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Abstract: Celiac disease (CD) is a small intestinal inflammatory condition where consumption of
gluten induces a T-cell mediated immune response that damages the intestinal mucosa in susceptible
individuals. CD affects at least 1% of the world’s population. The increasing prevalence of CD
has been reported over the last few decades. However, the reason for this increase is not known
so far. Certain factors such as increase in awareness and the development of advanced and highly
sensitive diagnostic screening markers are considered significant factors for this increase. Wheat
breeding strategies, fertilizers, and pesticides, particularly herbicides, are also thought to have a
role in the increasing prevalence. However, less is known about this issue. In this review, we
investigated the role of these agronomic practices in depth. Our literature-based results showed
that wheat breeding, use of nitrogen-based fertilizers, and herbicides cannot be solely responsible
for the increase in celiac prevalence. However, applying nitrogen fertilizers is associated with an
increase in gluten in wheat, which increases the risk of developing celiac-specific symptoms in
gluten-sensitive individuals. Additionally, clustered regularly interspaced short palindromic repeats
(CRISPR) techniques can edit multiple gliadin genes, resulting in a low-immunogenic wheat variety
that is safe for such individuals.

Keywords: celiac disease; gluten proteins; nitrogen fertilization; glyphosate; genetic modification;
CRISPR

1. Introduction

Celiac disease (CD) is a small intestinal disorder characterized by partial to total villous
atrophy due to the ingestion of a storage wheat protein ‘gluten’ in genetically susceptible
individuals. Human leukocyte antigen (HLA) -DQ2 and -DQ8 alleles is considered the
main risk factor for the development of CD [1]. Gluten peptides contain epitopes that
trigger CD. Complete exclusion of gluten from the diet is the only treatment so far. CD
is predominant globally with an overall prevalence of 1% in the general population [2].
However, there is a variation in the prevalence country-wide. CD predominantly occurs
in Europe. Nonetheless, country-wide variation has been reported. A lower prevalence
has been estimated in Germany (0.2%) whereas a higher prevalence has been estimated
in Finland (2.4%) and Sweden (2.6%) [3,4]. In recent decades, multiple studies suggested
an increased prevalence. In the latest study, Gatti et al. showed an increased prevalence
in the pediatric population. The authors also showed an increasing pattern in prevalence
over 25 years. The authors conducted two studies during the 1990s and estimated 0.39%
and 0.54% prevalence. After 25 years they found an eight-fold rise in the prevalence,
i.e., 1.6% [5]. Earlier to this, the authors confirmed a five-fold increased prevalence in
the Unites States between 1974 and 2001 [6]. Thus far, a definite factor for this rise in
prevalence is unknown. However, these are certain postulations provided by some studies.
Increasing awareness of CD among the medical practitioners and general population and
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several landmark screening studies in different countries are considered significant factors.
Apart from this, the development of advanced and highly sensitive diagnostic screening
markers are also supposed to have a substantial role. During the 1980s, the first-line CD
screening serological marker, i.e., IgA class anti-gliadin antibody test (AGA) had sensitivity
between 60.0 and 96%, whereas the current first-line screening sero-marker, i.e., IgA class
tissue transglutaminase (tTG) has sensitivity up to 100% [7]. Verma et al. showed that
the increased accuracy of IgA anti tTG ab test in comparison to IgA AGA significantly
contributes to the observed increase in the prevalence [8]. Nonetheless, none of these
factors may be solely responsible for the increasing prevalence but combinations of these
factors may be.

The average wheat consumption per capita was 66 kg until 2004–2018. In the last
60 years, wheat consumption has increased. especially in Asia (1.87-fold) and Africa
(1.58-fold) [9]. This increased consumption of wheat over the years has been corre-
lated with the increased prevalence of CD [10,11]. However, in a very important study,
Lionetti et al. found no significant correlation between the CD prevalence and the level
of wheat consumption. This study found a highly significant correlation between wheat
consumption and the frequency of HLA-DQ2/8 alleles [11]. It is widely known that 30–50%
of the healthy population display HLA-DQ alleles and 3–5% develop CD [1,5,11]. Hence,
consumption of wheat is associated with the risk of CD development at least in at-risk
populations. In recent years, multiple studies gave evidence that to fulfill the wheat de-
mand wheat production was increased [12,13]. Nonetheless, due to this quality of wheat
was also improved. To improve the wheat quality, the amount of gluten in wheat has also
been increased. This increased amount of gluten, due to specific immunogenic epitopes,
stimulates celiac-specific immunological reactions. Consumption of such wheat increased
the risk of developing CD, especially in genetically predisposed individuals.

Accumulating evidence shows that agronomical practices such as classical plant
breeding, use of nitrogen (N) fertilizers, and pesticides might play a role in increasing the
amount of the grain storage protein (GSP), i.e., gluten. However, there is only a limited
amount of information accessible on this problem.

This review updates the current knowledge of different agricultural practices that
could be related to a potential increase in gluten amount in wheat that might influence
the CD prevalence. This article also discusses different approaches to eliminate/reduce
the toxic gliadin content of wheat and makes it suitable for consumption the individuals
having gluten sensitivity.

