2010 system (Shimadzu, Kyoto, Japan) with automatic injection. 
Supernatants were loaded (20 µl) on a Biosep-SEC-S4000 column (Phenomenex, Torrance, CA, USA) 
and eluted protein was detected at 214 nm. Extractability of heated gliadin in ethanolic media was 
calculated from its peak area and expressed as a percentage of total gliadin extractability. Extractability 
under reducing conditions was calculated from the sum of the peak areas after extraction with ethanol 
and after extraction under reducing conditions, and expressed as a percentage of total extractability.  

 

Concentration of free SH groups 
Free SH groups were determined colorimetrically after reaction with DTNB according to Ellman 
(1958). Gliadin (1.0 mg) was suspended in 900 µl sodium phosphate buffer (pH 6.5, 0.05 M) containing 
2.0% (v/v) SDS, 3.0 M urea and 1.0 mM EDTA. Mixtures were shaken for 60 min, DTNB reagent 
(0.1% w/v in sample buffer, 100 µl) was added and the mixtures were shaken for a further 30 min. After 
45 min, the extinctions of centrifuged (5 min, 11,000 x g) samples were determined at 412 nm. Blanks 
containing either no DTNB or no gliadin were used to correct for background extinction of DTNB and 
gliadin. Extinction values were converted to amounts of free SH groups using a calibration curve with 
reduced glutathione (Veraverbeke et al., 2000). 

 

Reversed-phase high-performance liquid chromatography 
Gliadin samples [5.0 mg protein (db)/ml] were extracted with 70% ethanol in duplicate; reversed-phase 
high-performance liquid chromatography (RP-HPLC) was performed using an LC-2010 system 
(Shimadzu) with automatic injection. The injection volume was 80 µl and eluted protein was detected at 
214 nm. α-Gliadin, γ-gliadin, and ω-gliadin were separated on a Nucleosil 300-5 C8 column (Machery-
Nagel, Düren Germany) and distinguished based on absorbance minima between specific peaks. The 
ethanol extractability of each gliadin fraction was calculated from its peak area and expressed as a 
percentage of total extractability. 

RESULTS AND DISCUSSION 

Effect of hydrothermal treatment on size distribution of gliadin  
Gliadin samples were heated in sodium phosphate buffer (pH 8.0, 50 mM) at 110, 120 and 130 °C for 
different times. The samples were then extracted with 70% ethanol and the heterogeneous mixture of 
gliadin molecules was separated by SE-HPLC (Figure 1, results for 120 °C not shown) to evaluate 
gliadin extractability and size distribution. The decrease in the gliadin level as a function of heating time 
reflected a decrease in gliadin ethanol extractability during hydrothermal treatment and was even more 
pronounced at 130 °C. This decrease may well be caused by the formation of large polymers of cross-
linked gliadin.  
Three remarks can be made with regard to the size distribution of heated gliadin samples. Firstly, most 
of the unheated gliadin eluted at 9.4 min, while most of the heated gliadin eluted earlier (at 9.2 min for 
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120 min at 110 °C). This most likely indicates that the extractable gliadin mixture is enriched in larger 
molecules during hydrothermal treatment. Secondly, profiles of shortly heated gliadin samples (5 and 10 
min at 130 °C, and 5 min at 130 °C) revealed that larger gliadin molecules (eluting at 5.9 min) were 
formed, possibly gliadin oligomers. Thirdly, gliadin samples that were heated for longer and/or at higher 
temperatures contained a protein fraction that only eluted at around 10.3 min (Figure 1B). This fraction 
contained smaller molecules than the native gliadin, so these were probably degradation products 
formed during hydrothermal treatment. This appeared to happen much faster at higher temperatures. In 
conclusion, during hydrothermal treatment of gliadin, larger molecules, and possibly also degradation 
products, were formed.  
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Figure 1: SE-HPLC profiles of gliadin samples extracted with 70% ethanol after hydrothermal treatment for 
different times (─── 0; ▪▪▪▪▪▪ 5; ─▪─▪─ 10; ▪▪▪▪▪▪30; ─ ─ ─ 120 min) in sodium phosphate buffer (pH 8.0, 50 mM) 
at 110 °C (A) and 130 °C (B).  
 

Effect of hydrothermal treatment on extractability of gliadin 
The extractability of heated gliadin was determined under non-reducing (70% ethanol) and reducing 
(buffer with DTT) conditions and expressed as a percentage of total extractable gliadin. Figure 2.A 
shows that hydrothermal treatment at pH 8.0 at 110 °C for 120 min reduced gliadin extractability under 
non-reducing conditions. At 120 °C, gliadin extractability first decreased to 7% after 30 min but then 
increased to 16% after 120 min. At 130 °C, gliadin extractability was 9% after 20 min heating and then 
increased to 49% at the end of the heat treatment. The observed decrease in SDS extractability suggests 
that intermolecular cross-links were formed during treatment, leading to ethanol unextractable gliadin 
polymers. The increased extractability in the ethanolic medium at longer heating times and higher 
temperatures is in agreement with the earlier observation (Figure 1B) that degradation products are 
formed during prolonged heating. 
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Figure 2: Gliadin extractability in 70% ethanol (expressed as a percentage of extractable protein of unheated 
gliadin, detection at 214 nm) under non-reducing (A) and reducing (with DTT, B) conditions after hydrothermal 
treatment for different lengths of time in sodium phosphate buffer (pH 8.0, 50 mM) at 110 (●), 120 (■) and 130 
(▲) °C.  
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To investigate which cross-links lead to gliadin cross-linking, extractabilities in ethanolic medium were 
compared to extractabilities after reduction of SS bonds. Gliadin, heated for 120 min at pH 8.0 and at 
110 °C was still completely extractable under reducing conditions, while only 13% was extractable 
under non-reducing conditions. This means that the cross-links leading to gliadin polymerization at pH 
8.0 and 110 °C are mainly SS bonds. The purified unheated gliadin lacked the free SH groups necessary 
for the formation of intermolecular SS bonds by oxidation or SH-SS-exchange reactions, but free SH 
groups were formed during hydrothermal treatment of gliadin (Figure 3). However, gliadin treatment for 
120 min at 120 and 130 °C not only reduced extractability under non-reducing conditions, but also in 
the presence of DTT (85 and 72%, respectively). This indicates that non-SS bonds are also formed 
during gliadin hydrothermal treatment at pH 8.0 and temperatures exceeding 120 °C.  
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Figure 3: Concentration of free SH groups in gliadin after hydrothermal treatment for different times in sodium 
phosphate buffer (pH 8.0, 50 mM) at 110 (●), 120 (■) and 130 (▲) °C.  
 
