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Chapter 13
Gene Editing of Wheat to Reduce Coeliac 
Disease Epitopes in Gluten

Marinus J. M. Smulders, Luud J. W. J. Gilissen, Martina Juranić, 
Jan G. Schaart, and Clemens C. M. van de Wiel

Abstract By using gene editing technologies such as CRISPR/Cas, precise modi-
fications can be made in the genome. CRISPR/Cas is especially valuable for tar-
geted mutagenesis in polyploids, as it can induce mutations of multiple alleles 
simultaneously, to obtain regenerants that are homozygous for the desired mutation. 
A range of gene-edited traits have been developed in hexaploid bread wheat, includ-
ing various nutrition and health-related traits, plant architecture, pest and disease 
resistance, tolerance to abiotic stress, and traits that enable more efficient breeding. 
Wheat is also known as a cause of some human diseases, particularly coeliac dis-
ease (CD), with a prevalence of 1–2% of the population. In the EU alone, at least 4.5 
million people suffer from it. CD is a chronic inflammation of the small intestine, 
induced and maintained in genetically predisposed individuals by the consumption 
of gluten proteins from wheat, barley and rye. As there is no cure, patients must fol-
low a life-long gluten-free diet. The dominant epitopes in gluten proteins that trig-
ger the disease, have been characterized, but they cannot be removed by classical 
breeding without affecting baking quality, as it concerns over 100 gluten genes that 
occur partly as blocks of genes in the genome of wheat. Using gene editing, two 
studies have shown that it is possible to modify the epitopes in several alpha- and 
gamma-gliadins simultaneously, while deleting some of the genes completely. In 
some lines more than 80% of the alpha-gliadin genes were modified. These proof- 
of- principle studies show that it is feasible to use gene editing, along with other 
breeding approaches, to completely remove the CD epitopes from bread wheat. 
Gene-edited coeliac-safe wheat will have economic, social and environmental 
impact on food security, nutrition and public health, but the realisation will (par-
tially) depend on new European legislation for plants produced by gene editing.
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1  Introduction

Bread wheat (Triticum aestivum, a hexaploid wheat species with the AABBDD 
genome) originated as a hybridization between tetraploid Triticum and (the) diploid 
Aegilops species during early agriculture in the Fertile Crescent. Triticum and 
Aegilops are closely related: Triticum is considered the domesticated form of 
Aegilops. Interspecific hybrids are found in nature and may also be produced artifi-
cially. Long before the onset of agriculture, a diploid wheat (T. urartu) carrying an 
AA genome hybridized with a grass-like wheat with a BB genome into the tetra-
ploid T. turgidum with the combined AABB genome constitution. Near the Caspian 
Sea area, in an ancient agricultural field, a cultivated free-threshing tetraploid wheat 
(AABB) hybridized with a local wild diploid Aegilops tauschii with its DD genome, 
which led to the new hexaploid species T. aestivum (AABBDD). Spelt wheat is 
considered the result of one of the most recent natural hybridizations in which 
T. aestivum and a tetraploid T. turgidum (an emmer wheat type) were involved. 
Presently, synthetic hexaploid wheat lines are under production through various 
artificial hybridization programs, to increase the diversity in the D genome in hexa-
ploid germplasm [1–3].

Wheat is a self-pollinating crop. Farmers can cultivate it by sowing seed material 
saved from the preceding year. Initially, cultivation practice applied mixtures of 
tetraploid and hexaploid genotypes. Through conscious or unconscious selection of 
spontaneous mutants, landraces gradually adapted to local environmental condi-
tions, but there is a limit to the improvement of end-use quality that can be achieved 
in that way. Since the early twentieth century, genetics has been used in professional 
wheat breeding, including pure line selection and targeted breeding. Breeders are 
always interested in new genetic variation. This can be achieved through introgres-
sion (trait transfer through hybridization followed by back-crossing) from other 
wheat species, but this process also introduces many undesired traits that subse-
quently must be selected against. Alternatively, genetic variation can be induced 
within a cultivar through the application of mutagenic chemicals or ionizing irradia-
tion (mutation breeding).

