OmniaScience

Chapter 23

Wheat Varieties Suitable for Celiac Patients

Maria J. Giménez', Javier Gil-Humanes?, Carmen Victoria Ozuna®, Francisco
Barro*

!Institute for Sustainable Agriculture, CSIC, 14080 Cdrdoba, Spain.

’Department of Genetics, Cell Biology and Development and Center for Genome
Engineering, University of Minnesota, Minneapolis, Minnesota, USA.

mjga06@ias.csic.es, javigil@ias.csic.es, cvozuna@ias.csic.es, fbarro@ias.csic.es

Doi: http://dx.doi.org/10.3926/oms.224

How to cite this chapter

Giménez MJ, Gil-Humanes J, Ozuna CV, Barro F. Wheat Varieties Suitable for Celiac Patients. In
Rodrigo L and Pefia AS, editors. Celiac Disease and Non-Celiac Gluten Sensitivity. Barcelona,
Spain: OmniaScience; 2014. p. 461-475.

461


mailto:mjga06@ias.csic.es
http://dx.doi.org/10.3926/oms.224
mailto:fbarro@ias.csic.es
mailto:mjga06@ias.csic.es

M.J. Giménez, J. Gil-Humanes, C.V. Ozuna, F. Barro

Abstract

Domesticated wheat is very complex genetically due to its origins in an ancestral diploid species,
which underwent a process of natural hybridization and subsequent polyploidization. All
cultivated wheat varieties and their wild relatives contain epitopes, which are toxic in relation to
celiac disease (CD). RNAi is an excellent tool for silencing single genes or groups of them.
Combining this technology with genetic manipulation the authors have down-regulated the toxic
epitopes present in w-, y-, and a-gliadins of bread wheat. Monoclonal antibodies showed a
decrease of almost 98% in the presence of toxic gluten. Protein extracts from those lines were
assayed using specific T lymphocytes for DQ2 and DQ8 epitopes, showing that the new wheat
lines were 100 times less reactive than their parental genotypes. These results represent a major
breakthrough in achieving wheat types suitable for CD patients. The silencing of gliadins is a new
breeding trait and can be transferred by crossbreeding with elite wheat varieties. A daily intake
between 10 and 50 mg of gluten could be safe for most CD patients, suggesting that the
transgenic lines reported here could be used in foodstuffs tolerated by many CD patients.
Moreover, these lines could serve as a basis for treating other gluten pathologies such as wheat-
dependent exercise-induced anaphylaxis and gluten sensitivity.
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1. Introduction

Although celiac disease (CD) has been known since ancient times, the first references relating it
to the intake of certain foods do not appear until the late nineteenth century. During the first half
of the twentieth century the pernicious effect of bread in celiac patients was already known, but
it was not until after World War 1l that Dicke, Weijers and Van De Kamer! observed that certain
cereal grains, especially wheat and rye, were detrimental to children with CD, demonstrating the
role of gluten as the agent responsible for triggering the disease. Since then, the gluten-free diet
has been the only effective therapy for treating it and, during this time, great strides have been
made in identifying the elements within gluten responsible for gluten enteropathy. At first
glance, it might appear that, once known, toxic epitopes could be easily removed by plant
breeding techniques and thus obtain varieties suitable for consumption by celiac patients. In fact,
a similar process has taken place since the beginning of agriculture with other grains, whose
domesticated varieties do not produce toxic substances (or do so to a lesser extent) which wild
species often do have as, for example, antinutrients in legumes and glucosinolates in cabbages
and more recently, erucic acid in rapeseed. In the case of wheat, the main gluten-bearing cereal,
this is not a simple task due to the complexity of its genetics and of the proteins of which it is
composed.

2. Wheat

The term “wheat” refers to the group of cereals, both domesticated and wild, belonging to the
botanical genus Triticum, of the Triticeae tribe, belonging to the Poiideae subfamily of the grass
family. Barley and rye are included in the same tribe as wheat, while oats belong to another tribe
of the same subfamily. Other important grasses are maize and rice, which, along with wheat, are
humanity’s main cereal staples.?

Wheat grain is used to make flour, wheat meal, beer and a wide variety of food products, each
world region making use of certain wheat types for specific ends. After the thousands of years
elapsed since the beginning of its cultivation, each culture has developed characteristic habits
and customs regarding wheat consumption.