Effect of hydrothermal treatment on extractability of different types of gliadin  
To investigate the effect of hydrothermal treatment on the extractability of different types of gliadin, 
heated gliadin samples were extracted with 70% ethanol and separated into ω−, α− and γ−gliadin by 
RP-HPLC. The extractability of α- and γ-gliadin decreased during hydrothermal treatment for 120 min 
at pH 8.0 and at 110 °C to 1% of the initial value, while 52% of ω-gliadin remained extractable (Figure 
4). This showed that α- and γ-gliadin cross-linked strongly during hydrothermal treatment at pH 8.0 at 
110 °C, but ω-gliadin, which contains neither cysteine nor cysteine residues, was less involved in 
gliadin cross-linking. The decrease in ω-gliadin extractability may rather be the result of its inclusion in 
the α- and γ-gliadin network than of covalent binding to the gluten network. The observation that the 
larger ω-gliadins remained more extractable than the smaller α- and γ-gliadins, explains the enrichment 
in larger molecules of SDS extractable proteins as observed by SE-HPLC. RP-HPLC profiles of gliadin 
heated at pH 8.0 and 120 or 130 °C were difficult to interpret due to interference by degradation 
products.  
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Figure 4: Extractability of ω− (■), α− (■) and γ− (■) gliadin in 70% ethanol (expressed as a percentage of 
extractable protein of unheated gliadin) after hydrothermal treatment for different times in sodium phosphate 
buffer (pH 8.0, 50 mM) at 110 °C. 
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CONCLUSIONS 

Many studies emphasize the importance of oxidation of free SH groups and/or SH-SS-exchange 
reactions to obtain a strong gluten network, but the possible contribution of other chemical reactions to 
gluten cross-linking has not previously been extensively studied. The results of SE-HPLC in this paper 
demonstrate that gliadin cross-links during hydrothermal treatment at pH 8.0 and at high temperatures 
(110, 120 and 130 °C) and indicate that both SS and non-SS bonds are formed. Free SH groups are 
formed during hydrothermal treatment that possibly result in the formation of intermolecular SS bonds 
by oxidation and/or SH-SS-exchange reactions. RP-HPLC profiles of heated gliadin samples indicate 
that mostly α- and γ-gliadin are involved in cross-linking, whereas ω-gliadin is not. It would be of 
interest to further examine which cross-linking and free SH group releasing reactions occur during 
hydrothermal treatment of purified gliadin. 
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ABSTRACT 

The Biopolymer Network Limited has been developing the Al-Hakkak Process, a commercially-viable 
extraction process to isolate various biopolymer fractions from grains, pseudo-cereals and other starch 
rich biobased materials such as bananas (Al-Hakkak 2006; Al-Hakkak and Al-Hakkak 2007). These 
biopolymer fractions have appealing functionalities for use as ingredients in speciality chemical 
applications.  
 
Dough rheology plays a role in the Al-Hakkak Process and investigations were undertaken to explore 
the effect of large deformation characteristics of sheeted dough prepared using gluten enriched oat 
flour. The purpose of these trials was to assess if variations in the resting time would result in 
measurable differences in the large deformation characteristics of the oat/gluten dough sheets. 
Measurements were carried out on dough sheeted using standard bakery sheeting equipment. An 
Instron Universal Testing Machine was used to measure the force and deformation (elongation) 
and from these measurements the rheological characteristics were calculated (Morgenstern et al., 
1996). 
 
This work has identified that resting time affects the large deformation characteristics of the sheeted 
oat/gluten dough. Strain hardening was observed for all samples. Longer rested samples displayed less 
strain hardening with lower values for the strain hardening index (n) and the strength index (k). The 
calculated apparent modulus of elasticity (Ea) was generally higher with shorter resting time. A resting 
time endpoint of between 20 and 80 minutes was observed, but this was found to vary depending on 
the parameter being examined (n, k and Ea). Further investigations are required. 

INTRODUCTION 

This document discusses the outcomes of rheology trials carried out on sheeted dough from the Al-
Hakkak Process using a blend of oat and gluten flours. The Al-Hakkak Process involves separating 
starch and protein from starchy plant materials (e.g. grains and pseudo-cereals) by adding wheat gluten 
flour to the plant flour. Water is added and the mixture kneaded and then allowed to rest before more 
water is added in the extraction step. During kneading and resting, a gluten network forms 
incorporating the insoluble plant proteins and this allows the starch to be washed from the protein. It is 
thought that the rheological parameters of the oat/gluten dough play an important role in the efficiency 
and yield of the Al-Hakkak Process. 
 
Rheology can be useful to assist with process development by providing information on the 
characteristics of the material being measured such as strength, toughness, stiffness, elasticity and 
hardness. This information is produced by measuring the forces required to deform the material using 
various mechanisms such as compression, extension and shear. It is widely reported that the rheology 
of wheat dough is non-linear, displaying viscoelastic properties which are difficult to measure and a 
few of the many references are listed here (Kokelaar 1994; Morgenstern et al., 1996; Georgopoulos et 
al., 2003; Salvador et al., 2006). This viscoelasticity makes rheology measurement difficult and 
empirical testing techniques that are easy to carry out have been historically used. Dobraszczyk and 
Morgenstern (2003) summarise the common rheological measurement techniques used in dough 
manufacturing industries. These empirical techniques do not provide fundamental rheological 
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measurements and standard, fundamental, rheological parameters cannot be determined from the data 
generated (Muller 1975; Shuey 1975; Morgenstern et al., 1996; Dobraszczyk and Morgenstern 2003; 
Tronsmo et al., 2003). 
The rheology of dough has been widely used and reported in the literature and correlated to various 
baking parameters such as bread making, cookie/biscuit making and cake baking (Kokelaar 1994; 
Dobraszczyk and Morgenstern 2003; Stojceska et al., 2007). Little has been published in the literature 
relating dough rheology to starch granule and vital wheat gluten separation using the Martin Process, 
Batter Process, Fesca Process or other mechanical separation processes. No previous studies have been 
undertaken investigating oat/gluten dough rheology or correlating dough rheology with the 
performance of the Al-Hakkak Process. 
 
The aim of this work was to assess the effect of varying the resting time on the large deformation 
characteristics of sheeted oat/gluten dough from the Ak-Hakkak Process. The focus of the trials 
reported here was to observe if variations in the resting time resulted in measurable differences in the 
rheology of oat/gluten dough sheets that could be correlated with other data from the Ak-Hakkak 
Process. The ultimate aim of this research programme is to develop a robust process model for a 
commercially viable Al-Hakkak Process using oat as the feed stock that is tested at pilot scale (Al-
Hakkak 2006; Al-Hakkak and Al-Hakkak 2007). 

MATERIALS AND METHODS 

Large deformation measurement was selected for this investigation. Large deformation rheology is 
thought to be important in the development of the gluten network during the kneading process, which 
is essential to the Al-Hakkak Process. The forces involved in this method are at similar scale to those 
occurring during the kneading process and it was considered that the data generated would be 
representative of this key process. Three main options for large deformation extension measurements 
exist for dough; uniaxial extension, biaxial compression/extension, and biaxial extension. Biaxial 
extension, where a sheet of dough is stretched in two perpendicular directions was selected for these 
investigations following the method by Morgenstern et al., (1996).  
 