Presently, next to the hexaploid bread wheat and spelt wheat also diploid einkorn 
and various tetraploid T. turgidum subspecies (including emmer and durum wheat) 
are still being cultivated. However, almost 95% of the world’s annual volume of 
700–750 million metric tons is bread wheat; durum wheat makes up only 5%, the 
other species have a minimal volume. Bread wheat and durum wheat are also 
referred to as soft wheat and hard wheat, respectively, due to the difference in hard-
ness of the kernel and further technological qualities regarding milling and baking: 
bread, cakes and breakfast cereals are made from soft wheat, pasta from durum wheat.

Its three homoeologous genomes make bread wheat flexible and adaptive in cul-
tivation and versatile in its applications, due to its high genetic and allelic redun-
dancy. This versatility becomes apparent in the specific qualitative and quantitative 
protein composition of its water-insoluble gluten, as used in various food and non- 
food processing applications, and, together with the grain’s starch, in dough and 
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derived baked foods. Remarkable is the interdependence of the gluten protein struc-
ture, the gluten quantity and the gluten applicability regarding genetic, environmen-
tal and processing factors [4–6].

In keeping with its wide cultivation and application, bread wheat is the species of 
choice for further improvement of agricultural and food technological traits through 
conventional breeding, using various breeding tools developed in the twentieth and 
twenty-first century, including marker-assisted breeding and speed breeding [7].

In wheat breeding, the main focus was traditionally directed to yield and quality 
trait improvements. This has culminated in the 1960s in the Green Revolution 
through the introduction of dwarf genes. The dwarf genes (actually, dwarfing muta-
tions) reduce energy investment in stem growth and increase grain yield. These new 
varieties were highly recognized worldwide. Today’s breeding aims still include 
yield (especially starch quantity) and gluten and starch quality (for improved mill-
ing and baking quality), but adaptations to the biotic and abiotic environment, such 
as disease resistance genes, are receiving more attention because of the spread of 
major diseases and the threats of climate change, e.g., increased drought.

Impacts on export markets appeared to have played a role in the lack of com-
mercialized GM wheat. The first GM (herbicide-tolerant) wheat applied for approval 
in the USA was abandoned in 2004 [8]. HB4 wheat, a GM wheat variety with 
drought tolerance has been approved for cultivation in Argentina in 2020 and subse-
quently for import in Brazil in 2021, which was important as for commercialization 
of GM events Argentina takes the impact on export markets into account. Since 
then, import has also been approved in the USA, Australia, New Zealand, Colombia, 
and Nigeria. Recently, Brazil has also approved cultivation of HB4 wheat.

2  Gene Editing in Polyploid Crops

To facilitate the time-consuming breeding of polyploid crops, alternative methods 
for introgression breeding and mutation breeding are important for polyploid crop 
improvement. Genome editing is such an alternative method. By using gene editing 
technologies such as CRISPR/Cas, precise modifications can be made to specific 
genes in the genome. CRISPR/Cas is especially valuable for targeted mutagenesis 
in polyploids, as it can induce mutations of multiple alleles simultaneously, so that 
regenerants homozygous for the desired mutation may be obtained. Moreover, the 
intrinsic specificity of CRISPR/Cas allows for the precise targeting of specific 
homoeologous genes. This enables allele-specific modifications, where only one 
copy of a gene is edited while leaving the others unchanged, or where all homoeolo-
gous copies are modified simultaneously. This ultimately allows for the introduction 
of desirable traits or the removal of undesirable ones without the need for laborious 
backcrossing to eliminate unwanted genetic material. Several studies have demon-
strated the effectiveness and robustness of gene editing for targeted mutagenesis in 
auto- and allopolyploids [9], including wheat ([10]; see below and Table 13.1).
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Table 13.1 Overview of research and trials using gene-edited traits in wheat. This overview was 
compiled in April 2023, and it is not exhaustive

Trait Gene(s) Reference

Health
Low asparagine to suppress acrylamide 
production during heating

ASN2 [20–22]

