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Celiac disease is a T-cell mediated immune response in the small intestine of genetically susceptible
individuals caused by ingested gluten proteins from wheat, rye, and barley. In the allohexaploid bread
wheat (Triticum aestivum), gluten proteins are encoded by multigene loci present on the homoeologous
chromosomes 1 and 6 of the three homoeologous genomes A, B, and D. The effect of deleting individual
gluten loci was analyzed in a set of deletion lines of T. aestivum cv. Chinese Spring with regard to the level
of T-cell stimulatory epitopes (Glia-a9 and Glia-a20) and to technological properties of the dough
including mixing, stress relaxation, and extensibility.

Deletion of loci encoding u-gliadins, g-gliadins, and LMW-glutenins located on the short arm of
chromosome 1D, reduced the number of T-cell stimulatory epitopes and caused minor deterioration
of dough quality by increase of elasticity. Deletion of loci encoding a-gliadins located on the short arm of
chromosome 6D, resulted in a significant decrease in T-cell stimulatory epitopes. In parallel, the dough
became more stiff and less elastic, which is an improvement for ‘Chinese Spring’ dough.

We demonstrated that a-gliadins from wheat can largely be compensated by addition of avenins from
oat to the flour to meet technological requirements.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Dough quality for bread making highly depends on the presence
and composition of wheat gluten proteins. These gluten proteins are
composed of monomeric gliadins and polymeric glutenins, which
together determine the bread-making quality (Branlard et al., 2001;
Shewry et al., 1997). Glutenins are responsible for the elastic proper-
ties of the dough,whereas the gliadins are responsible for the viscous
properties. High molecular weight glutenin subunits (HMW-GS) and
low molecular weight glutenin subunits (LMW-GS) can form large
polymers by inter-molecular disulfide bonds. The LMW-GS can be
divided in typical LMW-GS B-subunits that can act as chain extenders
because of their ability to form inter-molecular disulfidebonds and in
gliadin-like LMW-GS C- and D-subunits that can act as chain termi-
natorsbecause they lack theabilityof forming several inter-molecular
disulfide bonds (D’Ovidio and Masci, 2004). The amount of large
glutenin macro polymers (GMP) is an important quality parameter
and strongly relates to doughproperties (Donet al., 2003;Guptaet al.,
þ31 317 418094.
Broeck).
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1996; Popineau et al., 1994; Singh et al., 1990; Weegels et al., 1996).
Gliadins can be divided into a/b-, g-, and u-gliadins (Woychik et al.,
1961) which have specific water-retaining capacities important for
dough viscosity.

In bread production, the dough mixing process (i.e. the
controlled addition of water to the wheat flour) is a very important
step (Millar, 2006; Skerritt et al., 1996; Weegels et al., 1996). During
mixing, the gluten proteins are rehydrated and homogenously
distributed throughout the dough. Upon resting, a three-dimen-
sional gluten network structure is formed that will determine the
viscoelastic and gas-holding properties of the dough. Detailed
mixing and rheological studies have revealed a direct relationship
between gluten composition and structural and dough properties
(for a review see Hamer et al., 2009). For example, the ratio
between glutenins and gliadins is especially relevant for the vis-
cous vs. elastic properties of dough. A high ratio of monomeric
vs. polymeric proteins will lead to a less stiff and more viscous
dough (Song and Zheng, 2007, and references therein).

Apart from their role in dough quality, gluten proteins can affect
health in genetically susceptible individuals. Many gluten proteins
containT-cell stimulatoryepitopes that can cause celiac disease (CD;
gluten intolerance) (Sollid, 2002). After consumption of gluten
ty of bread wheat lacking a-gliadins with celiac disease epitopes and
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Fig. 1. Analysis of ‘Chinese Spring’ deletion lines of the short arm of chromosome 1 and 6. (A) Physical maps of the short arms of wheat chromosomes 1A, 1B, 1D, 6A, and 6D from
centromer to telomeric ends (Wheat Genetic and Genomic Resources Centre, Kansas State University, USA). Arrows on the right of each chromosome indicate the deletion lines with
their breakpoint (indicated as fraction length from the centromer). The banding patterns within the chromosomes are according to Gill et al. (1991). Gluten protein extracts from
flour analyzed by: (B) SDS-PAGE (10%) stained with PageBlue. (C) Immunoblot using mAb Glia-a9. (D) Immunoblot using mAb Glia-a20. (E) 2-DE gels stained with PageBlue.
CS: Chinese Spring wild type. Arrow heads indicate absent gluten protein bands.
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proteins fromwheat, rye, or barley, the epitopes trigger an immune
response that causes damage to the small intestine. CD-patients
are therefore restricted to a lifelong gluten-free diet. About 1% of the
general population suffers from CD. A doubling of the prevalence of
CD in Finland in the last two decades is described by Lohi et al.
(2007), which could not be ascribed to improved detection only.
The numbers are increasing not only because of better diagnosis but
also because of increased intake and usage of wheat constituents as
food additives (Atchison et al., 2010; Day et al., 2006). Among the
different gluten epitopes that have been identified, the a-gliadin
epitopes are considered the most immunogenic (Arentz-Hansen
et al., 2000a,b, 2002; Camarca et al., 2009; Janatuinen et al., 2002;
Maiuri et al., 2003; Molberg et al., 2003; Schuppan et al., 2003;
Vader et al., 2002) of which the Glia-a9 is a major immunodo-
minant epitope. The Glia-a9 epitope sequence (aI) is part of the
proteolytic resistant 33-mer identified by Shan et al. (2002, 2005)
that has a high T-cell stimulatory effect. The 33-mer sequence
(LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF) is only present in
D-genome protein sequences of a/b-gliadins (Salentijn, personal
communication).