Dough samples in these trials were prepared following the Al-Hakkak Process using small scale 
processing equipment that is similar in operation to large scale commercial processing equipment. The 
samples were prepared from a single batch of dough as described in Table 1. Processing was carried 
out using a small, Hobart dough mixer fitted with an approximately 5 kg capacity vessel and a single 
dough hook (“E” dough arm). Sheeting was carried out using a small scale, commercial, manually 
operated dough sheeter, comprising two stainless steel rollers, rotated by a manually operated handle. 
The gap between the rollers was variable, to a maximum of approximately 20 mm. Immediately 
following kneading, the dough sheet was carefully passed through the dough sheeter four times, 
rotating the dough 90o each time and decreasing the roller gap (20 mm, 10 mm, 5 mm and 3 mm). 
Immediately following sheeting, disks of dough, approximately 105 mm in diameter, were cut from 
the sheeted dough using a circular, stainless steel, biscuit cutter. The samples were sealed in plastic 
bags (to minimise moisture loss) and allowed to rest, untouched for the defined resting period. Care 
was taken to handle these dough samples as little as possible.  

 
Table 1: Oat/gluten dough composition 

Ingredient Percent of mass of dough 
Oat flour (Harraways, 2007) 48 % 
Gluten flour (Healtheries, 2007) 12 % 
2% salt solution  2 % 
Water 38 % 

 
Rheology measurements were performed using a universal testing machine (UTM), manufactured by 
Instron, Canton, MA (model 4444), following the method described by Morgenstern et al., (1996). The 
forces and extension data (cross head speed (extension velocity), dough thickness, zero position, probe 
diameter and hole diameter) were captured using custom built software. This software uses 
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fundamental measurements of force and elongation to calculate specific rheological parameters (stress, 
strain and strain rate) following the method described by Morgenstern et al., (1996). A constant 
crosshead speed was used for these investigations.  
 
The strain hardening index (n), strength index (K), apparent modulus of activity (Ea) and time 
constant (tau) were calculated from various rheological parameters using equations 1, 2 and 3. Where 
A and B are constants and X is the rheological parameter of interest for the time constant calculation. 
Tau is a measure of how rapidly the dough is relaxing, relative to a specific rheological parameter.  
 

 (1) 
 (2) 

 (3) 

RESULTS AND DISCUSSION 

The rheological properties of individual oat/gluten dough samples were calculated from the 
fundamental measurements of force and elongation. Selected stress and strain data points (strain = 
0.35, 0.50, 0.75, 1.00, 1.25 and 1.50) are presented here as these provide a good overall representation 
of the results (Figure 1). The strain hardening index and strength index were calculated and are 
presented in Figures 2a and 2b.  
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Figure 1: stress and strain data for all resting time samples. 
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Figures 2a and 2b: strength index and strain hardening index  
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The slope of the log(stress)/log(strain) plot (Figure 1) was generally lower for the samples with a 
longer resting time (tR). Figures 2a and 2b show that n and K decreased with longer tR. Ea (at strain 
equals 1) was also calculated (not shown) and displayed a similar trend to K. This suggests that during 
the resting period, changes (either chemical or physical) occurred in the protein network of the sheeted 
oat/gluten dough and this finding is consistent with previously published data for sheeted wheat dough 
where apparent elongational viscosity decreased over time (Morgenstern et al., 1996).  
 
It is generally accepted in the literature on wheat dough, that the stresses introduced by kneading, 
handling and sheeting are reduced/relaxed during resting (Morgenstern et al., 1996; Weegels et al., 
1996; Perez et al., 2008). For these trials, a time constant (tau) was calculated for n, K and Ea, and was 
found to be 41.4, 14.7 and 13.4 minutes respectively. This indicates oat/gluten dough resting has an 
endpoint or optimum (tR - END) after which further “resting” is not necessary. The existence of tR - END is 
consistent with previously published studies on sheeted wheat dough, which previously suggested that 
the change in apparent elongational viscosity levelled off after approximately 50 minutes 
(Morgenstern et al., 1996). Other data (not shown) investigating the starch and protein separation in 
the Al-Hakkak Process indicates that yield does not significantly change after approximately 30 
minutes of resting. From this data, the optimal resting time for the Al-Hakkak Process was estimated 
as approximately double tau calculated from either K or Ea. 
 
The rheology measurement method used in these trials was a destructive technique that takes 
individual samples through to their failure point where the dough sheet ruptures. The failure point of 
each sample was recorded and the stress, strain and Ea were calculated (Figures 3a and 3b).  
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Figures 3a and 3b: stress and strain at failure and modulus of elasticity (Ea) at failure  

 
There was no trend in the stress or strain results as a function of tR, at the point failure (Figure 3a). 
This was unexpected as it does not agree with the other results from this study. Figure 3b shows a 
downward trend in Ea at failure with longer tR which agrees with other results discussed here. Other 
results from this trial indicate that rheological characteristics of oat/gluten dough change with tR. Other 
data (not shown) investigating the starch and protein separation in the Al-Hakkak Process indicate that 
yield changes as a function of tR. This indicates that stress and strain at failure was not a suitable 
mechanism for assessing the effects of changing tR on the sheeted oat/gluten dough 
 
It is considered likely that the mechanism for dough resting of the sheeted oat/gluten dough is different 
to wheat dough. It is likely that components in the oat flour (protein, solubles, lipids or carbohydrates) 
disrupted the normal wheat gluten relaxation behaviour. Varying the composition of wheat flour can 
affect the formation and properties of the gluten protein matrix and the wheat dough rheology (Wang 
et al., 2003; Don et al., 2004; Wang et al., 2004). Reducing agents that disrupt the cysteine linkages 
(disulphide bonding) between the amino acids in the protein molecules of wheat dough can effect 
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changes that occur during dough resting and the rate at which these take place (Every et al., 2004). 
Further work is required to investigate the mechanism for dough resting for oat/gluten dough. 

CONCLUSIONS 

These results indicate that the large deformation rheology of the oat/gluten dough changes with tR, 
which agrees with other data on the starch and protein separation in the Al-Hakkak Process. Stress, 
strain, n, K and Ea were found to change with tR. It was concluded that during resting, changes (either 
chemical or physical) occurred in the protein network of the sheeted oat/gluten dough. A tau of 
approximately 14 minutes was calculated. By comparing tau with other data on starch and protein 
separation, tR - END = 2 tau was found to be a good approximation for the Al-Hakkak Process. There 
was no apparent relationship between stress or strain and tR, at the point of failure. It is thought that the 
mechanism for oat/gluten dough resting is different from that in wheat dough as it is likely that 
components in the oat flour (protein, solubles, lipids or carbohydrates) disrupt the normal wheat gluten 
behaviour, causing the wheat gluten protein to relax differently. 
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ABSTRACT 

The Biopolymer Network Limited has been developing the Al-Hakkak Process, a commercially-viable 
extraction process to isolate various biopolymer fractions from grains, pseudo-cereals and other 
starchy materials such as bananas. Grains and pseudo-cereals are abundant, naturally diversified 
materials with components that have appealing functionalities for use as ingredients in personal care 
and cosmetic applications. These biological resources contain biopolymers such as starch, protein and 
oils that can be used to produce safe, natural and biodegradable products. Extraction of such 
biopolymers results in the generation of several product streams of varying composition, functionality 
and commercial value. 
 