High-amylopectin & low-discolouring Waxy GBSS & PPO, 
respectively

[23]

High-fiber wheat pipeline ? Calyxt 
news 
releases

Coeliac Disease (CD) epitopes Alpha-gliadins [24]
Coeliac Disease (CD) epitopes Alpha- and gamma-gliadins [25–27]
Biofortification
Carotenoids Psy1 [23]
Polyploidy/Recombination (incl. homoeologous pairing)
Higher homoeologous CO (crossover) 
frequency (to facilitate introgressions from wild 
genomes)

Tazip4-B2 [28]

Testing effects on CO SPO11–1 [29]
Haploid induction
Paternal haploid induction by hetero-allelic 
combinations of genome-edited TaCENH3α

TaCENH3α [30]

Haploid induction combined with targeted 
mutagenesis by using maize pollen (sperm cells) 
transgenically expressing cas9 and selected 
gRNAs

Tested using BRI1 or SD1 
involved in dwarfing

[31]

Male sterility
Male sterility TaDCL4, TaDCL5, TaRDR6 [32]
Male sterility Ms1 [33]
Maize (and rice) counterpart Ms45 encoding 
strictosidine synthase-like enzyme potentially 
enabling an SPT-like hybrid seed production in 
wheat

Ms45 [34]

Plant architecture
Alternative semi-dwarfing allele Rht-B1b combined with tasd1 [35]
Possibly reproducing semidwarf alleles not 
negatively affecting coleoptile length hampering 
deep sowing in dry environments, such as 
Rht18, e.g., recessive semi-dwarfing in rice by 
GA20ox2 knockout

GA20ox2 [36]

TaQ alleles involved in domestication, 
impacting plant height, spike architecture

AP2-like TFs TaAQ and/or 
TaDQ

[37]

Yield
Grain size and number, plant architecture, 
flowering timing

miRNA156 site in TaSPL13 [38]

Higher flower bearing spikelet number & higher 
grain protein

miRNA165/166 site in HB-2 
(HD-ZIP III)

[39]

(continued)
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Table 13.1 (continued)

Trait Gene(s) Reference

Spike shape (length) miRNA172 site in Q5A or Q5D [40]
Supernumerary spikelets & higher grain number 
per spike

DUO-B1 AP2/ERF TF [41]

Testing on spikelet number per spike & grain 
number per spike

WAPO-A1 [42]

Increasing grain size TaTGW6 [43]
Dosage-dependent increase in grain width & 
weight (not length)

TaGW7 [44]

Grain weight & protein content GW2 homoeologues [45, 46]
Multiplex editing, among which grain weight GW2 together with Lpx1 

(against Fusarium 
graminacearum) & MLO 
(against PM)

[47]

Increased grain number per spikelet TaCKX-D1 with 1160 bp 
deletion homozygous, among 
other grain yield genes tested 
GLW7, GW2 & GW8

[48]

ABE base editing TaGW2 & TaDEP1 [49]
Biotic stress tolerance (Susceptibility (S) genes)
Viruses WSSMV & WYMV Ta-elF4E & Ta-elF(iso)4E (& 

TaBAK1)
[50]

Virus YMV TaPDIL5 [51]
Fusarium and powdery mildew (multiplex 
editing)

Lpx1 (against Fusarium 
graminacearum) together with 
GW2 & MLO (against powdery 
mildew)

[47]

Fusarium head blight TaHRC (Fhb1) [52–54]
Powdery mildew 3 MLO homoeologues [55]
Powdery mildew without yield penalty Tamlo-R32 [56, 57]
Powdery mildew TaEDR1 [58]
Stripe rust TaCIPK14 [59]
Potentially increased resistance to yellow and 
stem rust

TaBCAT1 [60]

Abiotic stress tolerance
Osmotic stress tolerance TaSal1 [61]
Nitrogen use efficiency (delayed senescence and 
increased grain yield in field)

ARE1 [62]

Delayed seed germination (dormancy) Qsd1 [63]
Herbicide tolerance (HT)
IMI, through Zinc Finger Nucleases (ZFN, 
SDN-2)