Gluten proteins are encoded by 15 major loci. The HMW-GS are
encodedbyGlu-1 loci on the long armof group1 chromosomes (Glu-
A1, -B1, and -D1) (Harberd et al., 1986). The LMW-GS are encoded by
the Glu-3 loci on the short arms of group 1 chromosomes (Glu-A3,
-B3, and -D3) (Singh and Shepherd, 1988) and are tightly linked to
the loci encoding the g- and u-gliadins (Gli-A1, -B1, and -D1 and
Gli-A3, -B3, and -D3). Most a/b-gliadins are encoded by loci on the
short arms of group 6 chromosomes (Gli-A2, B2, and D2) (Marino
et al., 1996). The a-gliadins encoded by chromosome 6D contain
themost epitopes and in the highest frequencies (Van Herpen et al.,
2006). Although differences exist in relative amounts of epitopes
among wheat cultivars (Molberg et al., 2005; Salentijn et al., 2009;
Spaenij-Dekking et al., 2005; Van den Broeck et al., 2010a,b), it
may be difficult to find a tetraploid durum wheat or a hexaploid
bread wheat variety that is completely safe for CD-patients. There-
fore, other strategies also need to be explored.

Deletion lines of Triticum aestivum cv. Chinese Spring (CS) were
selected having specific deletions on the short arms of group 1 and
6 chromosomes and generally lacking one of the three homoeolo-
gous loci encoding gluten proteins (Endo and Gill, 1996; Qi et al.,
2003). In a previous study, Van den Broeck et al. (2009b) identi-
fied deletion lines that had a reduced content of T-cell stimulatory
a-gliadin epitopes, Glia-a9 and Glia-a20. However, removing glia-
dins changes dough technological properties, notably causing an
increase in stiffness of the dough. In the present study, we aimed to
characterize the effects on dough properties more extensively for
the most promising deletion lines, i.e., the lines with the shortest
deletion that gave the largest reduction in T-cell stimulatory
epitope content. To investigate whether it is possible to compen-
sate for the change in dough technological properties, we tested the
effects of adding oat avenins to dough of the selected deletion lines.
A few CD-patients have been described that respond to oat avenins.
These patients are, however, very sensitive and form a minority of
the CD-patients. Oat avenins are related to wheat gliadins, but are
generally considered to be safe for CD-patients (Pulido et al., 2009
and references therein).

2. Material and methods

2.1. Plant material

From the Wheat Genetic & Genomic Resources Center (WGGRC)
Kansas State University, USA (http://www.k-state.edu/wgrc/Germp
lasm/Deletions/del_index.html), seeds were obtained from T. aes-
tivum Chinese Spring (CS) deletion lines 1AS-3, 1DS-5, 6AS-1, 6DS-2
Please cite this article in press as: van den Broeck, H.C., et al., Dough quali
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(/5BS-1), and 1BS-19/6DS-4 as described (Endo and Gill, 1996; Gill
et al., 1991; Qi et al., 2003). The deletion lines had partial dele-
tions of the short arms of chromosomes 1 and 6, which were
characterized by cytogenetics (Fig. 1A). Deletion line 6AS-1 was
marked as being probably heterozygous. Seeds of CS wild type (wt)
(CGN04086) were obtained from the Centre for Genetic Resources
(CGN), the Netherlands (http://www.cgn.wur.nl/uk/). Plants of CS
wt (CGN04086) and deletion lines were grown in a climatized
greenhouse and seeds were harvested at maturity. Ears of deletion
lines 1AS-3 and 6AS-1 looked similar as CS wt. Ears of deletion lines
1DS-5, 6DS-2(/5BS-1), and 1BS-19/6DS-4 were only half filled with
grains at maturity. Analysis of these deletion lines is also described
in Van den Broeck et al. (2009b). However, new rounds of seed
multiplications have been performed to obtain sufficient amounts
of seeds. This might have caused differences in flour properties and
might explain differences in results obtained for mixing, extension
testing and glutenin macro polymer volume.
2.2. Milling

Grain samples weremilled using a Quadrumat JR laboratory mill
(Brabender, Germany) according to ApprovedMethod 26-50 (AACC,
1995). Prior to milling, kernel moisture was adjusted to 15% by
incubation on a roller bank overnight at room temperature. Bran
was separated from endosperm flour by sieving through mesh
(150 mm). After sieving, the flour yield ranged from 34 to 47%. These
flour samples were used for mixing experiments and rheology
experiments. Commercial oat flakes (De Halm, The Netherland)
were ground in an analytical mill (A 11 Basic, IKA-Werke) and
sieved through mesh (315 mm).
2.3. Total protein content in flour

The total nitrogen content of the flour (N x 5.7 for wheat and
N x 6.26 for oat) (Flander et al., 2007) was calculated using the
Dumas method (Sebecic and Balenovic, 2001) using a Flash EA
1112 Nitrogen and Protein Analyzer (Thermo Scientific) accord-
ing to Approved method 46-30 (AACC, 1995). Moisture content
was measured according to Approved Method 44-15A (AACC,
1995).
2.4. Gluten protein content in flour

Gluten proteins were extracted according to Van den Broeck
et al. (2009a) from 50 mg wheat flour by addition of 0.5 ml of
50% (v/v) aqueous iso-propanol with continuous mixing (MS1
Minishaker, IKA Works, Inc.) at 1000 rpm for 30 min at room
temperature, followed by centrifugation at 10,000 rpm for 10 min
at room temperature. The residue was re-extracted twice with 50%
(v/v) aqueous iso-propanol, 50 mM Tris-HCl, pH 7.5 containing 1%
(w/v) DTT, for 30 min at 60 �C with mixing every 5e10 min, fol-
lowed by centrifugation at 10,000 rpm for 10 min at room
temperature. After addition of each next extraction solution, the
residue was resuspended by shaking in a Fastprep� FP220A
Instrument for 10 s at 6.5m/sec followed by sonication for 10min in
an ultrasonic bath (Branson 3510, Branson Ultrasonics Corpora-
tion). The three obtained supernatants were combined and
considered the gluten protein extract. The gluten protein content
was quantified using the Biorad Protein Assay (Bio-Rad Laborato-
ries), based on the Bradford dye-binding procedure, according to
manufacturer’s instruction with BSA as a standard.
ty of bread wheat lacking a-gliadins with celiac disease epitopes and
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2.5. SDS-PAGE and immunoblotting

Wheat gluten proteins and oat avenins were separated on SDS-
PAGE gels of 10% and 11%, respectively, as described (Laemmli,
1970) using a Hoefer SE 260 mighty small II system (GE Health-
care) followed by staining with PageBlue� (Fermentas).