2. Wheat Breeding Strategies: Current Challenges

Traditional breeding techniques (single-seed, pedigree, backcross method, recurrent
selection, and pure line selection) were primarily based on crosses and phenotypic selection.
These methods have been widely applied techniques around the globe for more than a
century. These methods still account for the production of the diverse number of cultivars.
Yield improvement, and stability of grain, that increases the biomass, are two primary goals
of a wheat breeding. To improve the cultivar production, traditional breeding methods
were remained successful in increasing the yield and quality of wheat [14–16]. These
techniques, with a few modifications, can be used to improve the effectiveness of crop
breeding reduce the breeding duration. This approach may also increase the frequency of
favorable genotypes in a population, it may not be effective for traits with low heritability.

Traditional methods take approximately 9–12 years to complete a breeding process;
however, this long breeding duration can be substantially shortened by using the Marker
Assisted Selection (MAS) process [17]. However, as with breeding techniques, MAS is also
an expensive [18] plant breeding process.

Modern Wheat Cultivars Have a Greater Immunostimulatory Capacity, Linked with Better
Seed Quality

In recent years, it has been claimed that extensive breeding results in contemporary
wheat cultivars having lower levels of health-promoting components [19–23]. Several
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researchers have recently looked into the other nutritive components of wheat, such as
dietary fiber (DF), which has several health advantages such as maintaining healthy gut
microbiota and obesity mitigation; they found that intensive breeding does not reduce DF
in current cultivars compared to the older genotype [15]. It was also found that the overall
arabinoxylan content does not vary between current and ancient genotypes in whole
meal or semolina whereas contemporary cultivars have a greater percentage of soluble
arabinoxyl in whole meals and beta-glycan in semolina compared to the old genotypes [15].

These finding suggest that the breeding process led to additional improvements in the
nutritional properties of wheat. Apart from its nutritional value, wheat protein may trigger
inflammatory immune reactions and disorders such as wheat allergies, CD, non-celiac
gluten sensitivity (NCGS), fructose malabsorption, and irritable bowel syndrome (IBS),
highlighting the need for less-reactive wheat products that can help improve the overall
quality of life [24,25].

Wheat proteins, including non-gluten proteins, i.e., amylase/trypsin inhibitors (ATI),
have been identified as triggering factors in the CD development. Recent comparative
investigations of the nutritional properties of ancient and modern wheat genotypes con-
firmed that breeding enhances the gluten quality of wheat, both in terms of its technical
performance in creating high-quality baking products and its allergenic potential [19]
(Figure 1). More precisely, a greater gluten index has been observed in contemporary
cultivars associated with increased gluten content. The breeding process also contributed
to a dramatic reduction in wheat-dependent exercise-induced anaphylaxis (WDEIA) of
a significant allergen, whereas the ancient and modern cultivars were similar in their α
and β-type gliadin content and the former was a factor associated with CD toxicity [19].
However, despite the presence of allergens in wheat grains, there is a vast genetic diversity
within the wheat germplasm, and further research is required to develop cultivars with
reduced reactivity and/or greater secondary health-promoting components suitable for
consumption [20,24]. This opens up an opportunity for fertilization that has an impact on
the yield and quality of wheat production, especially fertilization with nitrogen.
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Figure 1. Wheat breeding, nitrogen (N) fertilizers, and pesticides (glyphosate), various agronomical
practices that contributes to the increasing prevalence of celiac disease (CD).

3. Nitrogen Fertilizers: Substantially Affects Grain Yield and Glutenin Protein

Nitrogen is an important macronutrient necessary for plant growth and develop-
ment. It requires for the protein and starch production, both have an impact on grain
yield and quality. The quantity and timing of N fertilizer application have a significant
impact on wheat production and quality. In general, high-N fertilizer treatment improves
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endosperm protein body, storage protein content, and flour-processing quality through
changing the expression levels of genes encoding components of protein biosynthesis
pathways. Moreover, the use of N fertilizer significantly increases the ratios of glutenin to
gliadin (glu/gli) and high molecular weight glutenin subunits (HMW-GS) to low molecular
weight glutenin subunits (LMW-GS) that results in improved wheat quality for end-use
(Figure 1) [26,27]. Various recent studies indicate that N fertilizer usage increases vari-
ous components of wheat storage protein (prolamins), making consumption difficult for
gluten-sensitive individuals. Table 1. summarizes the findings of these investigations.

Table 1. Recent studies demonstrating the access use of nitrogen (N) fertilizers increases different components of wheat
storage protein.