AHAS [64]

SU herbicides (e.g., nicosulfuron), HT through 
CBE base editing

TaALS [65, 66]

Phenoxy herbicide (quizalofob), HT through 
CBE base editing

ACCase [66]
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3  Improving Regeneration of Wheat in Tissue Culture

Efficient protocols for plant transformation and regeneration in tissue culture are 
essential prerequisites for utilizing gene editing techniques in wheat. However, the 
process of regeneration in tissue culture presents difficulties, particularly when 
dealing with recalcitrant species and is often dependent on identifying genotypes 
with capacity to regenerate. Overcoming these hurdles is crucial for wheat tissue 
culture as well. Promising advancements have been made in this area, such as the 
utilization of the developmental regulators that stimulate somatic embryogenesis 
and de novo meristem formation. Notably, recent studies have demonstrated that 
overexpressing a GRF4-GIF1 chimera construct and the TaWOX5 gene can substan-
tially increase the regeneration capacity of wheat tissue cultures, while reducing the 
dependence on specific genotypes [11, 12]. These findings open new avenues for 
improving the regeneration efficiency of wheat in tissue culture and pave the way 
for more accessible and genotype-independent regeneration protocols. Continued 
research and exploration of innovative strategies, along with the advancement of 
gene editing techniques, can contribute to further enhancing the regeneration poten-
tial of wheat and accelerating the development of gene-edited varieties.

4  Current Research and Trials Using Gene Edited Traits 
in Wheat

A range of gene edited traits have been developed in wheat, largely in the last 
5 years (Table 13.1). These include various nutrition and health-related traits such 
as low asparagine content, high fibre content, reduced coeliac disease epitopes in 
gluten, and biofortification. Next to these, plant architecture, yield improvement, 
pest and disease resistance, tolerance to abiotic stress, and herbicide tolerance are 
also investigated. The studies used Cas9 and Cpf1 [13–16] nucleases or prime edit-
ing [17] for targeted mutagenesis, as well as some base editors (see Table 13.1). Luo 
et al. [18] worked towards homology-directed repair enabling the introduction of 
larger sequences such as complete genes or promoters.

A series of breeding-related traits are also subject of gene editing research, 
including recombination, crossing over, haploid induction, and male sterility. These 
are related on one hand to the need to introgress traits, such as disease resistances 
and quality traits, from wild relatives, on the other hand to the desire to develop 
hybrid wheat varieties. When compared to traditionally inbred varieties, hybrid 
wheat is estimated to have a potential yield increase of 10% [19]. Furthermore, 
hybrid wheat, as with other hybrid crops, offers enhanced resilience and provides 
greater yield stability, even in the presence of environmental stresses and the extreme 
impacts of climate change. However, the breeding and widespread adoption of 
hybrid wheat is lagging behind. One reason is a costly production of hybrid seeds 
due to wheat’s inherent tendency for self-pollination and the production of only one 
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seed per flower [19]. Overcoming these barriers and establishing effective breeding 
techniques for large-scale hybrid wheat breeding requires substantial research and 
development efforts. For example, male sterility provides the method to block self- 
fertilization, while modifying flower architecture can facilitate pollination.

Below we will in detail describe why and how gene editing and other approaches 
that target wheat gluten are used to reduce or remove epitopes that cause coeliac 
disease in susceptible people.

5  Wheat Gluten

Flour obtained by milling of whole wheat grains can be separated into four major 
protein fractions: albumins plus globulins, gliadins, glutenins, and a group of resid-
ual proteins. The gliadins and the glutenins, both water-insoluble, can be further 
subdivided into subtypes (Table 13.2). Cysteine residues, although relatively low in 
number, are characteristic to most gluten molecules (except to the omega-gliadins) 
as they form intrachain bonds in the alpha- and gamma-gliadins, stabilizing their 
tertiary structure, and interchain bonds among LMW and HMW glutenins. Gluten 
polymerization, a unique characteristic of gluten from wheat, is crucial for dough- 
making and baking. The building of large gas-retaining gluten networks may even 
increase through opening of intrachain gliadin S-S bonds by heating, enabling their 
binding to glutenin polymers [5]. High hydrostatic pressure (extrusion) of isolated 
guten to increase further polymerization can be applied in the production of meat 
analogues [67].