For immunoblotting, proteins were blotted onto nitrocellulose
(0.2 mm, Bio-Rad Laboratories), omittingmethanol from the blotting
buffer, using a Mini Trans-Blot Cell (Bio-Rad Laboratories) at 100 V
for 1 h. Blots were stained using a MemCode� Reversible Protein
Stain Kit for Nitrocellulose Membranes (Fisher Scientific) prior to
incubation with mAbs. Incubation with mAbs specific for T-cell
stimulatory epitopes Glia-a9, Glia-a20, and Glt-156 (LMW-glu-
tenin) (Mitea et al., 2008; Spaenij-Dekking et al., 2005) was per-
formed as described by Cordewener et al. (1995). Antibody binding
to the blots was visualized by staining for alkaline phosphatase
conjugated secondary antibody, using Nitro Blue tetrazolium (NBT)
and 5-Bromo-4-chloro-3-indolyl phosphate (BCIP) (Sigma). Blots
were scanned using a Bio-Rad GS-710 Calibrated Imaging Densi-
tometer (Bio-Rad Laboratories) and saved as TIFF images.

2.6. Two-dimensional gel electrophoresis

For 2-dimensional gel electrophoresis (2-DE), gluten proteins
were separated in the first dimension by isoelectric focusing (IEF).
Immobiline Drystrips pH 3e10 of 7 cm (GE Healthcare) were
rehydrated overnight with 10 mg protein in rehydration buffer (6 M
urea, 2 M thio-urea, 2% CHAPS, 20 mM DTT) complemented with
0.5% IPG buffer pH 3e10 (GE Healthcare) to reach a final volume of
125 ml according to manufacturer’s instructions. The rehydrated
strips were focused on an IPGphor (GE Healthcare) using the
following conditions: 300 V during 30 min, gradient to 1000 V in
30 min, gradient to 5000 V in 1 h 20 min, step and hold at 5000 V
until 6500 Vh. Prior to second dimension, strips were equilibrated
for 15 min in equilibration buffer (6 M urea, 30% glycerol, 2% SDS,
50 mM Tris-HCl, pH 8.8) containing 1% w/v DTT, followed by 15min
in 5 ml equilibration buffer containing 2.5% w/v iodoacetamide.
Separation in the second dimension was performed using SDS-
PAGE gels (10% for wheat gluten proteins and 11% for oat avenins)
and the SE 260 mighty small II system (GE Healthcare). Gels were
stained with PageBlue� (Fermentas).

2.7. Mixing

Mixing studies were performed with a 2 g Mixograph (Pin
mixer, TMCO, Lincoln, NE, USA) using water absorptions estimated
by Approved Method 54-40A (AACC, 1995) using the calculated
protein and moisture contents. The quantities of flour and water
were chosen to provide a constant 3.5 g of dough. To all flours, 2%
NaCl was added. Mixing was performed for 10 min at 20 �C in
duplicate. Single mixing experiments with flour from deletion line
6DS-2 were in addition performed by replacing the flour with 10%
or 25% of oat flour. Mixograms were evaluated using Mixsmart�

software. Computer-analyzed mixograph parameters obtained
included midline peak time (MPT), midline peak height, midline
peak width (MPW), midline right slope (MRS), band width at 8 min
(MTxW), and energy to peak (ETP).

2.8. Extension testing

Dough for extension testing was mixed to peak in a 10g mixo-
graph (National Manufacturing, USA). A dough piece of 2.3 g was
used for stress relaxation measurement, and the rest of the dough
was pressed into a Teflon mold pre-warmed to 30 �C and rested for
45 min at 30 �C in a water-saturated atmosphere prior to testing.
Please cite this article in press as: van den Broeck, H.C., et al., Dough quali
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Dough strips, four to seven, were removed from the Teflon block,
mounted on the Kieffer dough and gluten extensibility rig, and
immediately tested on a TA.XT2i texture analyzer (Stable Micro
Systems, UK) at a hook speed of 3.3 mm/s and a trigger force of 2 g.
From the extension graph, the maximum resistance (Rmax in g) and
extensibility (Ext in mm) were calculated. Rmax is a measure of the
stiffness of the dough; a higher Rmax reflects a stronger, more stiff
dough. Ext is a measure of the elasticity of the dough and a high
Ext-value reflects a more viscous and less elastic dough.

2.9. Stress relaxation

A dough piece of 2.3 g obtained from the 10 g mixograph was
placed between two parallel plates (25 mm diameter) of an
Advanced Rheometer AR2000 (TA Instruments, USA). The gap
between the plates was adjusted to 3 mm and the dough was
covered with paraffin oil to prevent drying out. The dough was
rested for 45 min at 30 �C to allow relaxation of stresses resulting
from dough handling. Then a strain was applied from 0 to 0.2 s�1 in
50 s, after which the dough was allowed to relax for 5 min. The
relaxation half time (T½) was calculated as the time required for the
stress to decay to half the strain. A viscous dough is reflected by
a short T½ value, while a high T½ value reflects amore elastic dough.