S. No Genotype Effect of Nitrogen Application Year Reference

1. Triticum aestivum L. cv. Neepawa Proteins and gliadins increased in
the flour 2000 [28]

2. T. aestivum L. cv. Astella (Winter wheat) Increase in wet gluten concentrations and
total protein 2004 [29]

3. T. aestivum L. cv. Soissons (Winter wheat) Gliadins, LMW-GS, and HMW-GS levels
increase significantly 2004 [30]

4. T. aestivum L. cv. Marija, Žitarka, Srpanjka,
Soissons, Renan and Kuna

Gluten content increased in the
wheat grain 2007 [31]

5. T. aestivum L. Kargo (Spring triticale) Highest significant amount of wet gluten 2009 [32]

6. T. aestivum L. cv. Zebra (Spring triticale) Increase in grain yield and gluten content 2009 [33]

7. T. aestivum L. cv. Privileg (winter wheat) ω-gliadins and HMW glutenin were
increased by high levels of N 2009 [34]

8. T. aestivum L. cv. Trijumf and Favorit
(winter triticale) Wet gluten content increased 2010 [35]

9. T. aestivum L. cv. Soissons (Winter wheat) Increase in the HMW glutenin subunits
(HMW-GS) 2010 [36]

10. T. aestivum L. cv. Cordiale, Hereward,
Istabraq, Malacca, Marksman and Xi 19 γ-gliadin gene expression increased 2012 [37]

11. T. aestivum L. cv. Cezanne Improves grain yield, quality as well
gliadin and gliadin/protein ratio 2013 [38]

12. T. aestivum L. cv. Andrus (Spring triticale) Increase in albumins with globulins and
ω and α/β prolamins in grain 2013 [39]

13. T. aestivum L. cv. Cordiale, Hereward,
Istabraq, Malacca, Marksman and Xi 19

increased accumulation ofω-5 and
ω-2 gliadins 2014 [40]

14. T. aestivum L. cv. Quartzo Increasing kernel protein content and
gluten content of the flour 2015 [41]

15. T. aestivum L. cv. Tybalt (spring wheat) Increase in gluten content 2016 [42]

16. T. turgidum L. subsp. durum (Desf.)
Husn., cv. Achille

Increase in GPC, total gluten, and
gluten fractions 2016 [43]

17. T. aestivum L. cv. Zhongmai 175 High-nitrogen fertilizer enhanced grain
protein and gluten contents 2016 [44]

18. T. aestivum L. cv. Tobak and JB Asano Enhances GPC and the relative
abundance of HMW-GS 2016 [45]

19.
T. aestivum L. cv. Shumai 969 (SM969),
Shumai 482 (SM482), Chuannong 16

(CN16) and Mianmai 51 (MM51)

HMW-GSs andω-gliadin, greatly
responded to increased nitrogen 2018 [46]

20. T. aestivum L. cv. Skagen Higher average gluten content in grain 2018 [47]
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Table 1. Cont.

S. No Genotype Effect of Nitrogen Application Year Reference

21. T. aestivum L. (Korean wheat cultivars)
Increases in gluten concentrations in flour,
α + β-gliadin and decreases inω and

γ-gliadin concentrations
2018 [48]

22. T. aestivum ssp. Spelta Increase in α-gliadin epitopes related
to CD 2018 [49]

23. T. aestivum L. cv. Ingenio and Marcopolo Increase in total gluten proteins (gliadins
and glutenins) 2018 [50]

24. T. aestivum L. cv. Tybalt (spring wheat) Increase in gluten content 2018 [51]

25. T. aestivum L. cv. Tobak and JB Asano Increase in globulins, LMW-GS, α-,
and γ-gliadins 2019 [52]

26. T. aestivum L. (Winter wheat) Gluten content was
significantly increasing 2020 [53]

27. T. aestivum L. Zhongmai 175 (Chinese
winter wheat)

Increases in gluten, total gliadin, and
glutenin content 2020 [54]

28. T. aestivum L. cv. Xinong 1718, Fa 710 and
Fa 790 (NILs)

Increased the accumulation of total
protein, glutenin, glu/gli ratio,

HMW/LMW-GS, and GMP
2020 [55]

LMW-GS, Low molecular weight glutenin subunits; HMW-GS, high molecular weight glutenin subunits; GPC, grain protein concentration;
GMP, glutenin macropolymer; CD, celiac disease; NILs, near-isogenic lines.

Daniel and Triboi reported that the gliadin composition was altered as a result of
increased temperature and the application of N fertilizer to the growing wheat crop. As
a result of the N fertilizer, an increase in the grain protein content was observed from 3.4
to 6.8 mg, and which in turn, increased the gliadins fraction of the total proteins from
23% to 29%. According to the findings, application of N fertilizers further positively
changed the proportions of the gliadins fraction, i.e., ω: 10–19%, α + β: 42–58% and
γ: 24.5–32%. This led to the conclusion that an increase in N availability enhances the
synthesis ofω-gliadins, perhaps due to their high glutamine content [28]. Furthermore, N
topdressing also resulted in a statistically significant increase in grain production ranging
from +0.35 to +0.82 t/ha (ton/hectares), which had a positive effect on wet gluten content
and crude protein formation [29]. Pepo et al. 2005 successfully demonstrated that use of N
fertilization shows a considerable increase in wet gluten content in the winter wheat [56].
Tea et al. (2004) showed that the amount and composition of storage proteins, as well as
dough mixing characteristics, are greatly influenced by N supplied through foliar spray,
and that N fertilization enhances all storage proteins (gliadins, LMW-GS, HMW-GS) [30].
Application of high amount of N fertilizers improved the bread-making quality but it also
significantly increases the wet gluten by 40% as indicated by Varga B. and colleagues [31].
Similar results showed by Knapowski et al. (2008) where wet gluten content increased by
25% when N fertilizer was supplied through the soil along with foliar application [32,33].
Quantitative proteome analysis by Zörb and Grover [34] revealed that high N fertilizers
trigger the glutenin concentration in comparison to the gliadin fraction in winter wheat cv.
Privileg. Thus, greater rates of splitting N fertilization resulted in a higher accumulation of
gliadins and glutenins in wheat grain.