Wheat flour plus water produces a viscoelastic mass (a starchy dough) in which 
the gliadins are especially responsible for viscosity, whereas the glutenins are 
responsible for elasticity of the network that retains the gas from the yeast or 
sourdough fermentation and makes the dough rise. The degree of viscosity relates 
to the ratio of gliadins to glutenins: a high ratio (around 3.0) results in a soft and less 

Table 13.2 Classification of gluten proteins and their main characteristics

Gluten 
group Gluten type

Chromosome  
(A, B, D genome) S-S bonds

Mono/
polymeric

Mol 
Weight 
(kDa)

% of 
total 
gluten

Gliadins Alpha 6 (short arm) + (intrachain) Mono 32 35
Gamma 1 (short arm) + (intrachain) Mono 35 21
Omega 1,2 1 (short arm) – Mono 44 6
Omega 5 1 (short arm) – Mono 51 5

Glutenins LMW-GS 1 (long arm) + (interchain) Poly 32a 24
HMW- 
GSx;y

1 (long arm) + (interchain) Poly 87a; 69a 9

Adapted from Ref. [5]
aAs monomer, but as (combined) oligo- and polymers in stable 3D structures with MWs from 700 
to 10,000 kDa [70]
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viscous dough; a low ratio (around 2.0) results in a highly viscous and strong dough 
[5]. Heating during baking makes the gluten rigid by the loss of its water to the 
starch, keeping the baked bread shape stable. The presence of glutenin in doughs is 
essential for baking of bread and cookies, and in batter for cakes. Gliadins may be 
exchanged for other proteins or even partly omitted without significant loss of bak-
ing quality [68]. Guzmán-López et al. [69] managed to bake bread from wheat lines 
in which most gliadins had been silenced by RNAi.

Removing the starch from unheated dough by repeated washings with water 
yields in a purified gluten mass, called vital wheat gluten (VWG), which is applied 
in the food (bakery) and non-food industry.

6  Health-Related Wheat Components in Food

Due to its food technological versatility, wheat and its isolated components (vital 
wheat gluten, wheat starch, and derivatives such as glucose syrups, maltodextrin, 
sorbitol) are applied in numerous food products. They appear in about 30% of the 
labelled and mostly highly processed food items [71]. Highly processed foods, 
including those with wheat-derived ingredients, are often classified as unhealthy as 
they often contain a too high content of non-wheat ingredients such as sugar, salt 
and fat, and a too low content of fibre. However, whole grain wheat foods are rec-
ognized as healthy for their proven contribution to the reduction of risk of several 
‘western lifestyle’-related chronic diseases including obesity and diabetes, heart 
and vascular diseases, immune-related diseases, and certain forms of cancer. 
Therefore, consumption of whole grain (wheat) foods is stimulated by governmen-
tal food authorities in many countries [72, 73].

7  Wheat-Related Human Diseases

Wheat is also known as a cause of some human diseases: wheat allergy with a 
prevalence of 0.25% is relatively rare; non-coeliac wheat sensitivity (NCWS) with 
a self-reported prevalence of 10% and a clinically estimated prevalence of 1% has 
mostly mild symptoms; and coeliac disease (CD), the most severe but also the best- 
known and well-documented disease, has a prevalence of 1–2% [74, 75]. CD is a 
chronic inflammation of the small intestine, induced and maintained in genetically 
predisposed individuals by the consumption of gluten proteins from wheat, barley 
and rye. As there is no cure, patients must follow a life-long gluten-free diet. In the 
EU alone, at least 4.5 million people suffer from CD.