This study explored the structure of protein-enriched oat dough from an intermediate step in the Al-
Hakkak Process. Confocal Laser Scanning Microscopy (CLSM) was used to investigate the effect of 
both kneading and extraction on the separation of oat starch granules from the protein matrix using 
this process. The purpose of this study was to understand the effect of varying key process parameters 
on oat starch granule extraction from the protein matrix, with an ultimate aim of optimising the Al-
Hakkak Process.  
 
This work has provided evidence that both kneading and extraction affect the structure protein 
network. Visual assessment of the CLSM images successfully identified differences in the structure 
and location of the oat starch and the protein matrix as a result of kneading and extraction. A longer 
extraction time produced a more developed protein network containing long protein strands and 
pockets of starch granules within the protein network. A longer kneading time also produced larger 
protein agglomerates.  

INTRODUCTION 

This document discusses the outcomes of Confocal Laser Scanning Microscopy (CLSM) trials carried 
out on unpurified oat/gluten protein extracted using the Al-Hakkak Process (Al-Hakkak 2006; Al-
Hakkak and Al-Hakkak 2007). This process involves separating starch and protein from starchy plant 
materials (e.g. grains and pseudo-cereals) by adding wheat gluten flour to the plant flour. Water is 
added and the mixture kneaded and then allowed to rest before more water is added in the extraction 
step. During kneading and resting, a gluten network forms incorporating the insoluble plant proteins 
and this allows the starch to be washed from the protein. 
 
CSLM imaging was selected for this study as it had several advantages over other techniques; 1) 
CLSM samples are observed directly with minimal preparation and disturbance by scanning through 
an optical section using a laser beam of the sample (Sutton et al., 2001; Peighambardoust 2006), 2) 
CSLM images are typically very clear, compared to conventional microscopy, as only the light from 
the focal plane is collected, 3) three-dimensional (3-D) images can be built up by scanning successive 
optical sections at different depths into the sample and the resulting stacked images can be visualised, 
processed and analysed (Durrenberger et al., 2001; Sutton et al., 2001), and 4) CSLM allows starch 
and protein to be observed separately by staining using fluorescent molecules and using laser light of 
the right wavelength to fluoresce these molecules (Durrenberger et al., 2001; Peighambardoust 2006). 
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The aim of this work was to visually assess the effect of varying durations of dough kneading and 
extraction on the separation of oat starch granules from the protein network. The focus of these trials 
was to observe the relative differences in the structure and arrangement of the protein network that 
could be correlated to other processing data. The ultimate aim of this research project is to develop a 
robust process model for a commercially viable Al-Hakkak Process, using oats as the feedstock that 
can be trialled at pilot scale. 

MATERIALS AND METHODS 

Samples in these trials were prepared following the Al-Hakkak Process as described in Figure 1. The 
samples were taken from the protein rich stream, after the initial extraction and before subsequent 
extraction/purification stages.  
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Figure 1: schematic diagram showing an overview of the Al-Hakkak Process 

 
Samples were prepared using small scale processing equipment that is similar in operation to large 
scale, commercial processing equipment. Dry mixing, wet mixing and kneading were carried out using 
a Farinograph mixer fitted with a 50 g (flour) kneading vessel. This is a two arm, z-style mixer 
produced by C. W. Brabender Instruments Inc, and is widely used to produce small samples of dough. 
Extractions were carried out using a 500 ml stirred, baffled tank, with a pitched blade impellor. The 
vessels and impellors were designed and built for these trials at AgResearch Limited.  
 
All of the samples were prepared using oat flour that had been sieved through a 500 micron screen, to 
remove bran and any large particles. The same dough recipe was used to produce the oat/gluten dough 
for all of the samples (Table 1). The operating conditions used for dough manufacture and extraction 
varied between samples and Table 2 summarises the key operating conditions used for each sample. 
After dough manufacture, a 50.00 g sample of the dough was carefully measured for the extraction and 
separation processes.  
 
Samples of the protein rich fraction from the first extraction weighing approximately 5 g were taken 
for CLSM. These were rapidly cooled by immediately immersing them in liquid nitrogen. The frozen 
samples were stored in individual airtight containers at -80 °C prior to CLSM and thawed immediately 
prior to analysis. 
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Table 1: Oat/gluten dough composition 
Ingredient Percent of mass of dough 

Oat flour (Harraways, 2007) 48 % 
Gluten flour (Healtheries, 2007) 12 % 
2% salt solution  2 % 
Water 38 % 

 
Table 2: Operating Conditions 
Sample  14 15 16 20 
Kneading Time seconds 120 150 90 120 
Resting Time minutes 90 90 90 90 
Extraction water:dough ratio  4:1 4:1 4:1 4:1 
Extraction Time minutes 60 60 60 20 
 
The structure of the protein rich samples was analysed using an inverted Leica TCS SP5 Confocal 
Laser Scanning Microscope (CSLM), located at the School of Biological Sciences, University of 
Canterbury. Each frozen sample was carefully sliced to approximately 1 mm using a razor blade to 
create a smooth surface for the CSLM. This exposed the inner areas of the sample by removing the 
outer layers and any possible surface irregularities resulting from the freezing process. Duplicate 
samples were placed on a cavity glass slide and allowed to defrost at room temperature. 
 
A double staining technique was used to allow the simultaneous observation of the protein and starch 
components of each sample. This technique has been successfully used in other studies (Durrenberger 
et al., 2001; Sutton et al., 2001; Peighambardoust et al., 2007). A combination of 0.1 % w/v florescein 
isothiocyanate (FITC) and 0.1 % w/v Rhodamine B in water was used to non-covalently label the 
starch and protein components. The excitation wavelength of FITC is 488 nm while that of Rhodamin 
B is 561 nm. The starch is observed as a green colour and the protein is observed as red. Empty spaces 
(voids) appear black. The samples were covered with a glass cover and stored in ambient conditions 
for approximately 30 minutes to allow the stain the develop. Images of the samples were observed at 
X20 using an oil immersion objective. Separate 3-D images of the protein fraction were generated, by 
taking images of the sample to a depth of 20 microns at 1 micron intervals.  