From a genetic point of view, domesticated wheat is quite complex due to its origin in an
ancestral diploid species, which has gone through natural hybridization processes and
subsequent polyploidization. The main two species of agriculturally important wheat, durum (for
pasta) and bread wheat (90% of all wheat produced in the world) are, respectively, tetraploid
(two genomes, AABB) and hexaploid (three genomes, AABBDD) (Figure 1). The first originated
naturally through the spontaneous hybridization of two diploid species between 0.5 and 2
million years ago, each one the donor of A and B genomes. Bread wheat (AABBDD) originated in
the cultivated fields around 8,000 years ago, through spontaneous hybridization between durum
wheat (AABB) and A. tauschii, a diploid species that donated the D genome (Figure 1). All wheat
species have chromosome numbers in multiples of seven, including the diploid, tetraploid and
hexaploid species with 14, 28 and 42 chromosomes, respectively. Wheat chromosomes are
named using a number and a letter indicating from which genome it proceeds. Because of the
close relationship between the donor species of the A, B and D genomes, for each pair of
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homologous chromosomes from one of the genomes present in bread wheat, there is a pair of
similar chromosomes (homeologous) in the other genomes. In practice, polyploid wheat
composition implies that each one of its genes is encoded two (durum wheat) or three times
(bread wheat), so that changing a character through genetic improvement implies more effort
than that which would have to be performed for a diploid species.
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Figure 1. Origin of bread wheat (hexaploid) and pasta wheat (tetraploid) from diploid ancestors and
subsequent polyploidization. Bread wheat, which comprises 90% of the wheat grown in the world, has a
very recent origin.

3. Wheat Protein

Wheat grain is composed of proteins with a structural or metabolic function and by storage
proteins (gluten).? The latter have the function of providing nutrients, such as amino acids, to the
seedling in its early stages of development. According to Osborne’s original classification* based
on wheat grain protein solubility differences, these would be composed of albumins, globulins,
prolamins (gliadin) and glutelins (glutenins). Gluten represents 80% of total grain protein and
consists of gliadins and glutenins (Figure 2), which have different physicochemical properties due
to their different ability to form polymers. While gliadins are monomeric, glutenins are
assembled into polymers, stabilized by disulfide bonds, which remain physically, linked together,
forming large aggregates of variable size. These proteins are the largest known in nature.
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Figure 2. Wheat gluten composition. Gluten is a complex mixture of proteins belonging to two groups:
glutenins and gliadins. While glutenin forms polymers, gliadin remains a monomer. Proteins in each
group may be extracted and separated on SDS-PAGE gels (glutenin) and A-PAGE gels (Gliadins). Glutenin
are divided into high (HMW) and low (LMW) molecular weight glutenins. Gliadins are formed by three
structural groups: w-, y- and a-gliadins.

The classification of gluten proteins based on solubility has been offset today thanks to
knowledge of their nature and genetics, so that the glutenins must also be considered to be
prolamins since they are soluble in aqueous ethanol following interchain disulfide bonds
reduction and since; in addition, they are closely related to gliadins in an evolutionary sense.®
Within glutenins, two fractions are distinguished according to their separation by electrophoresis
using polyacrylamide gels containing sodium dodecyl sulfate (SDS PAGE): low and high molecular
weight glutenins (LMW and HMW, respectively), whereas gliadins are classified into three
structural groups: w-, y- and a-gliadin according to their mobility in polyacrylamide gels with an
acid pH (A-PAGE) (Figure 2).

Gluten is, therefore, a complex of proteins whose genetic regulation is also intricate. Diploid
wheat species contain two closely linked HMW glutenin genes encoded in the Glu-1 locus on the
long arm of chromosome 1, and a group of LMW glutenin genes, also closely linked, encoded by
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the Glu-3 locus in short arm of chromosome 1. Gliadins occur in groups of linked genes (blocks)
located on the short arm of chromosomes 1 and 6 (Figure 3). Most y- and w-gliadins are located
in the Gli-1 locus on the short arm of chromosome 1, near the Glu-3 locus (LMW glutenin
subunits), while the a-gliadins are controlled by the Gli-2 locus on the short arm of chromosome
6. Other minor loci on the short arm of chromosome 1 regulate some gliadin and LMW glutenin.
Each block includes a variable number of genes that are inherited as a locus, making it very
difficult to separate one gliadin gene from another, within the same block, by genetic
recombination. Since bread wheat possesses three genomes, its complement is three times
larger: several hundred different proteins whose genes are inherited in blocks, most of them
being gliadins and LMW glutenins.
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Figure 3. Chromosomal location of glutenin and gliadin loci in hexaploid wheat. The high molecular
weight glutenins are located on the long arm of chromosome 1 group. w- and y-gliadins are located at
various loci on the short arm of chromosome 1 group while the a-gliadins are located on chromosome