The general daily intake of gluten from the consumption of bread and related 
foods is about 15 g [76], whereas the safe daily amount of gluten in foods for indi-
viduals with CD is estimated between 10 and 100 mg gluten [77]. To stay below that 
load, food products should not surmount the 20  ppm threshold as is defined 
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according to extensive research and established in EU regulation EC828/2014. Note 
the huge gap between current foods in a gluten containing and a gluten-free life-
style, especially when considering the high number of food items in supermarkets 
and elsewhere processed with wheat and wheat-derived components. As a correct 
diagnosis of CD is difficult because of the great variety of occurring symptoms, it is 
estimated that 85% of the patients remain undiagnosed, which means that they daily 
consume gluten, unaware that their bad chronic health status is caused by this food 
ingredient.

8  Gluten-Free Lifestyle

During the last decades, a gradual but significant increase has been observed in the 
number of consumers that embrace a gluten-free or wheat-free diet. This gluten/
wheat avoiding population varies globally according to geographic location between 
3.7% and 17.2% [78]. The main incentive for this diet choice is the desire for better 
health. This trend creates a decreasing bread and wheat-product market with a nega-
tive impact on the whole wheat value chain on the one hand, and an increasing and 
diversifying gluten-free product market on the other hand, with an annual growth 
rate of 10.4% between 2014 and 2019  in Europe, and an estimated compound 
annual growth rate (CAGR) of 8,1%. It had a market value of 8.3 Billion US dollars 
in 2025 (https://www.statista.com/statistics/248467/global- gluten- free- food- 
market- size/). The global gluten-free packaged food market now represents about 
3% of the total global packaged food market, reflecting the population share that is 
interested in gluten-free foods, which is 15–20 times higher than the diagnosed CD 
population.

The problem remains to the 85% undiagnosed CD population. This group would 
be really served with the development, global cultivation and processing of safe- 
gluten wheat varieties replacing current high CD-immunogenic wheat. Gluten 
safety of such varieties should be guaranteed quantitatively (elimination of all 
immunogenic gluten) or qualitatively (inactivation of CD-immunogenic fragments 
(epitopes) from individual gluten proteins). However, maintenance of the full food 
technological and health qualities combined with unimpaired agronomic quality in 
such varieties remains a prime prerequisite for a crop to be competitive on the 
(global) market.

9  Gluten Epitopes for Coeliac Disease

What makes gluten intolerable to certain genetically predisposed individuals devel-
oping CD? The high abundance of glutamine and proline amino acids in gluten 
proteins hinders degradation by the proteolytic enzymes in the digestive tract, leav-
ing relatively long peptides in the small intestine. Several of these peptides contain 
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a core sequence of nine amino acids that can be recognized by antigen-presenting 
cells and presented to T cells. Upon recognition, these T cells become activated, 
resulting in inflammation of the mucosa followed by degeneration of the mucosal 
villi with serious consequences for uptake of nutrients and leading to a variety of 
symptoms. Several epitopes are recognized by T cells from many patients, called 
‘major’ epitopes. A comprehensive list of epitopes was recently updated [79].

Gluten proteins are encoded by large gene families located at different sites on 
the wheat genome (Table 13.2) with the alpha-gliadin loci on the short arm of the 
homoeologous chromosomes 6A, 6B and 6D, and the gamma-gliadin genes on the 
short arm of 1A, 1B and 1D. A single bread wheat variety genome (e.g., from the 
variety Chinese Spring for which the genome has been sequenced [80]), may con-
tain as many as ~100 different gluten genes of which about sixty are expressed into 
proteins, as was shown by mass spectrometry analysis [4, 81–83]. Comparing dif-
ferent wheat varieties, variation exists in the number of expressed gluten genes, in 
the sequences of the encoded proteins, and in the amount of protein produced per 
gene. Additional variation in the gluten composition (quantitatively and qualita-
tively) is induced by environmental factors in the field during the growing season, 
such as the temperature during certain stages of crop development, and nutrient 
availability from the soil, in particular nitrogen and sulphur [4].