RESULTS AND DISCUSSION 

CLSM is generally considered a qualitative measurement tool. A large number of images are required 
for a quantitative assessment. High magnification images were used to observe the structure of each 
sample in detail. Only the grey scale images of the protein structure are shown here (Figures 2, 3, 4, 
and 5). Colour images showing the protein (stained red) and starch (stained green) were also generated 
and analysed, but are not shown here. Both the grey scale images of the protein shown here and the 
colour images of the starch and protein (not shown) revealed clear differences in the structure of the 
samples of the protein rich fraction as a result of changing the kneading and extraction time.  
 
Arguably the most visible difference between the samples was the protein network that formed. 
Differences were observed between the CLSM images of the samples with respect to the relative 
structure, location and amount of protein present. Sample 20 showed the most visible difference in the 
protein structure compared with the other three samples. The protein network of Sample 20 was loose, 
uneven and appeared to be poorly developed with only short, thick protein structures visible. The 
protein network in the other three samples was better developed with elongated protein strings evident 
in all samples. This suggests that the extraction time had an effect on the development of the protein 
network with a longer extraction time resulting in greater protein development. 
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Considerably more starch granules were visible in Sample 20 than in the standard (Sample 14), 
comprising both individual and compound starch granules. The starch granules were imbedded in the 
protein, located in pockets and sitting on the protein surface of Sample 20. This confirms that shorter 
extraction time was less effective at removing the starch granules. 
 

     
Figures 2 and 3: the 3-D detailed appearance of the protein structure of samples 14 and 15. 

 

   
Figures 4 and 5: the 3-D detailed appearance of the protein structure of samples 16 and 20. 

 
The differences between samples 14, 15 and 16 were less distinct. The protein network in Sample 15 
was arranged in directional and smooth strings, suggesting that the dough was well developed. Areas 
of Sample 15 were rich in protein, whereas other areas were rich in starch (images not shown). The 
protein network in Sample 16 was gritty in appearance, with large protein clumps and few elongated 
strings. Overall the protein structure of Sample 16 appeared uneven and loose.  The appearance of the 
protein network of Sample 14 was in-between samples 15 and 16, as some protein strings were visible, 
but these appear less elongated than in Sample 15. The protein strings in samples 14 and 15 were 
generally well aligned, with protein strings running parallel to each other in large areas of the samples. 
In Sample 15, larger bundles of protein strings were visible, indicating that the longer kneading time 
clustered the protein strings to form larger agglomerates and these remained throughout the extraction 
process. 

2 3 

4 5 
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Mixed within the protein strands of Sample 15 were small pockets of starch granules ranging from 
individual granules to pockets of about 200 micron by 200 micron (images not shown). In Sample 14, 
the pockets of starch granules were elongated (200 microns by 50 microns) and aligned with the 
protein strands. Sample 16 showed fewer starch granule pockets which were generally larger in size 
(300 microns by 200 microns). Some smaller pockets of starch granules were present in Sample 16, 
but these generally comprised single larger compound granules. This suggests that kneading time 
affected the location of the starch granules in the protein network and the breakup of large compound 
starch granules. 

CONCLUSIONS 

CSLM provided valuable information on the effect of both kneading time and extraction time on the 
extraction of starch granules from oat protein using the Al-Hakkak process. Visually assessing the 
CSLM images identified differences in the structure of the protein and location of the starch granules 
within the protein network as a result of kneading and extraction. This work has shown that extraction 
time is an important factor in the extraction process. A longer extraction time resulted in a more 
developed protein network containing long protein strands and pockets of starch granules within the 
protein network. Reducing the extraction time increased the amount of starch granules present, 
indicating that the mixing action opens up the protein network and releases trapped starch granules. 
This work has shown that the effect of kneading time was not as pronounced as the effect of extraction 
duration. A longer kneading time aligned the protein network into stringy, directional and smooth 
structure, whereas a shorter kneading time produced a protein network that was gritty with fewer 
directional strings. 
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ABSTRACT 

Research interest in the production and use of biopolymers as alternatives to polymers of petroleum 
origin has increased and the versatile uses of these materials range from biodegradable packaging, 
edible or non-edible coatings, to bioplastic films and adhesives. Several properties are required for 
new packaging plastics, and two of the most important are oxygen and water vapor barrier properties. 
Most biopolymers are good oxygen barriers in dry conditions, but not in water barrier properties and 
oxygen barrier properties deteriorate in moist conditions. This study aims to make a fully renewable 
packaging laminate with both oxygen and water barrier properties. The oxygen barrier is based on 
wheat gluten (WG), a material that is a by-product of ethanol production, and the water barrier is 
improved by a commercial quality polylactic acid (PLA). The objective of this study was to define the 
processing parameters with regards to lamination temperature, glycerol migration, molding 
temperature of the wheat gluten films and mechanical properties. The laminate was prepared by 
compression molding the WG and PLA layers at 110 °C. The gluten layer with different plasticizer 
contents (0, 5, 10, 20, 30 wt% glycerol) was previously compression molded at 110 or 130 °C. As 
observed by scanning electron microscopy, the thickness of the laminate was continuous, showing that 
the preparation method was satisfactory. The glycerol content in the WG layer had a significant effect 
on the tensile properties and bending stiffness of the laminates. No loss of glycerol from the sample on 
a porous paper was observed within the evaluation period (up to four months), indicating that the PLA 
layer prevented glycerol migration. The laminates showed promising water barrier properties also in 
moist conditions (38 °C and 90% RH). In conclusion, the laminate films were shown to be very 
effective at enhancing barrier functionality against both oxygen and water vapor. 
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Concluding remarks 

Gérard BRANLARD 
INRA-UMR GDEC, Clermont Ferrand, France 

 

The conference brought together gluten scientists from many countries who provided new insights in 
each session. It was also the opportunity for fruitful discussions to attract young scientists. Major 
progress has been made since the first Gluten conference held at Nantes, France in 1980. In the light of 
the many current achievements presented and discussed at the 10th Gluten conference I would like to 
make some concluding remarks. 

Biosynthesis and accumulation of storage proteins: mechanisms and the impact of environment 

Today wheat breeders around the world have both the knowledge and the tools -such as biochemical 
and molecular markers- to enable them to select wheats that fulfil the technological requirements of 
most end uses. It is much easier for them to select biscuit wheat, soft or hard bread wheat, extra strong 
wheat than ten years ago. A major criticism aimed at wheat breeders today is not the quality potential 
of their cultivars but rather their environmental instability, particularly the response of high grain 
yielding wheat varieties to agro-climatic variations. Although progress has been made, future research 
should help identify the major factors involved in the genome response to agro-climatic variations: 
Providing answers to this complex question first requires additional knowledge of the wheat genome. 
Tremendous progress will be achieved once all the chromosomes of the A, B and D genomes that 
govern wheat genetic characters have been sequenced. Current efforts in the BAC sequencing of 
storage protein loci will be very profitable for studying the genetic diversity of LMW-GS, particularly 
that of the gliadin type but also of complex gliadin loci. Tools are already available for joint 
transcriptome and proteome analysis for deciphering the molecular and cellular mechanisms involved 
in the regulation of gliadin and glutenin synthesis. Although some excellent studies have already 
reported on the influence of environmental factors on the pattern of protein accumulation, we still need 
to identify the genes involved in response to heat stress, water deficit and mineral nutrition. This will 
necessarily include the identification of gene networks and particularly of all the transcription factors 
associated with storage protein synthesis. 