6. Low molecular weight glutenins are also located on the short arm of chromosome 1 group, closely
linked to the gliadin loci.
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4. The Gluten Toxic Fraction

The food codex standard on foodstuffs for special dietary destined for gluten-intolerant persons
(CODEX STAN 118-1979) defines gluten as "a protein fraction from wheat, rye, barley, and oats or
their crossbred varieties and derivatives the same, to which some people are intolerant and
which is insoluble in water and 0.5 M NaCl." Moreover, the same codex defines "prolamins"
equating them with "gliadins"; despite this last having been pointed out as incorrect, it had not
been corrected in the latest revision of 2008. These definitions of gluten and prolamins can lead
to confusion so it is important to make it clear that not all gluten proteins are toxic, and that all
those which are toxic are not so to the same extent. The term gluten will be used in this chapter
to refer to the entire prolamin fraction, not to be confused with the gluten related to food for
celiac patients, which actually refers to the toxic portion thereof. The latter will be referred to as
toxic gluten.

Wheat gluten proteins are rich in the amino acids proline (15%) and glutamine (30%) and have
unusually low aspartic and glutamic acid content. The high proline amount is the cause that
gluten proteins are digested by gastrointestinal proteases with great difficulty, resulting in
relatively large peptides that accumulate in the small intestine.® These peptides are the perfect
substrate for the glutamine residues deamidation in glutamate mediated by transglutaminase 2
(TG2), fundamental for the creation of the T lymphocyte-stimulating epitopes involved in CD.”®

Gliadins are indubitably the main toxic component in gluten, especially o and y-gliadins since
most (DQ2 or DQ8)-specific CD4+ T lymphocytes®™ obtained from small intestinal biopsies from
celiac patients seem to recognize this fraction. In recent years, based on their T-lymphocyte
stimulation ability, immunotoxic epitopes have been identified in wheat gluten proteins and in
other grasses. At the time of the writing of this chapter, and only taking into account bread
wheat, in the IEDB epitope database (http://www.iedb.org/) 190 T-lymphocytes stimulating
epitopes related to CD can be found. Of these, 94 are caused by a-gliadin molecules, 74 by y-
gliadin, 12 by w-gliadin, 8 in LMW glutenin and 2 in HMW glutenin. Therefore, the gluten gliadin
fraction is by far largely responsible for CD. Since immunogenic epitopes induce the autoimmune
response that generates CD, the type and number of epitopes determine the toxicity of each
gluten protein variant. A particular peptide, a-gliadin 33-mer (residues 57-89), which is highly
resistant to proteolysis, contains 6 epitopes recognized by T lymphocytes, which makes it a major
contributor to the gluten immunotoxicity.*