The addition of N fertilizers results in an increase in the concentration of HMW-
GS, allowing for a greater degree of disulfide bond formation and, as a result, improves
breadmaking quality [36]. Wan et al. (2012) effectively demonstrated that the expression of
γ-gliadin genes in growing wheat grains is strongly controlled by N availability [37]. The
findings of Mendizabal et al. showed that ammonium (NH3) enhanced both kinds of grain
reserve proteins (gliadins and glutenins), as well as the ratio of gli/glu ratio with nitrate
nutrition. Gliadin content in the flour was increased by 38% when ammonium nutrition was
applied. The increase in gliadin content was directly related to the improvement in grain
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N content and protein ratio. After applying ammonium nutrition to wheat, the amount
of gliadin found in the flour rose by 38% and the gliadin/protein ratio also increased by
18% [38].

In 2013, Wojtkowiak et al. indicated that increasing the N dosage resulted in an
increase in albumins, globulins, and ω- and α/β gliadins in grain [39]. It was further
determined by Wan et al. that increasing the amount of N fertilizer applied to field plots re-
sulted in higher expression ofω-gliadin transcripts and higher proportions ofω-5 gliadins.
However, when the starchy endosperm was exposed to high N levels, the spatial patterns
ofω-gliadin production and deposition were differentially increased. The significant rise
in polymeric ω-5 gliadin may increase total glutenin polymers, which are also the primary
components responsible for causing the most common kind of WDEIA [40]. Glutenin
synthesis was considerably more effective as a result of the higher N dosage, which led
to a higher glu/gli ratio. This is consistent with previous findings that various gluten
gene families expressed differently as a result of N fertilizers and N deficiency [43]. Grain
protein and gluten content, which are important rapid visco analyser (RVA) character-
istics linked to many properties of starch, such as viscosity, and softening degree, were
substantially enhanced by high-N fertilizer application. Gln, Gly, Pro, and Glu are the
major components of glutenin subunits that determine dough viscosity and elasticity. The
use of high-N fertilizers hastened the accumulation of these N-containing amino acids,
increasing the amount of storage protein [44]. As a result of the N splitting impact on
the proportions of gliadins and glutenins (% total protein) and the relative abundance of
specific HMW-GS, this indicated that N application at the late boot stage increased loaf
volume of wheat flour [45]. The use of N has a positive impact on GSPs and their portion in
wheat four. Altogether, N had the greatest impact on HMW-GSs and GSPs, maybe the cause
of the significant rise in the ratio of HMW-GSs to LMW-GS, which resulted in a significant
difference in the quality of wheat processing [46]. Results were also observed in Tobak
cultivars where LMW-GS, two α-gliadins, and one γ-gliadin were increased by split N
application [52]. Furthermore, increasing dosages of N applications, as well as higher split
dose applications, substantially impacted the gluten content [53]. In this study, RP-UPLC
and 2D-DIGE analyses of the gliadin and glutenin subproteomes revealed that applying a
large amount of high-N fertilizer (240 kg ha−1) significantly increased the accumulation
of gliadin and glutenin components as well as the contents of storage proteins, implying
improved dough viscoelasticity and bread quality [54]. The addition of N, expedited
and enhanced the accumulation of total protein, glutenin, glu/gli ratio, HMW/LMW-GS,
and GMP in the grain, raised the disulfide bond concentration, upgraded the secondary
and microstructure of the gluten, and improved the thermal stability and dough mixing
characteristics [55]. In recent decades, N fertilization of cereal crops has risen, having a
significant impact on the amount and quality of storage proteins (gliadins and glutenins)
and improved bread-making quality. However, this makes wheat consumption a challenge
for patients with CD. Nonetheless, pesticides such as herbicides, which have been used
widely along with fertilizer to boost agricultural yields, are required to meet the world’s
growing food demand.

4. Glyphosate-Based Herbicides (GBHs): Role in Modern Agriculture

Presently, glyphosate-based herbicides (GBHs), are the most extensively used her-
bicides. In GBHs, glyphosate is the primary active component, which is widely used
for agronomic purposes, including weed control and crop desiccation. Approximately
140,000 tons of glyphosate is used annually, which is often found in products such as
Roundup (commercial name of a commonly used herbicide) [57]. Desiccation of crops, par-
ticularly wheat, is one agricultural technique that gained favor in the 1990s and continues
till today. Desiccation is the procedure of applying a chemical herbicide to a plant before
harvesting it to destroy any growth on the plant so that the crop dries up more rapidly
and uniformly as a result of environmental conditions (dry-down). In areas where the
growing season is short and damp, desiccation tends to compensate for uneven growth.
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Cereal grains, especially wheat, are particularly susceptible to irregular ripening, which
results in a higher frequency of desiccation than other cereals [58,59]. Glyphosate is a
major herbicide, as it has high efficacy, low cost, and a broad spectrum of action, generally
formulated to control both broadleaf and grass weeds.