2.10. Extraction and addition of oat avenins

Commercial oat flakes from variety Gigant (De Halm, The
Netherlands) were ground in an analytical mill (A 11 Basic, IKA-
Werke) and 25 g of the resulting flour was defatted with petroleum
ether (60:40) (Weegels et al., 1994) by resuspending three times in
500 ml. The flour was collected on filter paper and left to dry
overnight in a fume hood. Then, the dry flour (22.6 g) was extracted
once with 120 ml of 50% (v/v) aqueous iso-propanol by rotation for
30 min at room temperature, followed by centrifugation at
10,000 rpm for 10 min. The residue was re-extracted once with
50 ml 50% (v/v) aqueous iso-propanol. DTT appeared not necessary
as a reductant for total avenin extraction. The supernatants were
combined and dialyzed against 0.1 mM acetic acid which results in
a pH close to that of dough (wpH 6) (Skerritt et al., 1996). After
dialysis, the avenin fraction was freeze-dried. Of this freeze-dried
oat avenin fraction, 1, 2, 5, 10, or 20 mg was added to flour of
deletion lines 1AS-3, 1DS-5, 6AS-1, 6DS-2, and 1BS-19/6DS-4. Two-
gram mixing experiments were performed and parameters
obtained included midline peak time (MPT), midline right slope
(MRS), band width at 8 min (MTxW), and energy to peak (ETP).

2.11. Isolation of glutenin macro polymer (GMP)

GMP was isolated by suspending 0.5 g flour in 11 ml 1.5% (w/v)
SDS. After ultracentrifugation (Beckmann L-80, 80,000� g, 30 min,
20 �C) (Graveland et al., 1982) the supernatant was discarded and
the thickness of the gel layer was measured. From this, the GMP-
volume was calculated in ml/mg protein. Measurements were
performed in duplicate.

3. Results

The reduction of CD-stimulating epitopes (Glia-a9 and Glia-a20)
in the context of quality aspects of wheat dough (regarding mixing,
stress relaxation, and extensibility) was analyzed in a selection of
deletion lines of T. aestivum cv. Chinese Spring having deletions
from the short arms of chromosomes 1 and 6. Additionally, the
capacity of oat avenins to compensate for the deleted gliadins was
investigated.
ty of bread wheat lacking a-gliadins with celiac disease epitopes and
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3.1. Flour properties

Flour milling yield of CS wt and the deletion lines was calculated
as percentage of flour obtained from the initial total kernel weight.
Flour yields obtained after milling and sieving were remarkably
lower for the deletion lines 6DS-2 and 1BS-19/6DS-4 compared
to CS wt (Table 1), which might be caused by the smaller kernel
size. Deletion line 6DS-2 produced a wide variety of seed dimen-
sions, generally smaller that the CS wt seeds. Seeds of deletion line
1BS-19/6DS-4 were comparable to CS wt seeds. Seeds of both dele-
tion lines had a somewhat darker appearance than the CS wt seeds.

Flour water content of CS wt and deletion lines was 12%. Total
protein content in flour was w18% for CS wt and for deletion lines
1AS-3, 1DS-5, and 6AS-1, but was lower for deletion line 6DS-2 and
higher for deletion lines 6AS-1 and 1BS-19/6DS-4 (Table 1).

The gluten protein content as percentage of the total protein
content in the flour (and as percentage of flour) was for CS wt 33%
(5.8%), for 1AS-3 33% (6.1%), for 1DS-5 29% (5.2%), for 6AS-1 26%
(5.0%), for 6DS-2 28% (4.2%), and for 1BS-19/6DS-4 29% (5.8%).

3.2. SDS-PAGE, immunoblotting and 2-DE

Gluten protein extracts from flour of CS wt and deletion lines
were analyzed by SDS-PAGE and PageBlue staining, immunoblot-
ting and 2-DE. Results are shown in Fig. 1, arrow heads indicate
the major differences compared to CS wt. Differences to CS wt in
glutenproteinsweremostlyobserved in theB-, C- type LMW-GSand
a/b-, g-gliadin region. Our results showed that allu-gliadins present
in CS wt are still present in deletion line 1AS-3. The deletion in line
1AS-3 is too small to delete u-gliadins as was shown by Masoudi-
Nejad et al. (2002) who detected the presence of these proteins by
A-PAGE. Deletion lines 1DS-5 and 1BS-19/6DS-4 were missing
a large number of glutenproteins aswas shownby SDS-PAGE and by
immunoblotting using mAbs against T-cell epitopes Glia-a9 and
Glia-a20. A comparison of immunoblotting (Fig.1C andD)with total
gluten protein staining (Fig. 1B) showed that gluten proteins are
present in the deletion lines that did not contain the T-cell stimu-
latoryepitopesGlia-a9andGlia-a20. Line1DS-5wasmissing several
glutenprotein bands in theu-gliadin/D-type LMW-GS region and in
the B-, C- type LMW-GS and a/b-, g-gliadin region. The double
deletion line, 1BS-19/6DS-4, was missing the most gluten protein
bands because of two deletions in different gluten-encoding loci.
Theu-gliadin locus that is removed from this double deletion line is
located on chromosome 1B, and it encodes u-gliadins with higher
molecular masses (estimated by SDS-PAGE) than the u-gliadins
encoded by the locus on the short arm of chromosome 1D that is
deleted in line 1DS-5. The u-gliadins from chromosome 1D react to
both mAbs Glia-a9 and Glia-a20.
Table 1
Dough parameters obtained for ‘Chinese Spring’ wild type and deletion lines.

parameter CS wt 1AS-3 1DS-5

FY 47 44 45
FPC 17.6 � 0.3 18.1 � 0.4 17.7 � 0.
MPT 1.8 � 0.2 1.6 � 0.2 1.5 � 0.
MPH 65.3 � 0.2 72.0 � 0.5 65.5 � 0.
MPW 32.3 � 1.2 30.0 � 3.1 29.4 � 0.
MRS �7.2 � 0.9 �10.0 � 0.7 �9.9 � 0.
MTxW 15.4 � 0.4 16.0 � 0.1 13.7 � 0.
ETP 83.5 � 11.7 89.3 � 13.4 70.4 � 3.
Rmax 5.9 � 0.9 4.8 � 0.6 3.9 � 0.
Ext 115.7 � 10.3 130.4 � 27.4 136.2 � 31
T½ 21.3 20.5 19.3
GMP 15.3 � 0.0 14.8 � 0.2 13.6 � 1.