Monitoring the genetic diversity of storage protein classes and their polymerization 

Major advances have been made in the last two decades in the characterization of the HMW-GS and 
LMW-GS. The natural allelic diversity of HMW-GS and LMW-GS is commonly used in many 
countries to improve wheat quality. This wide usage led to the need for international standardisation of 
both the allele’s nomenclature and the cultivars of bread wheat and durum wheat type that are to be 
used as standard. To that end, during the 10th IGW, a satellite meeting was organised by Dr Tatsuya 
Ikeda to establish international collaboration for the identification of the major alleles of LMW-GS. 
This will facilitate future progress in understanding the allelic effect on gluten polymer size and on its 
resulting technological properties. The diversity of alleles encountered in species related to wheat, and 
particularly in diploid species, is much greater than the diversity found in bread wheat and durum 
wheat. Full genomic sequencing of these complex clustered Glu-3 / Gli-1 loci in diploid species will 
not only provide additional tools for monitoring gluten composition but will also help understand the 
mechanisms involved in gluten polymerisation. 
It is now clear that the formation of gluten macropolymers mobilises major oxidative enzymes at the 
end of the water plateau and the beginning of grain dehydration. To explain the important 
environmental influence on the distribution of gluten polymer sizes and particularly on the disulfide 
bond formation, we need to analyse the mechanism of polymerisation together with the numerous 
unstable enzymes of the redox system in endosperm cells at the end of protein accumulation. Tools 
like specific immuno markers, proteomics of purified protein bodies as well as genotypes with 
silenced or over expressed gliadins and /or glutenin genes would be a great help in improving our 
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understanding of how polymers form. The structure of the gluten macropolymer, which is one of the 
most complex proteins in the plant kingdom, is still unknown although its elementary constituents 
have been described. Monitoring of polymerization will not be enough. A large proportion of storage 
proteins composed of gliadins and some LMW-GS are aggregated through hydrogen bonding and non-
covalent links to the 3-dimensional network of glutenins. Hence additional modelling and biological 
validation is needed with frequent exchanges between the two, particularly to understand existing 
molecular control of protein polymerisation / aggregation in protein bodies. 

Further progress in wheat uses and consumer health 

The shaping of storage protein composition to adjust the desired gluten properties either for food or for 
industrial uses (plastic, film, biopolymers etc.), are some of the possibilities that will be available to 
breeders in the coming years. It will require either appropriate combinations of storage protein alleles 
encoding subunits with a known capability for establishing the disulfide bridges needed for gluten 
properties or the use of manipulated genes with sequences shaped for specific end-use properties. 
However, the gluten polymers must not only meet food technology requirements but primarily 
consumer demand. Characteristics of baked wheat products such as bread loaf volume, crumb texture, 
pasta firmness, etc., are better monitored by technology and engineering today than previously. Today, 
consumers pay more attention to the influence of their food on health. Current public concern with 
healthier baked products such as bread or pasta that is rich in vitamins and minerals may become a 
consumer demand tomorrow. In addition, questions from people who suffer from gluten with celiac 
disease but also those with baker’s asthma, eczema, atopic dermatitis, acute diarrhoea, anaphylactic 
shock, which can be triggered either by exposure to wheat gluten, contact with flour or ingestion of 
bread. These concerns were long neglected by wheat breeders but now need to be investigated with all 
available tools, as reported in the 5th session of the present conference. Progress in proteomics analysis 
particularly in the characterisation of the post-translational modifications that occur in gluten proteins 
during baking and cooking may also improve our understanding of their partial degradation after 
eating. Transcriptomics and proteomics analysis will be a great help in identifying allergens in storage 
proteins as well as in albumins/globulins. Gluten, which is also the by-product of the wheat starch 
industry, is now an ingredient in many food products and in some cosmetics. Studies of hydrolysed 
wheat proteins, which can trigger immediate hypersensitivity through skin contact or ingestion, 
revealed that epitopes were already present in large aggregates of polypeptides in native proteins. This 
also underlines the need to better understand the molecular mechanisms of protein polymerisation and 
aggregation. Thanks to the current joint efforts of geneticists and allergists, it is possible to speculate 
that genotypes with allelic variants encoding less allergenic or non-allergenic proteins will be available 
for breeders in the coming decade. 
 
The 10th IWG fulfilled its promise both with respect to scientific advances and exchanges involving 
young scientists. Although major progress has been made in the recent past, many questions remain to 
be answered. We are glad that the next conference will be held in China, where hundreds of millions 
of people who ate steamed bread for centuries are now enjoying baked bread products and I would like 
to take this opportunity to personally thank Dr He Zhonghu (CAAS / CIMMYT, Beijing, China) who 
has offered to organise the 11th International Wheat Gluten Conference in 2012. 
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Appendix 

Program schedule 

Monday 7th September 
8:30am to 9:30am - Registration 
9:30am to 9:40am - Welcome address 

SESSION 1 - Biosynthesis and accumulation of storage proteins: 
mechanisms and the impact of environment 
Gluten protein trafficking and assemblage 
Co-chairs: S. Masci, Y. Popineau 

9:40am to 10:00am - Keynote lecture - Studying the pattern of synthesis, deposition and tissue 
location of gluten proteins by epitope tagging. P. Tosi, C. Gritsch, J. Freeman, C. Sparks, H. 
D. Jones, W. Funatsuki, K. Niwa, and P. R. Shewry 
10:00am to 10:15am - Interactions of gliadins with model membranes in confined geometry: a 
physicochemical approach for the initiation of protein bodies in the ER lumen. A Banc, L. 
Navailles, B. Desbat, Y. Popineau, C. Mangavel and D. Renard. 
10:15am to 10:30am - Role of glutathione in the early stages of low-molecular-weight subunit 
assembly. A. Lombardi, C.L. Castellazzi, A. Barbante, S. Masci and A. Ceriotti 
10:30am to 10:45am - Accumulation of polymeric proteins in developing grains of hexaploid 
wheats in relation with changes in the glutathione thiol-disulfide status. T. Aussenac and L. 
Rhazi 
10:45am to 11:15am  Break 
11:15am to 11:30am - How are gluten polymers assembled during grain filling in durum 
wheat? M.S. Ferreira, J. Bonicel, N.N. Rosa, M.F. Samson and M.H. Morel 

Molecular mechanisms regulating gluten protein synthesis “candidate gene and omic 
approaches” 
Co-chairs: S. Altenbach, R. Appels 