Although both gliadins and glutenins harbour immunogenic epitopes that can 
trigger CD, the alpha-, gamma- and omega-gliadins contain by far the highest num-
ber and the most dominant (severe) epitopes. For alpha-gliadins the dominant epit-
opes are related to the genes from the D-genome, followed by the genes from the 
A-genome, whereas some genes from the B-genome are free from epitopes [84]. 
D-genome alpha-gliadins contain the so-called 33-mer peptide carrying up to six 
overlapping CD epitopes and is a strong binder and activator of human T cells; simi-
larly, some gamma-gliadins have a highly immunogenic 26-mer peptide.

10  Breeding Methods for Coeliac-Safe Wheat

Due to its genetic flexibility, several advanced breeding techniques are being used 
in wheat [85]. Wide hybridizations may result in irregularities (translocations as 
well as deletions) in the genomes of embryos and their later plant gametes. 
Chromosomal deletion lines, with impacts regarding reduction of CD-immunogenic 
gliadin loci, have been found and tested [86]. Chromosomal translocations and dele-
tions may be induced technologically (as was done in the varieties Chinese Spring 
and Paragon, amongst others) but they also occur naturally. They are interesting for 
genetic research, but often the deletions impact the performance of the plants in 
the field.

Synthetic hexaploids can be obtained from hybridizations of wheat varieties and 
species of different ploidy levels (e.g., a tetraploid durum female with AABB 
genome with a diploid Aegilops male with DD genome) requiring duplication of the 
originally allotriploid embryonic genome (ABD into AABBDD) to form a fertile 
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hexaploid hybrid. An Aegilops line selected from the very wide D-genome diversity 
with a favourable CD profile may be hybridized with a low-immunogenic durum 
mother line. The resulting new hexaploids can be tested for their epitope profile at 
the gene and protein level, and applied in further breeding programs if desired [3]. 
This would be one way to eliminate the 33-mer in the D-genome alpha-gliadins.

EMS mutation breeding can generate large numbers of random mutations and 
could be applied to mutate gliadin genes, but it would be very resource-intensive to 
trace and combine mutations in multiple genes, from many plants, into one single, 
coeliac-safe and well-performing wheat plant [87]. Using γ-irradiation, large chro-
mosomal deletions have been induced in two mutant lines of the wheat variety 
Paragon. Both mutants revealed a lack of sequence coverage in a large part of the 
gluten loci [25]. However, a clear need for more sophisticated approaches remains.

11  RNA Interference

RNA interference (RNAi) is a system that may be used to interfere with the synthe-
sis of gluten proteins through their RNA transcripts, while the DNA still contains 
the intact genes. With a single RNAi construct designed for a conserved region that 
is common for many gluten genes, Gil-Humanes et  al. [88] achieved up to 92% 
reduction of the gliadins, and a 10–100 fold reduction of epitopes as detected in 
T-cell tests. Similarly, the expression of twenty α-gliadin genes was decreased, 
although the production of other storage proteins increased [89]. Some of the wheat 
lines with reduced immunogenicity but with the baking quality largely intact [90] 
were sufficiently low in gliadins for successful clinical trials with patients [69]. 
Unfortunately, as RNAi requires stable genetic modification (GM) of the construct 
into wheat to silence the gliadins, and no transgenic wheat has been commercialised 
yet, it is unlikely that this transgenic line will be brought to the market.

12  Gene Editing of Gluten in Wheat

Two successful proof-of-concept studies with gene editing have been carried out in 
wheat. Sánchez-León et al. [24] targeted conserved sites in alpha-gliadin genes of a 
single wheat line. In this study, 47 offspring gene-edited plants were genotyped, and 
they found smaller and larger deletions at the target site, and plants with varying 
numbers of genes edited. In one plant 35 of the 45 alpha-gliadin genes were mutated, 
and seeds of this plant showed 85% reduction of total gluten protein as measured 
with the R5 gluten quantification assay, which is the type I method for gluten detec-
tion in the Codex Alimentarius. Guzmán-López et al. [91] developed a bioinformat-
ics pipeline to show that in some offspring lines alpha-gliadin genes were deleted.