FY: Flour yield (%); FPC: Flour protein content (%) (at 12% moisture content); MPT : Midl
MRS:Midline right slope (%/min); MTxW: Bandwidth at 8min (%); ETP: Energy to peak (%
half time (sec); GMP: GMP-volume (ml/mg protein).
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To characterize the protein extracts in more detail, 2-DE analysis
was performed. These 2-DE gels enabled identification of the absent
gluten proteins in the deletion linesmore clearly than by SDS-PAGE.
Single protein bands on the SDS-PAGE gel (Fig. 1B) were separated
into individual protein spots (Fig.1E). The glutenprotein bands from
the SDS-PAGE gel that were absent in deletion lines 6DS-2 and 1BS-
19/6DS-4 appeared to be composed of multiple a-gliadins that
appeared as separate spots on the 2-DE gel. The protein bands foru-
gliadins were less complex and corresponded to single spots on the
2-DEgel, as is shownbya comparisonwith the lineshavingdeletions
from chromosome 1 (1DS-5 and 1BS-19/6DS-4). Spots on the 2-DE
gels corresponded to single proteins, or to a few nearly identical
proteins.

3.3. Mixing

Dough mixing behavior and technological dough properties
reflect the composition and structure of the gluten protein profile in
the dough. A high glutenin/gliadin (glu/gli) ratio results in a more
stiff and less extensible dough, whereas a high HMW-/LMW-GS
ratio will increase dough elasticity (for a review see Hamer et al.,
2009). In addition, other compensation type of factors also influ-
ences dough mixing behavior and properties. For example, if one
type of gliadin is deleted, it is possible that the synthesis of another
type of gliadin is increased, effectively keeping the glutenin/gliadin
ratio constant. In addition, deleting one type of LMW-GS could lead
to an increased synthesis of either gliadins or glutenins, leading to
an overall change in glu/gli ratio.

Mixograms obtained from the 2 g mixograph were evaluated
usingMixsmart� software. Optimumwater addition formixingwas
based on flour protein content and flour water content according to
Approved Method 54-40A (AACC, 1995). This procedure provided
good curves for all flours tested. Parameters selected for further
analysis included midline peak time (MPT), midline peak height,
midline peak width (MPW), midline right slope (MRS), band width
at 8 min (MTxW), and energy to peak (ETP). The results are shown
in Table 1. The CS wt dough was weak, with a very short mixing
time (MPT) and required energy input compared to high quality
wheat used for breadmaking. Deletion of gliadins (as in lines 6DS-2
and 1BS-19/6DS-4) resulted in higher levels of required energy to
peak (ETP) and larger values of MtxW, indicating a relatively higher
content of glutenins (Don et al., 2006). Alternatively, deleting
LMW-GS (as with line 1DS-5) resulted in a lower MtxWand a lower
ETP, indicating a relatively higher content of gliadins. These data are
reflected by changes in GMP content (see Section 3.7). Parameters
were correlated individually and relatively high correlations were
shown for all mixograph parameters except for correlation between
values for MPH and MRS (R2 ¼ �0.32). Values for FPC showed high
6AS-1 6DS-2 1BS-19/6DS-4

41 34 34
3 19.0 � 0.8 15.2 � 1.2 20.3 � 0.3
0 2.0 � 0.0 2.3 � 0.1 2.2 � 0.1
4 67.5 � 1.7 63.4 � 3.0 83.2 � 0.3
6 34.1 � 1.2 34.3 � 2.6 38.9 � 0.8
0 �4.2 � 0.9 �4.0 � 1.3 �7.9 � 1.1
1 16.8 � 0.4 19.0 � 1.3 18.7 � 0.3
2 89.8 � 3.5 97.1 � 10.8 123.4 � 6.4
4 7.2 � 0.7 9.8 � 0.9 11.9 � 0.8
.2 129.9 � 14.1 102.3 � 17.1 101.7 � 14.5

22.3 24.1 23.1
9 18.7 � 0.7 17.3 � 1.2 17.5 � 1.6

ine peak time (min); MPH: Midline peak height (%); MPW: Midline peak width (%);
Tq/min); Rmax: Maximum resistance (g); Ext; Extensibility (mm); T½: Flow relaxation

ty of bread wheat lacking a-gliadins with celiac disease epitopes and
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correlation with MPH (R2 ¼ 0.77) and reasonable correlation with
MPW (R2 ¼ 0.41).

3.4. Extension testing

Dough extension relates to its gas-holding properties during
bread making (Mann et al., 2005). Relevant extension parameters
are extensibility (Ext in mm) and maximum resistance (Rmax in g)
(Table 1). Values for Rmax were higher for deletion lines 6DS-2 and
1BS-19/6DS-4 and values for Ext were lower compared to CS wt,
assuming a more stiff and less extensible dough. For deletion lines
1AS-3 and 1DS-5, values for the two parameters were lower
compared to CS wt, indicating a weaker dough. High correlations
were found between values for Rmax and values for the other dough
parameters. The correlation between Rmax and Ext was high
(R2 ¼�0.885) and inversed. Most correlations between Ext and the
other dough parameters were generally high but inversed.

3.5. Stress relaxation

In stress relaxation experiments, amechanical strain is applied to
the dough to induce a stress. The time needed for relaxation of this
stress after removing the strain provides information on the struc-
ture of the dough (Weegels et al., 1995). A fast relaxation may indi-
cate the presence of small structures,whereas a slow relaxationmay
indicate the presence of larger structures. A piece of the same dough
material as used for extension testing was used for stress relaxation
testing. The relaxation half time (T½ in sec) was calculated for the
stress to decay to half the strain. Although the data were obtained
from a single experiment because of limited flour starting material,
a clear trend became visible. For deletion lines 6DS-2 and 1BS-19/
6DS-4 theT½was increasedby2.8 s and1.8 s, respectively, compared
to CS wt (T½ ¼ 21.3 s), which is an increase of 13.4% and 8.5%,
respectively. An increased relaxation half time indicates a stronger
gluten network. For deletion lines 1AS-3 and 1DS-5 the T½ was
decreased by 0.8 s and 1.0 s, respectively, compared to CS wt, which
is a decrease of 3.8% and 4.7% respectively. Relaxation data corre-
lated highly with the other obtained mixing parameters.