Glyphosate: As a Potent Herbicide Associated with Increasing Incidence of CD

A broad-spectrum herbicide, such as glyphosate, dissected crops over a period of
weeks. Glyphosate, has the additional advantage of suppressing green weeds, making it
one of the most widely used commercial desiccants. It is important to also highlight that
wheat as a crop, along with beans, maize, and soybeans has significant levels of glyphosate
residue as a result of its application in desiccation. Although eliminating wheat from one’s
diet does not guarantee the elimination of glyphosate exposure. The agricultural practices
we have embraced in the past two decades are responsible for this dramatic increase in
wheat sensitivity to gluten intolerant patients.

The human gastrointestinal tract is home to billions of microorganisms. A large
proportion of these bacteria are known as “good gut bacteria” and play important roles
including helping the body fight infections by regulating the immune responses, en-
ergy gathering, and producing vitamins, among others [60]. Glyphosate and its major
metabolite, aminomethylphosphonic acid (AMPA), have the ability to produce dysbiosis
by establishing an imbalance between commensal and opportunistic pathogens in the gut
microbiome [61,62]. A shortage of beneficial bacteria or gut flora may lead to a variety
of gastrointestinal disorders, including CD, peritonitis, and bacterial diarrhea [63]. In
the human gastrointestinal tract, there are approximately 400 different bacteria species
and the majority of which are anaerobic. Gut intestinal flora is critical for several bodily
processes, including providing energy, preventing pathogen attack, maintaining immunity,
and metabolizing certain vitamins, including biotin, K, B12, folic acid, and thiamine [60,63].
Various physiological consequences may occur if gut bacteria are decreased or disturbed in
some manner, leading to gastrointestinal disorders.

CD is linked with a decrease in the number of commensal bacteria such as Lactobacilli
and Bifidobacteria (Gram-positive, lactic acid-producing bacteria) in the gut, which are
known to be preferentially destroyed by glyphosate, as well as an increase in Clostridium
difficile, which is known to be promoted by glyphosate exposure [64–66] (Figure 1). Recently,
attempts have been made to create gluten-containing foods that are safer for ingestion
by celiac patients by making use of the ability of Bifidobacteria and Lactobacilli to modify
gluten [67,68].

Researchers have discovered that excessive glyphosate exposure causes dysbiosis,
which increases the frequency of opportunistic pathogens, particularly those belonging to
the phylum Fusobacteria [69]. Increased amounts of other bacterial species, such as Prevotella
spp. and Actinomyces spp., have also been linked to high-dose glyphosate herbicide expo-
sure [70]. The presence of an increased number of rod-shaped bacteria such as Prevotella spp.
and Actinomyces spp., has been identified as a possible risk factor for the development of
CD [71,72]. These results indicate that glyphosate exposure at high doses may increase the
development of opportunistic pathogens in the gut microbiome. Glyphosate-induced dys-
biosis appears to favor several disease phenotypes, including inflammation, reflux disease,
obesity, and colon cancer, and maybe a key environmental trigger in the etiology of CD due
to changes in gluten-neutralizing bacteria or an overabundance of rod-shaped bacteria.

Indeed, Rothia genus subspecies have been discovered as being important in the
digestion of gluten in the mouth and upper gastrointestinal system [73]. Gluten pro-
teins are tough for human proteolytic enzymes to digest, and recent research shows that
microorganism-derived enzymes helps in the breakdown of these proteins. In addition
to having the enzymes necessary for gluten protein breakdown, Rothia spp. also have
enzymes that target immunogenic epitopes associated with CD [73]. These results indicate
that exposure to previously proven safe levels of glyphosate may lead to drastic alterations
in the microbiome and that it may be an environmental trigger in the development of CD.
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Although in many diseases, such as CD and inflammatory bowel disease (IBD), the etiology
involves a mix of environmental and biological variables.

Inflammation, reflux disease, obesity, and colon cancer are among phenotypes that
seem to be favored by glyphosate dysbiosis. It has also been proven that glyphosate
is a significant environmental trigger in the genesis of CD, either via changes in gluten
neutralizing bacteria or an overabundance of rod-shaped bacteria [69–72,74–76].

5. Methods to Reduce the Immunogenic Properties of Modern Wheat

Wheat production and grain-use characteristics have continued to improve as a result
of classical and molecular breeding, fertilizers, and pesticide usage, but it also makes it
difficult for celiac patients to consume wheat. Multiple studies demonstrated that gliadin
accumulation may decrease without compromising the end-use quality of wheat, and many
gluten proteins do not contain the known wheat-sensitivity-related epitopes and this is
encouraging. As a result, alternative techniques and methods should be applied to create
genetically engineered lines with lower gluten content [77]. The four important approaches
(brief overview) for enhancing wheat grain by removing or modifying the toxic gluten
proteins have been discussed in the following sections and a summary is given in Table 2.
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Table 2. Recent studies showing the methods to eliminate or reduce gliadins content of different Triticum aestivum variety.

S. No. Cultivar/Transgenic Lines Target Gene Output References

RNA interference

1. Triticum aestivum cv. Chinese Spring; T. aestivum
cv. Butte 86 ω-1,2 gliadins

ω-1,2 gliadins were effectively silenced and one transgenic
line showed improved dough functionality. This reduced the

immunogenicity of flour protein to antibodies from
CD patients.