5. Are There any Non-Toxic Wheat Varieties?

Gluten confers unique viscoelastic properties to wheat dough, hence the huge variety of foods
that can be made. Humankind, in the wheat-domestication process, has been selecting for this
trait and at no time has there been a process of genetic selection considering toxicity in relation
to CD. However, inside gluten, there is some variability regarding the relative content of each of
the prolamin fractions: glutenin and gliadin, specifically as well as within the species.*™ This
variability is the reason why 129 different a-gliadin sequences can be found in the GenBank
protein database (http://www.ncbi.nlm.nih.gov/genbank/). Seventy-one of these variants were
added in 2012. Great efforts are made to find non-toxic or low toxicity variants in wheat as well
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as in related wild species tracing the presence of T lymphocyte-stimulating epitopes in gliadin
gene sequences from different wheat species.’® Gliadin gene sequence analysis has shown that
simple changes in certain amino acids in the peptide toxins would be enough to make them lose
their T lymphocyte-stimulatory nature and, since there are non-toxic natural variants of these
peptides,'® genetic selection has been suggested as a tool for obtaining varieties containing non-
toxic epitopes.” However, due to the close linkage of the genes found in them, recombination
within a locus is unlikely, and so far it seems doubtful that by crossbreeding and recombination
non-toxic wheat varieties can be obtained. These studies have also found that Aegilops tauschi
prolamin sequences, donor of one of the three bread wheat genomes (D genome) are richer in
immunotoxic epitopes than those of other related species.” This could be one of the reasons
why bread wheat is more toxic than the durum wheat: the latter lacks the D genome. However,
when the gluten content in durum and bread wheat varieties are examined, even though there
are differences between varieties,*® these values are well above the maximum limit allowed for
celiac patients (Figure 4). Consequently, gluten toxicity has become more a quantitative than a
gualitative issue and the solution is to apply modern biotechnology techniques to develop less
toxic wheat varieties, which can be tolerated by celiac patients.
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Figure 4. Gluten content in hexaploid, tetraploid and diploid genotypes. Gluten content was determined
by ELISA assays with R5 antibodies. The values shown represent the mean of seven lines within each
genotype.

468



Celiac Disease and Non-Celiac Gluten Sensitivity

6. Development of Wheat Varieties Suitable for Celiac Patients

The low toxic gluten content character is, as we have seen, extremely complex and its genetic
regulation is insufficiently known. Biotechnological techniques based on specific gene silencing
by RNA interference (RNAi) are the option which, to date, has been better explored. This
technique involves a very specific post-transcriptional gene silencing mechanism by which small
RNA molecules complementary to messenger RNA (mRNA) lead to its degradation, thereby
preventing its translation into proteins.?%?! The discovery of its mechanism earned researchers
Andrew Fire and Craig Mello the Medicine Nobel prize in 2006, and they have already noted the
potential this technique would have in medicine, since any gene whose sequence is known may
be the target of a tailor-made interfering RNA and therefore, it can be turned off, thereby ending
whatever adverse effect it may have.

In principle, the most direct approach is to specifically eliminate gliadin where toxic epitopes
have been described, so that new varieties retain their properties for bread making. The use of
this specific gliadin silencing technology in wheat grain implies a very precise knowledge of the
synthesis of this protein group of in the grain?? and the use of very specific promoters???3 which
operate only in the grain, so that the silencing fragment may be successfully synchronized with
the gliadin synthesis to be silenced. Thus, the a-gliadins in the "Florida" variety?* and y-gliadins in
the "Bobwhite” variety (Figure 5)?° have been successfully silenced. However, the reduction in
the content of a specific group of gliadins has not led to varieties with toxicity levels that may be
considered suitable for celiac patients (Figure 5B). One of the reasons for this lack of toxicity level
reduction may be a prolamin synthesis offset?® so that the decrease of a specific gliadin group is
compensated with proteins from another gliadin group, which also contain toxic epitopes.
However, wheat varieties with reduced levels of various toxic fractions could contribute to
reducing the gluten burden for the entire population if introduced as parents in breeding
programs seeking to obtain "less toxic" varieties by means of crossbreeding, genetic
recombination and the selection of genotypes that contains the appropriate silencing.

To prevent this compensatory effect and obtain a more effective toxicity reduction in new wheat
varieties, the best option is the use of chimeric RNA interference capable of silencing the genes
of the three groups: w-, y- and a-gliadin. The construction of an RNAi chimeric fragment involves
identifying highly conserved zones in the genes of each of the three gliadin groups and
combining said sequences in a single silencing fragment. Gene silencing may be enhanced by
using the same silencing fragment and a combination of promoters specific to the grain, but with
different expression patterns. This strategy would allow the silencing fragment to run for longer
stages of grain development.
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Figure 5. Specific silencing of y-gliadins in wheat grain. A. The silencing vector expression is highly
specific and only reduces y-gliadin. B. Gluten content, as determined by ELISA R5, in several lines
with y-gliadin silenced.