When deletions lead to a higher glu/gli ratio (as was the case in
lines 6DS-2 and 1BS-19/6DS-4), the stiffness of the dough is
increased, the extensibility is decreased, and theflowrelaxation half
time (T½) is increased. When deletions lead to a lower glu/gli ratio
(as with lines 1AS-3 and 1DS-5), the reverse was observed. These
observations are completely in line with current theory (Hamer
et al., 2009).

3.6. Flour and avenins from oat and addition to wheat flour

In order to investigate the potential of oat avenins to replace the
absent gliadins and to restore dough quality, oat flour was added to
flour of the wheat deletion line 6DS-2 because the a-gliadin-
encoding locus is deleted in this line. Total protein content in oat
flour was 10.8% � 0.1 and water content in oat flour was 10%. The
avenin content in the oat flour was 7.7 mg/g (0.8%). Oat flour is not
suitable for dough preparation because oat gluten proteins do not
possess the unique viscoelastic properties as wheat gluten proteins,
especially by the lack of glutenins (Fig. 2 and Table 2). Oat flour was
added to flour of deletion line 6DS-2 and tested by using the 2 g
mixograph to see whether this would affect dough mixing prop-
erties. Replacing 10% of the 6DS-2 flour with oat flour did not
significantly affect the dough mixing properties. However, replac-
ing 25% of the 6DS-2 flour with oat flour resulted in a dough with
decreased values for MPH, MPW, and MTxW and less mixing
tolerance.
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Because substitution with oat flour also added other compo-
nents, which may influence baking quality and taste, we decided to
use the avenin fraction from oat. This avenin preparation contained
several protein bands consisting of single avenins (Fig. 3A and B).
Six protein bands were isolated from SDS-PAGE gel and identified
by LC-MS/MS. The peptide sequences obtained could be identified
as oat avenin sequences according to the Mascot protein database
(results see Supplementary Table). The avenins were analyzed by
immunoblotting for the presence of T-cell stimulatory epitopes
known from wheat. No staining was observed using mAbs against
epitopes Glia-a9, Glia-a20, and Glt-156 (LMW-1 and LMW-2)
(Mitea et al., 2008; Spaenij-Dekking et al., 2005) when analyzing
10 mg of avenins, as was expected (results not shown). Of the
lyophilized oat avenin fraction, 1, 2, 5, 10, or 20 mg was added to
flour of deletion lines 1AS-3, 1DS-5, 6AS-1, 6DS-2, and 1BS-19/6DS-
4. Two gram mixing experiments were performed and parameters
measured included midline peak time (MPT), midline right slope
(MRS), band width at 8 min (MTxW), and energy to peak (ETP).
Addition of 5 mg of avenins to CS wt flour resulted in a decreased
MPT and ETP, whereas MRS was highly increased. Addition of 2 or
5 mg avenins to flour of deletion lines 1AS-3 and 1DS-5 resulted in
decreased MPT, MRS, and ETP. The MTxW did not significantly
change for addition of 5 mg to CS wt and both deletion lines 1AS-3
and 1DS-5. Addition of 2 or 5 mg avenins to flour of deletion line
6AS-1 only increasedMRS. Addition of 5mg to deletion line 1BS-19/
6DS-4 did not significantly change MPT and ETP, but the MRS was
highly decreased. Addition of 20 mg resulted in a decrease in MPT
and MRS. Results for addition of avenins to flour of deletion line
6DS-2 are shown in Table 3. The data show that dough strength of
deletion line 6DS-2 increased up to addition of 5 mg avenins.
Addition of 20 mg avenins, however, resulted in a weaker dough.
Addition of 1, 2, 5, and 20 mg of avenins to flour of deletion line
6DS-2 corresponded to addition of 0.3%, 0.7%, 1.6%, and 6.6%
protein, respectively.
3.7. GMP content

Glutenin macro polymer was isolated from CS wt, 1AS-3, 1DS-5,
6AS-1, 6DS-2, 1BS-19/6DS-4, CS wt plus 1& oat avenins, and 6DS-2
plus 1& oat avenins. GMP was isolated from wheat flour by
suspension in 1.5% (w/v) SDS.

GMP isolated from CS wt and deletion lines showed different
textural characteristics. GMP isolated from CS wt and deletion lines
1AS-3 and 1DS-5 appeared to be watery and flowed easily from the
tube after removing the supernatant after ultracentrifugation. The
GMP content from deletion lines 6DS-2 and 1BS-19/6DS-4 was
higher and the GMP gelwas clearlymore stiff and did not flowat all.
The GMP isolated from the flours with added oat avenins did not
appear different compared with the GMP from the flours without
addition of oat avenins.
3.8. Deletion line 6AS-1

Deletion line 6AS-1 turned out to be heterozygous as was
indicated by the WGGRC and was confirmed by results from SDS-
PAGE and immunoblotting (Fig. 1BeD). Data obtained from mixing
and extension testing did not reveal significant differences
compared with CS wt, but this may be due to the fact that possible
effects of the deletion are masked by the presence of protein
produced in heterozygous seeds or in wt seeds. Indeed, data from
stress relaxation testing (T½) and GMP extraction did show differ-
ences compared to CS wt. These values were increased indicating
an increased dough strength.
ty of bread wheat lacking a-gliadins with celiac disease epitopes and
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Fig. 2. Mixograms of flour from deletion line 6DS-2, oat flour, and blends.