[78,79]

2. T. aestivum cv. Bobwhite (BW) Secalins in 1BL/1RS wheat line

Multiple secalins and closely relatedω-gliadins showed
substantial reductions; HMW-GSs and α-gliadins were

elevated; and dough functioning for two transgenic lines
was improved.

[80]

3. T. aestivum cv. Bobwhite 208
(BW208) α-, γ- andω-gliadins, LMW-GSs

Gliadins and LMW-GS have been effectively silenced; there
are many lines that lack CD epitopes and therefore are much
less immunogenic due to the absence of α- andω-gliadins and
overall protein and starch contents of the grains are unaltered

in the transgenic lines

[81]

4. T. aestivum cv. Butte 86, Transgenic lines
SA-8-35b-5 and SA-8-45a-2 ω-5 gliadins

In one line, the content ofω-5 gliadin was reduced by 80%,
while in another line, it was completely removed. WDEIA

patients’ responsiveness to the IgE antibody was significantly
decreased; enhancing the characteristics of dough functioning.

[78,82,83]

5. T. aestivum cv. Florida α-Gliadins

In two transgenic lines, the content of α-gliadin was
significantly decreased, but this was accounted for by higher

amounts of γ- andω-gliadins, HMW-GSs, and other grain
proteins; no substantial impact on flour functioning

was found.

[84]

6.
T. aestivum cv. Bobwhite (BW2003 and BW208);
Transgenic line A1152, G613, G622, G626, G845,

G658 and G664
α-,ω- and/or γ-gliadins

Strongly reduced gliadin expression by 85.6%; transgenic
wheat lines with extremely low toxicity for CD patients

produced; and several of the transgenic lines demonstrated
enhanced end-use quality and nutritional value.

[85–88]

7.
T. aestivum cv. Bobwhite 208

(BW208), Lines A1152, A1158, A1406, C655,
C657, D445, D623, C217 and D598

γ-Gliadins
Increased levels of α- andω-gliadins together with decreased
expression of γ-gliadins in nine transgenic lines, six transgenic

lines exhibited increased SDS-sedimentation values.
[89,90]
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Table 2. Cont.

S. No. Cultivar/Transgenic Lines Target Gene Output References

Overexpressing transgenics lines

8. T. aestivum cv. Brundage 96 α-Gliadins
Transgenic wheat expressing engineered glutenase, which

were capable of degrading the CD epitopes carried by
α-gliadins under simulated gastrointestinal condition

[91]

Deletion wheat lines

9. Xiaoyan 81, Xy81, DLGliD2, Zhengmai 366
and ZDLGliD2. α-Gliadins

Six deletion lines deficient in the gliadin chromosomal loci
were developed; the line lacking Gli-D2 demonstrated better

dough functioning and breadmaking quality, with a
substantial reduction in the number of CD epitopes.

[92,93]

10. T. aestivum cv. Pegaso (bread wheat) α-Gliadins

Three deletion lines lacking Gli-A2, Gli-D2, or Gli-A2/Gli-D2
were created; significant reductions in α-gliadin expression
were found in all three lines; the 33-mer peptide containing

gliadins was not identified in the lines lacking Gli-D2
or Gli-A2/Gli-D2.

[94]

11.
T. aestivum 39N, winter wheat (contained
inactive genes inω-gliadin loci that code

no proteins)
ω-1,2 andω-5 gliadins

Gliadin immunoreactivity was reduced by around 30% in
wheat genotypes missing bothω-1,2 andω-5 gliadins, while

gluten functioning was enhanced.
[95]

12.
Hybrid wheat (spelt wheat, cultivar

Oberkummler Rotkorn and Polish high quality
wheat line LAD 480)

α-, γ- andω-gliadins
Three deletion lines were generated, each with a null allele at
Gli-D1, Gli-B1, or Gli-B2; immunoreactivity of flour proteins

was decreased by 6–18% in the deletion lines.
[96]

Genome editing through CRISPR/Cas9

13.
T. aestivum cv. Fielder; T. aestivum cv. BW208

and THA53 (bread wheat), and T. aestivum, cv
Don Pedro (DP, durum wheat)

α-Gliadins
Using CRISPR/Cas9 genome editing, simultaneous mutation
of several α-gliadin genes was used to successfully lower the
level of immunoreactivity for gluten proteins by up to 85%.

[97,98]

LMW-GS, Low molecular weight glutenin subunits; HMW-GS, high molecular weight glutenin subunits; CD, celiac disease; WDEIA, wheat-dependent exercise-induced anaphylaxis; SDS, sodium dodecyl-sulfate;
CRISPR, clustered regularly interspaced short palindromic repeats.
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5.1. RNA Interference (RNAi)-Based Gene Silencing in Wheat