11:30am to 11:45am - Variations in polymorphism within genes coding for the transcriptional 
factor SPA might influence wheat storage proteins and quality. I. Romeuf, M. Dardevet, R. 
El-Malki, J. Bordes, F. Vinson-Exbrayat, F. Balfourier, G. Branlard, G. Charmet, P. Martre 
and C. Ravel 
11:45am to 12:00pm - The use of metabolomic profiling to identify new quality determinants 
in wheat. P.R. Shewry, S. Millar and J.L. Ward 

Environmental variations of gluten protein accumulation and assemblage 
Co-chairs: F. Dupont, P. Martre 

12:00pm to 12:15pm - Effect of temperature conditions during grain development on wheat 
gluten resistance. A. Moldestad, E.M. Færgestad, B. Hoel and A.K. Uhlen 
12:15pm to 12:30pm - Determination of amount and size distribution of polymeric proteins in 
wheat: A modelling approach using specific protein composition and maturity times at 
different environmental conditions. A.H Malik, M.L Prieto-Linde, R Kuktaite, A. Andersson 
and E Johansson 
1:30pm to 2:00pm - Poster session 
2:00pm to 2:15pm - Accumulation of monomeric and polymeric proteins in grains of durum 
wheat in relation to sowing date and nitrogen nutrition. P. Martre, R. Ferrise, V. Samoil and 
M. Bindi 
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2:15pm to 2:30pm – The effect of high temperature on cell structure and gluten protein 
accumulation in the endosperm of the developing wheat (Triticum aestivum L.) grain. W.J. 
Hurkman, C.K. Tanaka, R.Thilmony, T.G. Williams, D.F. Wood, W.H. Vensel, F.M. Dupont 
and S.B. Altenbach 
2:30pm to 3:00pm - General discussion 

SESSION 2 - Gluten protein structure, aggregation and rheology in 
relevance to the technological functionality of cereal dough and product 
Models and Rheology 
Co-chairs: M. H. Morel, P. Koehler 

3:00pm to 3:20pm - Keynote lecture - Structure and Functionality of Gluten Proteins: An 
Overview. P. Koehler 
3:20pm to 3:35pm - Rheological model for wheat flour dough. S. Chakrabarti-Bell and J. 
Bergstrom 
3:35pm to 3:50pm - Gluten network formation, dough development and the mechanisms 
underlying glutenin particle disruption. C. Don 
3:50pm to 4:05pm - Use of highly hydrated dough to study gluten development mechanisms 
using a multi-scale approach  
F. Baudouin, A. Redl, A. Wagner and M.H. Morel 
4:05pm to 4:35pm  Break 

4:35pm to 4:50pm - Studies of the viscoelastic properties of dough during mixing by high 
speed phase and amplitude measurement. I. A. Alden, M. L. Bason and R. I. Booth 

Gluten Quality 
Co-chairs: D Lafiandra, R.J. Peňa 

4:50pm to 5:05pm - Revival of sedimentation value – method development, quality prediction 
and molecular background. S Tömösközi, M. Nádosi, G. Balázs, Sz. Gergely, C. Cavanagh, A. 
Morgounov, A. Salgó and F. Békés 
5:05pm to 5:20pm - Amount and distribution of polymeric and monomeric proteins in a 
doubled haploid wheat population and its relation to some quality characteristics. M.T. 
Labuschagne  and A.Van Biljon 
5:20pm to 5:35pm - Functional difference of high molecular weight glutenin subunits in 
controlling the bread making quality of common wheat. D. Wang, Y. Li, X. Guo, X. An, Y. 
Chen, A. Zhang, H. Ling, X. Zhang, Z.Li and X. Jia 
5:35pm to 6:00pm - General discussion 
6:00pm to 6:30pm - Poster session 

Tuesday 8th September 
Cross links 
Co-chairs: C. Don, D. Marion 

8:30am to 8:45am - Properties of wheat gluten treated at high hydrostatic pressure as affected 
by the addition of reducing carbohydrates. M. Brunnbauer and P. Koehler 
8:45am to 9:00am - Reaction kinetics of gliadin-glutenin protein cross-linking in bread 
making. B. Lagrain, K. Brijs and J.A. Delcour 
9:00am to 9:15am - Quality of Durum Wheat Spaghetti with added Microbial 
Transglutaminase. Can this Enzyme Restore Product Quality in Spaghetti with added Fibre? 
M. Sissons, N. Aravind and C. M. Fellows 
9:15am to 9:30am - General discussion 
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SESSION 3 - Adaptation of gluten quality to end-uses by genetics and 
biotechnology 
Genetics technology 
Co-chairs: P. Shewry, D. Wang 

9:30am to 9:50am - Keynote lecture - Applying genetic engineering to understand the 
contributions of various seed proteins to wheat flour properties. A. Blechl, B. Beecher, J. Lin, 
S. Altenbach, W. Hurkman, S. Sloane, C. Tanaka and W. Vensel 
9:50am to 10:05am - Using a gene technology approach to improve both nutritional and 
bread-making quality attributes of wheat flour. C. Tamás, B. Kisgyörgy, M. Rakszegi, M. 
Oszvald, S. Tömösközi, F. Békés, L. Láng and L. Tamás 
10:05am to 10:20am - Development of novel HMW-GS gene combinations within bread 
wheat by means of homoeologous recombination. J. Dumur, J. Jahier, M. Dardevet, O. 
Coriton, H. Chiron and G. Branlard 
10:20am to 10:35am - Production and utilization of durum wheat lines with introgressed D-
genome glutenin subunits. D. Lafiandra, D. Panichi, S. Masci, C. Ceoloni, M.G. D’egidio, M. 
Urbano, G. Colaprico and B. Margiotta 
10:35am to11:05am  Break 

11:05am to 11:20am - Dough properties of transgenic wheat transformed with Cys-mutated 
low-molecular-weight glutenin genes. W. Funatsuki, P. Tosi, M. Ito, H. D. Jones, C. Sparks, 
A. Riley, Z. Nishio, T. Tadashi, H. Yamauchi and P. R. Shewry 
11:20am to 11:35am - General discussion 

Glutenin alleles characterization 
Co-chairs: W.J. Rogers, J.M. Carrillo 

11:40am to 11:55am - Characterization of new Glu-3 alleles in bread wheat  
T.M. Ikeda, G. Branlard, R.J. Peña, K. Takata, L. Liu, Z. He, S.E. Lerner, M.A. Kolman, and 
W.J. Rogers 
11:55am to 12:10pm - Origin and continuity of glutenin subunits in Canada Western Red 
Spring Wheat. R.M. Depauw, O.M. Lukow and K. Adams 
12:10pm to 12:25pm - Glutenin alleles in U.S. Pacific Northwest wheat. C. F. Morris, I. Pasha, 
B.S. Beecher, A. D. Bettge and D. See 
1:30pm to 2:00pm - Poster session 
2:00pm to 2:15pm - Proposal for unifying the nomenclature system of LMW glutenins in 
common wheats. L. Liu, Z.H. He, T.M. Ikeda, G. Branlard, R.J. Peña, W.J. Rogers, W.J. Ma, 
H. Yoshida and X. C. Xia 
2:15pm to 2:30pm - Thinopyrum intermedium high molecular weight glutenin subunits; have 
we found a substitute for 5+10 (Glu-D1) subunits? M. Garg and H. Tsujimoto 
2:30pm to 2:45pm - MALDI-TOF based HMW & LMW glutenin subunit identification for 
wheat breeding. W. Ma, A. Wang, L. Liu, R. Appels, X. Xia, Z. He and Y. Yan 
2:45pm to 3:10pm - General discussion 