H.C. van den Broeck et al. / Journal of Cereal Science xxx (2011) 1e11 7
4. Discussion

In this study, various deletion lines of bread wheat ‘Chinese
Spring’ were analyzed for the effect that elimination of specific
groups of gluten proteins (that contain specific CD-stimulating
epitopes) might have on dough-making quality. The selected lines
have deletions of gluten-encoding loci present on the short arms of
chromosomes 1 and 6.

Storage proteins account for about 50% of the total protein in
mature cereal grains (Shewry and Halford, 2002) of which 80%
comprises gluten proteins. This means that about 40% of the total
protein in wheat consists of gluten protein. Gluten protein content
obtained from CS wt and deletion lines was not as high as expected.
Table 2
Addition of oat flour to deletion line 6DS-2. Comparison of values obtained for 2 g
mixograph parameters.

MPT MPH MPW MRS MTxW ETP

Oat e e e e 3.5 e

6DS-2 2.3 63.4 34.3 �4.0 19.0 97.1
6DS-2:oat 9:1 2.5 55.9 31.5 �4.3 14.9 102.0
6DS-2:oat 3:1 2.6 48.1 26.3 �3.6 7.3 98.0

MPT: Midline peak time (min); MPH: Midline peak height (%); MPW: Midline peak
width (%); MRS: Midline right slope (%/min); MTxW: Band width at 8 min (%); ETP:
Energy to peak (%Tq/min).
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It was w30% from the total protein content instead of the expected
40%. This may be explained by the fact that most gluten proteins are
located in the sub-aleuronic layer (Tosi et al., 2009; Van Herpen
et al., 2008), which partially remains attached to the bran after
one round of milling and sieving.

Kernel texture is known to influence milling yield (Campbell
et al., 2007). It could be that seed development and, as a result,
milling yield are influenced by the 6DS deletion. Although from the
literature, the trait for milling yield is not mapped on chromosome
6D, it seems to be related with e.g. the Pinb locus on the short arm
of chromosome 5A, B, and D (Campbell et al., 2001; Campbell et al.,
2007; Mansur et al., 1990; Smith et al., 2001). Deletion line 6DS-2
also has a 5BS deletion, whereas deletion line 1BS-19/6DS-4 does
not. In addition, a minor locus for kernel hardness is mapped to
chromosome 6D (Perretant et al., 2000; Sourdille et al., 1996).

The overall glutenprotein content is not changed in the analyzed
deletion lines. This means that if gluten- encoding loci are deleted,
the amount of protein synthesized from the remaining gluten loci
must have increased. It can be expected that removal of gluten-
encoding loci will affect dough properties because of a change in the
glu/gli ratio and in the HMW-/LMW-GS ratio. ‘Chinese Spring’ has
null, 7 þ 8, and 2 þ 12 HMW-GS at the Glu-1 loci, which results in
poor baking quality (Garg et al., 2009; Shewry et al., 1994,1997) and
in a sticky and weak dough (Payne et al., 1985). The presence of
gliadins can ‘dilute’ the gluten network and canmake the dough less
ty of bread wheat lacking a-gliadins with celiac disease epitopes and
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Fig. 3. Avenins extracted from oat flakes (‘Gigant’) separated by (A) SDS-PAGE (11%)
and (B) 2-DE, stained by PageBlue.
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stiff and more extensible (Chakraborty and Khan,1988; Payne et al.,
1979; Song and Zheng, 2008; Weegels et al., 1994). Addition of
gliadins, especially u- and a-gliadins, was shown to weaken the
dough by decreasing the glu/gli ratio, resulting in decreasedmixing
time and increased extensibility (Fido et al., 1997; Uthayakumaran
et al., 1999, 2001). Therefore, it was assumed that removing
gliadin-encoding loci, as in deletion lines 6DS-2 and 1BS-19/6DS-4,
would result in a less elastic andmore stiff doughwhen compared to
CSwt, because of higher amounts of glutenins andan increase in glu/
gli ratio. The latter is generally associated with a decrease in
extensibility (Uthayakumaran et al., 1999) and is known to increase
mixing time (MacRitchie, 1985). Dough extensibility and resistance
to extension can be related to gas-holding capacity of dough during
breadmaking (Mannet al., 2005). The abilityof dough to retain gas is
of key importance. Gianibelli et al. (1998) (from MacRitchie and
Lafiandra, 2001) have shown that glu/gli ratios could be increased
by deletion of gliadins encoded by the Gli-2 loci, which increased
MPT and polymeric protein. Deletion lines 1AS-3 and 1DS-5
indeed resulted in weaker doughs. The few proteins, most likely
some LMW-GS that were removed from deletion line 1AS-3 appar-
ently have sufficient impact to make the formation of a nice gluten
network more difficult. The decrease in dough quality in deletion
line 1DS-5may be caused by the removal of the linkedu-gliadins or
Table 3
Addition of purified oat avenins to flour of deletion line 6DS-2. Comparison of values
obtained for 2 g-mixograph parameters.

MPT MPH MPW MRS MTxW ETP GMP

4086 1.8 68.1 32.2 �9.5 15.4 85.3 15.3 � 0.0
4086 þ 2 mg avenins e e e e e e 15.9 � 1.1
4086 þ 5 mg avenins 1.4 63.9 31.8 0.7 14.8 65.7 e

6DS-2 2.1 70.7 34.2 �5.8 17.3 106.0 17.3 � 1.2
6DS-2 þ 1 mg avenins 2.3 65.7 35.4 �4.9 19.1 105.2 e

6DS-2 þ 2 mg avenins 2.6 67.1 36.3 �3.0 19.0 122.0 16.6 � 0.0
6DS-2 þ 5 mg avenins 2.5 67.4 36.4 �1.0 18.4 123.4 e