The first strategy is to employ RNA interference (RNAi)-mediated silencing of all or
certain gliadins to develop a transgenic wheat lines [84–90,99]. Overall, the gliadin-silenced
lines had reduced gliadin content and immunogenic potential, as well as demonstrated
better end-use quality metrics. RNAi constructs, such as those developed by Barro et al.
were used to simultaneously silence the expression of α-, γ- andω-gliadins using combina-
tions of RNAi constructs, which eliminated CD epitopes from the highly immunogenic α-
andω-gliadins while not affecting the total protein and starch contents of the grains [81].
Additionally, RNAi was effectively utilized to suppress the production of ω-5 gliadins;
the resulting lines showed enhanced flour qualities and may help reduce the occurrence
of WDEIA [78,79,82,83]. Altenbach et al. recently showed that RNAi could be used to
lower the expression ofω-1,2 gliadins by a considerable amount, with the resultant lines
exhibiting considerably reduced immunogenic potential and dramatically better end-user
quality metrics [100,101]. With the use of RNAi, it is possible to suppress the rye secalins
that are produced in the wheat background due to the presence of the 1BL/1RS translo-
cation chromosome and these transgenic lines demonstrated improved dough functional
characteristics and rheological properties [80,102,103]. Finally, Gil-Humanes et al. discov-
ered that the low-gliadin transgenic wheat lines created via RNAi had better nutritional
quality due to increased lysine content in the grains [88]. Garca Molina et al. reported
that consumption of bread produced with low-gliadin wheat (E82) flour, which contained
98.1% less gluten when tested with the R5 antibody, resulted in beneficial alterations in the
composition of the gut microbiota of NCWS patients [104].

5.2. Developing Overexpressing Transgenic Wheat

The second strategy is to create transgenic wheat lines that produce modified “glute-
nases” for the targeted intestinal breakdown of celiac causing epitopes. Osorio et al. (2019)
created transgenic wheat lines with endosperm specific expression of barley endoprotease
B2 (EP-HvB2), Flavobacterium meningosepticum prolyl endopeptidase (PE-FmPep), and Pyro-
coccus furiosus prolyl endopeptidase (PE-PfuPep) [91]. The end-use quality of four of these
preconditioned gluten detoxifiers (EP-HvB2 + PE-FmPep or EP-HvB2 + PE-PfuPep) was
not affected, but the CD epitopes included in the 33-mer gliadin peptide were degraded
under simulated gastrointestinal circumstances. Transgenic lines showed a 72% decrease
in immunogenic peptides, paving the way for the development of an intracellular enzyme
treatment for CD without compromising wheat overall agronomic performance [91].

5.3. Wheat Deletion Lines

In the third strategy, wheat deletion lines that are deficient in one or more gliadin
chromosomal sites are developed. Gliadin deletion lines with null alleles at Gli-D1, Gli-B1,
or Gli-B2 were generated and evaluated by Waga et al., who observed that immunoreactivity
of four proteins in the deletion lines was lowered by 6–18% than that compared to the
wild-type control (WT) [96]. Following that, wheat genotypes lacking bothω-1,2 andω-5
gliadins were created, which resulted in a 30% reduction in gliadin immunoreactivity while
improving gluten content [95]. On the other hand, Camerlengo et al. (2017) reported three
wheat deletion lines that were deficient in Gli-A2, Gli-D2, and Gli-A2/Gli-D2, respectively
to the WT. These mutant lines showed significant reductions in α-gliadin expression, with
the 33-mer peptide-carrying gliadins not identified in the ones lacking Gli-D2 or Gli-A2/Gli-
D2 [94]. Wang et al. created six wheat deletion lines, each deficient in one of the six gliadin
chromosomal locations. The DLGliD2 line, which had Gli-D2 deleted, demonstrated better
breadmaking quality and dough functionality, with the number of CD epitopes being
substantially reduced in comparison to the control line [92,93]. Moreover, these deletion
lines are non-transgenic, they may be utilized directly in the development of wheat lines
that are less toxic to those who suffer from CD.
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5.4. Genome Editing through CRISPR

The fourth strategy involves utilizing genome editing to alter gluten gene expression.
Numerous genome (gene) editing strategies have been developed. However, the discovery
of clustered regularly interspaced short palindromic repeats (CRISPR), which offer simple
and ease of targeted gene editing, has lately gained attention. It is composed of a nuclease
(e.g., Cas9 and Cpf1) and a single guide RNA (sgRNA); the sgRNA is complementary to
the target site and binds to the nuclease, directing the ribonuclear protein complex to the
particular target site. CRISPR leads to either indel mutations or base alterations (i.e., A to G
or C to T) at the target location, depending on the technique employed [105]. It is possible
to carry out genome editing for a single gene or several genes using one or more sgRNAs.
The study led by Sánchez-León et al. used CRISPR/Cas9 genome editing to successfully
modify the majority of the α-gliadin genes (up to 35) in wheat, reducing the expression
of gluten proteins by as much as 85% [97]. Additionally, in the recent study conducted by
Jouanin et al., CRISPR/Cas9 successfully modified α-gliadin genes, and these researchers
went on to demonstrate that the technique could be used to modify γ-gliadin genes in
wheat [98]. When compared to the other methods described above, genome editing is
the most recent, and its potential for altering gluten protein expression has not yet been
thoroughly explored. In addition to indel-inducing CRISPR/Cas9 mutations, as shown by
Sánchez-León et al., different kinds of base editors may be used to repair gluten proteins
that are essential in end-use quality control yet include wheat sensitivity-related epitopes,
as recently reviewed [97,105,106]. The versatility of genome editing took a big step forward
recently with the development of prime editing, which can engineer all 12 forms of base
substitutions, insertions (1 to ≥44 bp), deletions (1 to ≥80 bp), and combinations of the
different types of alterations in a predetermined target site [107]. Through the use of
multiplex editing, researchers may quickly and easily alter various gluten gene families
and subtypes in a high throughput way. Finally, the various modification of CRISPR
techniques may also be helpful in improving the end-use quality controlling function of
those gluten members that are devoid of the CD epitopes. With these characteristics, as
well as the relative simplicity with which genome-edited but transgene-free wheat plants
may be obtained [108], it is reasonable to conclude that genome editing offers the greatest
promise for eliminating or reducing the CD immunogenic epitopes for the simultaneous
enhancement of wheat end-use and health-related features.