SESSION 4 - Genetics and other approaches 
Co-chairs: J. Le Gouis, X. Zhang 

3:10pm to 3:25pm - QTL analysis of gluten properties in bread wheat. K. Zhang, D. Wang, Y. 
Li and J. Tian 
3:25pm to 3:40pm - Analysis of ESTs from the US wheat Butte 86 facilitates MS/MS 
differentiation of alpha and gamma gliadin proteins with very similar sequences. S.B. 
Altenbach, W.H. Vensel and F.M. Dupont 
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3:40pm to 3:55pm - Heterologous expression of mutated forms of the wheat protein inhibitor 
WSCI: characterization, interaction with susceptible proteases and potential applications. E. 
Poerio, N. Bruni, V. Capuzzi, F. Tedeschi, A. Di Maro and A.M. Facchiano 
3:55pm to 4:10pm - Rice as a possible base flour for functional studies of wheat prolamins. M. 
Oszvald, S. Tömösközi, L. Tamás and F. Békés 
4:10pm to 4:30pm  Break 

4:30pm to 4:45pm - Effect of process parameters on separation behaviour of gluten and starch 
in wheat dough. S.H. Peighambardoust and A.J. Van Der Goot  
4:45pm to 5:00pm - General discussion 
5:00pm to 5:30pm - Improving the health benefits of wheat: the EU HEALTHGRAIN 
programme. P Shewry 
5:30pm to 6:30pm - Poster session  
 - Satellite meeting on glutenin allele identification 
T.M. Ikeda and G. Branlard  
6:30pm - Departure for Gala Dinner 

Wednesday 9th September 

SESSION 5 - Gluten proteins and health, allergy and celiac disease 
Co-chairs: S. Denery, L.J.W.J. Gilissen 

8:30am to 8:50am - Keynote lecture 1 - Allergens and epitopes involved in food allergy to 
wheat and their presence in different wheat genotypes. S. Denery-Papini, F. Pineau, M. 
Bodinier, G. Branlard, A. Faye, O. Tranquet, C. Larre and D.A. Moneret-Vautrin 
8:50am to 9:10am - Keynote lecture 2 - Elimination of coeliac disease toxic gluten from 
cereals. L.J.W.J. Gilissen, I.M. Van Der Meer and M.J.M. Smulders 
9:10am to 9:25am - Characterization of seed allergens present in transgenic and 
untransformed wheat lines. R. Lupi, F. Pineau, G. Deshayes, D.A. Moneret-Vautrin, Y. 
Popineau, S. Denery-Papini, R. D’ovidio, D. Lafiandra, O.D. Anderson, S. Masci and C. 
Larré 
9:25am to 9:40am - Natural variation in gamma-gliadin sequences coding for Celiac Disease 
T cell epitopes in genomic sequences of three different diploid wheats and in expressed T. 
aestivum sequences. E.M.J. Salentijn, C. Mitea, S.V. Goryunova, F. Koning, I.M. Van Der 
Meer, L.J.W.J.Gilissen and M.J.M. Smulders 
9:40am to 9:55am - Progress in the down-regulation of wheat gliadins by RNA interference 
(RNAi). J. Gil-Humanes, F. Pistón, R. Aouni and F. Barro 
9:55am to 10:10am - Celiac disease related gluten proteins in deletion lines of bread wheat 
‘Chinese Spring’ and the effect on technological properties. H.C. Van Den Broeck, T.W.J.M. 
Van Herpen, E.M.J. Salentijn, E.H.A. Dekking, H.C. De Jong, D. Bosch, R.J. Hamer, M.J.M. 
Smulders, I.M. Van Der Meer and L.J.W.J. Gilissen 
10:10am to 10:25am - Variation in toxicity of ‘monococcum’ and ‘dicoccum’ wheat plants for 
celiac patients. L. Gazza, O. Vincentini, M. De Vincenzi, M. Piccinini, V. Petrangeli, P.K.W. 
Ng and N. Pogna 
10:25am to 11:00am  Break 

11:00am to 11:15am - Preparation of partially hydrolysed prolamins as references for the 
immunochemical quantification of gluten-derived peptides. P. Koehler, B. Gessendorfer and 
H.Wieser 
11:15am to 11:30am - Inhibition of angiotensin I-converting enzyme by wheat gliadin 
hydrolysates. B. G. Thewissen, A. Pauly, I. Celus, K. Brijs and J. A. Delcour 
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11:30am to 11:45am - Allergenicity of industrial hydrolyzed wheat proteins. I. Bouchez-
Mahiout, J. Snegaroff, C. Pecquet, S. Kerre, N. Raison-Peyron, M. Vigan, E. Boulenc, G. 
Branlard and M. Lauriere 
11:45am to 12:30pm - General discussion 
1:30pm to 2:00pm - Poster session 

SESSION 6 - Non food uses: plastic materials and other applications 
Co-chairs: E. Johansson, A. Redl 

2:00pm to 2:20pm - Keynote lecture - Elastic bioplastics from wheat: Rheological 
characterisation in order to gain insight into the structure and the mechanism underlying 
gluten visco-elasticity. A. Redl, M.H. Morel and S. Guilbert 
2:20pm to 2:35pm - The structure and mechanics of foams made of wheat gluten protein. T. 
Blomfeldt, E. Johansson and M. S. Hedenqvist 
2:35pm to 2:50pm - Use of gluten for materials production. E. Johansson, B. Newson, T. 
Blomfeldt, S.W. Cho, M. Hedenqvist, M. Gällstedt and R. Kuktaite  
2:50pm to 3:05pm - Gliadin cross-linking at alkaline pH and high temperature. I. Rombouts, 
B. Lagrain, K. Brijs and J. A. Delcour 
3:05pm to 3:20pm - The effect of varying resting time on the large deformation characteristics 
of gluten enriched, sheeted oat dough. R.J Macdonald, M.P. Morgenstern and K.R. Morison 
3:20pm to 3:35pm - The structure of gluten enriched oat dough evaluated by confocal laser 
scanning microscopy (CLSM). R.J. Macdonald, E. Kim and K.R. Morison 
3:35pm to 4:00pm - General discussion 
4:00pm to 5:00pm - General discussion, future prospects 
 Conclusion 
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