6DS-2 þ 20 mg avenins 1.8 67.9 29.7 �10.0 16.1 78.9 e

MPT: Midline peak time (min); MPH: Midline peak height (%); MPW: Midline peak
width (%); MRS: Midline right slope (%/min); MTxW: Band width at 8 min (%); ETP:
Energy to peak (%Tq/min); GMP: GMP-volume (ml/mg).
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by removal of LMW-GS, whichwill decrease the glu/gli ratio and the
formation of a good gluten network. The two linked 1D u-gliadins
are referred to as D-type LMW-GS (Masci et al., 1993, 1999) and
contain a small number of cysteine residues by which they can
interact with the polymeric gluten fraction. There is an increasing
interest in u-gliadins and D-type LMW-GS because of their rele-
vance to baking quality (DuPont et al., 2000; Wang et al., 2008) and
our results indicate that they may contain T-cell stimulatory a-
gliadin epitopes. Several authors have shown that u-gliadins may
contain epitopes involved in gluten-sensitive response of CD-
patients (Camarca et al., 2009; Denery-Papini et al., 1999; Ensari
et al., 1998).

In this study, oat flour and oat avenins were added separately to
flour of deletion line 6DS-2 to analyze the effect on dough prop-
erties, and to determine whether the effect of the deletion could be
reversed by addition of the gliadin-like proteins from oat. Oats have
been proven to be well tolerated in CD-patients as part of a gluten-
free diet (Pulido et al., 2009 and references therein) and to
contribute to the improvement of the nutritional value of a gluten-
free diet (Butt et al., 2008). By addition of oat flour, not only avenins
are added but also lipids and b-glucans, which will have a negative
effect on the dough properties (Zhang et al., 1998). High b-glucan
content was shown to increase water absorption and also to
decrease dough plasticity (Mariotti et al., 2006; Oomah, 1983).
Therefore, only limited amounts of oat flour can be included in
wheat flour. Flander et al. (2007) reported that a reasonable quality
bread could be prepared with addition of 51 g oat flour per 100 g of
wheat flour. This may be explained by the assumption that the
monomeric oat avenins alter the ratio between monomeric and
polymeric proteins in wheat.

Addition of purified oat avenins to the wheat flour might
circumvent introduction of the negative effects by addition of oat
flour. Our results showed that, to a certain level, the addition of
oat avenins improves dough quality and probably strengthens the
formation of the gluten network. Addition of oat avenins may be
different from incorporation, in which firstly the disulfide linkages
are reduced before addition (Békés et al., 1994). When gluten
proteins are added, no specific treatment is applied to the gluten
proteins or the dough. When gluten proteins are ‘incorporated’, the
formed glutenin network in the dough is reduced by addition of
a reducing reagent, DTT, followed by addition of the newly to add
gluten proteins and this mixture is then oxidized by addition of an
oxidizing reagent, e.g. KIO3. However, others have found that there
is a similarity between the effects of ‘addition’ and ‘incorporation’
of glutenin subunits on dough properties (Verbruggen et al., 2001).
Especially in deletion line 6DS-2, we observed an improvement of
the dough, which may be because the avenins integrate in the
wheat gluten network, although it is unknown whether avenins
posses free SH-groups. Hydrogen bonding, hydrophobic interac-
tions, or ionic bonding between avenins and the gluten network
may also cause a stronger gluten network. The increase in values for
mixing parameters suggests an increase of the HMW-/LMW-GS
ratio (Uthayakumaran et al., 2000) or an increased glu/gli ratio
(MacRitchie and Lafiandra, 2001). When the amount of added
avenins is too high, as was seenwhen 20mg avenins were added to
two g 6DS-2 flour, the gluten network became diluted again, which
resulted in a weaker dough. This result showed that reduction of
CD-stimulating epitopes from gluten proteins in wheat to reduce
the response in CD-patients influences the dough-making quality
and that this could be compensated by addition of purified avenins.
Unfortunately, for industrial use, the extraction of avenins from
oats would be a costly and labor-intensive process. It has been
demonstrated that heterologous expressed gluten reveal the same
characteristic protein function as native gluten proteins (Tamás and
Shewry, 2006). To simplify the process of purification, avenins
ty of bread wheat lacking a-gliadins with celiac disease epitopes and
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could be recombinantly expressed in bacteria or yeast, but this
would have a high cost price as well. Another option to improve the
dough protein network is the addition of additives such as enzymes
and hydrocolloids as described by Hüttner and Arendt (2010, and
references therein).

Molberg et al. (2005) showed by using deletion lines 1BS-19/
6DS-4 and 6DS-2 in human T-cell testing a significant decrease in T-
cell response of T-cells from a patient responding to the 33-mer
described by Shan et al. (2002, 2005). A large amount of CD-
patients, about 50%, respond to the 33-mer that contains the
immunodominant epitopes Glia-a2 and Glia-a9 (Camarca et al.,
2009; Vader et al., 2002). Therefore, the removal of the Gli-D2
locus from the short arm of chromosome 6D in wheat may be an
important strategy toward the development of CD-safe wheat and
food products. To be able to use the deletion of the Gli-D2 locus in
commercial wheat varieties, the locus may be deleted from wheat
varieties with a high production and intrinsically good industrial
properties. Preferably, the Gli-D2 locus needs to be deleted without
eliminating larger parts of the chromosomes, as this may affect the
fitness of the crop.

5. Conclusion

Removing of gluten-encoding loci reduces T-cell stimulatory
epitopes causing CD, but also affects dough quality. In ‘Chinese
Spring’, deletion of the Gli-D1/Glu-D3 loci decreased dough quality
(i.e. dough strength and elasticity), but deletion of the Gli-D2 locus
improved dough strength by a decrease in elasticity. Removal of the
Gli-D2 locus from the short arm of chromosome 6D in wheat may
be an important strategy toward the development of CD-safewheat
and food products. Oat avenins are a good alternative for wheat
gliadins and could be added to the flour of certain wheat lines that
lack loci encoding CD-stimulating gluten proteins, to improve or
restore dough quality.
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