In the other study, Jouanin et al. [27] simultaneously targeted multiple sites in 
alpha-gliadin as well as gamma-gliadin genes, and confirmed 117 gene-edited 
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plants, including plants with mutations in both gene families. Some gluten genes 
were deleted, as evidenced by droplet digital PCR (ddPCR) results for alpha- 
gliadins [27]. Evidence that in some regenerated plants blocks of genes had been 
deleted came from mapping of sequence data obtained with GlutEnSeq, a variant to 
RenSeq that targets gluten genes, to the Chinese Spring reference genome [25]. This 
is presumably the result of double-strand breaks in different gliadin genes that occur 
in tandem arrays in the wheat genome, leading to the deletion of tandem gene blocks 
in between the genes with double strand breaks.

As not all target sites in the gliadin genes will be mutated in a single progeny 
plant, gene editing will lead to populations of plants that each may contain a mosaic 
of unaffected, edited, and lost genes. The edits on different chromosomes will seg-
regate in the next self-pollinated generations. Hence, it is useful to have a rigorous 
selection program aimed at maintaining only the few most promising plants (geno-
types) for multiplication, cultivation and eventual application in coeliac-safe(r) food 
[92]. In this process, gene-edited loci may be combined with loci that are lost 
through smaller or large deletions.

13  Impacts of Gene-Edited Low CD-Immunogenic 
(‘Low- Gluten’) Wheat

Producing low CD-immunogenic (hypo-immunogenic or ‘low-gluten’) wheat is 
technically feasible with gene editing using CRISPR/Cas technology. Such wheat 
varieties and the food products made with them have the potential to make a signifi-
cant contribution to food security and public health for a group of individuals that 
suffer from coeliac disease, and for others that prefer to consume gluten-free prod-
ucts for health or diet related reasons. Such products could fit well in the gluten-free 
product market of packaged foods, which currently is growing fast.

Gene editing with CRISPR/Cas initially requires foreign DNA or proteins to be 
inserted into the plant genome or plant cell, as a temporary step to perform editing 
(read: to induce a directed and desired mutation) of target genes. In many jurisdic-
tions such plants are not regulated as GM, provided that no foreign DNA is present 
in the final plant. In Europe, however, the process-based approach is applied, and 
because CRISPR/Cas includes a temporary GM step, gene-edited wheat will fall 
under the strict GM regulation (EC Directive 2001/18), whereas plants and derived 
products from chemically and irradiation induced mutagenesis are exempted from 
GM regulation according to EC Directive 2001/18, Annex 1B [93]. Presently, in 
2023, the European Commission is preparing a proposal on changing the legislation 
for plants derived from cisgenesis or targeted mutagenesis. The possible impacts 
that gene-edited low CD-immunogenic wheat, once on the market, may have on the 
economy, society and the environment, were reviewed by Sánchez et  al. (in 
press) [94].
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One aspect of low-gluten wheat is that it will require the establishment of a sepa-
rate supply chain under Hazard Analysis and Critical Control Points (HACCP) con-
ditions [92]. Cross-contamination with regular wheat and other gluten-containing 
cereals (rye, barley) should be strictly avoided, requiring continuous control 
throughout the entire production chain. Further, labelling should emphasize the 
unique properties of the derived food products, particularly to CD-patients and 
NCWS patients. Importantly, the current legislations (EU 828/2014 and EU 
41/2009) on gluten-free labelling requiring a threshold at 20 ppm gluten would need 
to be re-evaluated for low-gluten, low CD-immunogenic wheat products, because 
these regulations are based on quantitative measurement of the total amount of glu-
ten in ‘gluten-free’ products which should be below the threshold for coeliac safety 
of 20 ppm. Gene-edited low CD-immunogenic wheat still will retain a gluten con-
tent far above this threshold and would require a separate ‘CD-safe gluten’ label.

Adoption of gene-edited coeliac-safe wheat might generate many new business 
opportunities for the entire wheat value chain, leading to diversification of produc-
tion and products. In all, healthier and more safe foods for the CD patient popula-
tion and reduced health care costs to society can be envisioned when gene-edited 
low-gluten CD-safe wheat would become mainstream on the food market ([94, 95] 
and refs therein).
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