With this technique we have produced a collection of more than 50 wheat lines of different
varieties and, therefore, bearing different gliadin patterns. As shown in Figure 6A, the chimeric
fragment used was effective in silencing genes belonging to the three gliadin groups. The use of
different promoters apparently enhances the silencing effect and the two promoters used were
equally effective in silencing the gliadins.?” In addition, the chimeric RNAi fragment was also very
effective in silencing gliadins from different wheat varieties.*® The specificity of the RNAi
fragment is shown in Figure 6B, showing silencing in the gliadin fraction but not in albumins and
globulins. However, the specific gliadin silencing causes a compensating effect on other proteins
such as glutenins?”®® and also on the albumin and globulin fraction?® so that there are no great
differences in the total protein content between the gliadin-free and their respective gliadin-
bearing controls.” ELISA sandwich quantification using R5 antibodies has shown that in some
lines the gluten percentage has decreased by about 98%. Those tested with specific
T lymphocytes specific to some particular highly stimulatory epitopes corroborated this data. The
results of the quantification of the proliferation of T lymphocytes specific to the DQ2-a-ll,
DQ8-a-, DQ2-y-VIl and DQ8-y-I epitopes in response to gluten from silenced lines, digested with
pepsin and trypsin, were actually very large.?”’ For some of these lines, the protein amounts
required were a hundred times greater than those of their respective controls in order to obtain
a response in the activation of T lymphocytes that recognize the DQ2-a-11** epitope situated in
33 mer, one of most immunotoxic peptides known.™ The T lymphocyte clones specific for other
epitopes (DQ2-y-VIl, DQ8-a-1 and DQ8-y-I) located in y- and a-gliadins did not exceed the
detection level for the highest evaluated protein extract concentrations.” Similar results were
found with T lymphocyte clones that recognize the highly stimulatory epitopes present in
w-gliadins® which showed a very small proliferative response when compared to gliadin-bearing
controls.”
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Figure 6. RNAI gene silencing in the three gliadin groups. A. A-PAGE gel which shows that the expression
of a chimeric RNAIi containing highly conserved sequences for the three gliadin groups causes an
effective silencing of all gliadins in the grains of bread wheat. B. MALDI-TOF, which shows that silencing
is specific for gliadin, while other fractions (such as albumins and globulins) are not reduced.

The wheat varieties described show a reduction in the three gliadin fractions, so that they might
be suitable for other gluten related pathologies. For example, exercise-dependent anaphylaxis,
which occurs in susceptible individuals after practicing sports, is triggered by genes encoded on
the short arm of chromosome 1B of durum and bread wheat genes, w-5-gliadins.3%3! In the lines
described, this protein fraction is highly reduced, so these flours could help to combat this grave
pathology. Gluten sensitivity, a new gluten intolerance disease, which excludes celiac disease and
allergy, affects 6% of the U.S. population3? (whose treatment is a gluten-free diet) and could also
benefit from the new varieties described this work.

An important issue is to conserve flour and baking quality in the new varieties without toxic
gluten. Ideally, they could be widely used to produce bread and other food products for celiac
patients and other gluten intolerances so that their organoleptic properties should be as close to
normal wheat bread as possible.

HMW glutenin subunits are functionally very important, as they are the main determinants of
gluten elasticity, a property that correlates directly with the baking qualities of flour. The baking
quality of the lines was assessed using the SDS sedimentation test, since the obtained
sedimentation volumes are correlated to the bread-making qualities.3® Most of the gliadin-free
lines showed SDS sedimentation values comparable to the control lines and only five lines had
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significantly lower values than the control lines.?* However, SDS sedimentation values of these
five lines are still comparable to those of medium quality bread wheat varieties.

7. Conclusions

To date, various studies indicate that all varieties of cultivated wheat and their wild relatives are
toxic and although there are differences between them, they are well above the limit tolerated
by celiac patients. RNAI is an excellent tool for the specific silencing of T-cell stimulating-epitopes
present in the three gliadin groups. These results are a major breakthrough in achieving wheat
varieties suitable for most celiac patients. Moreover, these lines could serve as a basis for
treating other gluten related pathologies such as exercise-dependent anaphylaxis and non-celiac
gluten sensitivity. The "silencing” can be transferred by crossbreeding with other wheat varieties
thus allowing the availability of enough genetic variability for the selection even less toxic lines
than those already produced. In the case of the toxicity described for some glutenins, especially
those of high molecular weight, varieties that carry nontoxic alleles could easily be selected and
be used as parents in breeding programs.
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