Unfortunately, stringent genetically modified organism (GMO) restrictions in many
countries have slowed the creation of novel crop types via genome editing. This is especially
true in areas that follow a process-based regulatory framework rather than a product-based
regulatory framework, such as the European Union (EU), where authorizations for new
varieties developed through genome editing techniques are subject to time- and cost-
intensive verification procedures [109]. Recently, the European Court of Justice ruled that
even if a product is devoid of transgenes, it must adhere to stringent GMO regulations [110].
At least 15 nations, including Brazil, India, China, and Australia, have implemented process-
based rules, whereas 14 countries, including Canada, Argentina, and the Philippines, have
adopted product-based regulations. Paraguay, Myanmar, Chile, and Vietnam are among
the nations that still lack a formal regulatory framework. Argentina’s adoption, which is
more flexible since it takes current advances in genome editing into account, is one of the
most intriguing elements of regulation. In accordance with existing law, genome-edited
plants are usually classified as GMOs in the EU [111]. In the United States, the regulation
of genetically modified (GM) crops is allowed on a case-by-case basis, as outlined in the
organized framework for biotechnology control [112].

6. Developing DNA-Free CRISPR-Edited Wheat to Minimize Regulatory Concerns
(Ribonucleoprotein, RNP)

When it comes to agriculture, CRISPR/Cas9 is extensively utilized to enhance charac-
teristics by knocking out undesired genes or genes that result in undesirable phenotypes.
However, this method often includes transgenic intermediates, raising regulatory issues
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and remaining unaccepted globally [113]. For public acceptance, gene removal or bypassing
foreign elements to edit endogenous genes is a good choice [114]. Since CRISPR-mediated
editing requires specific reagents, there are two primary methods to generate CRISPR-
edited DNA-free plants. In the vector-based method, a vector is delivered into wheat
callus using Agrobacterium or particle bombardment. It subsequently integrates into the
genome and expresses the encoded genome editing elements, allowing for targeted gene
deletion. In T0 generation, targeted knockout wheat-containing foreign DNA is produced.
Eventually, the foreign DNA may be separated via selfing and crossing. For example,
using Agrobacterium-delivered CRISPR/Cas9, researchers were able to generate a TaQsd1
triple-knockout mutant. After crossing the mutant with wild-type wheat plants, transgene-
free triple-recessive TaQsd1 mutants with prolonged seed dormancy were produced [115].
Similarly, it was found that the progeny of T0 plants produced a wheat mutant that was
devoid of marker genes [116]. Occasionally, vectors are not always incorporated into the
genome; instead, they may express their encoded genome editing elements transiently
to knock off genes. The T0 generation produces a specific gene-modified plantlet free of
foreign DNA. For the first time, this method has been reported in wheat. Researchers used
particle bombardment to introduce CRISPR/Cas9 elements into a wheat callus, and the
plantlet was then regenerated without antibiotic selection. This transient expression-based
CRISPR/Cas9 method resulted in homozygous, transgene-free mutants [117]. Further-
more, by transiently expressing cytosine base editors (CBEs) or adenine base editors (ABEs),
transgene-free wheat with nucleotide changes has been created [118,119]. When using a
non-vector approach, Cas9 and sgRNAs are transcribed in vitro and then delivered to im-
mature wheat embryos via particle bombardment. Wheat plants with DNA-free genomes
have been created. Although the editing efficiency was lower than with a vector-based
approach, the specificity was greater [117]. In addition, nCas9-PBE mRNA and sgRNA
were transcribed in vitro and injected into immature wheat embryos in this study. Using a
DNA-free base editing technique, TaALS-P174 was able to confer resistance to herbicide
nicosulfuron on wheat [120]. Furthermore, Cas9 may be produced in vitro and combined
with sgRNA to form a Cas9/sg RNA ribonucleoprotein that is particle bombarded into
immature wheat embryos. To create DNA-free modified wheat, we use an enzyme called
ribonucleoprotein is used. The ribonucleoprotein rapidly cleaves the target region and
degrades, resulting in DNA-free altered wheat [121]. GMO laws do not apply to the final
CRISPR-edited DNA-free products, which are comparable to natural and artificial mutants.
Due to the absence of integrated transgenes in CRISPR/Cas9 RNP mutant crop, their use
in developing hypoimmunogenic wheat variety and commercialization should be more
publicly acceptable.

7. Conclusions

An increasing pattern in the prevalence of celiac disease has been noticed in recent
decades. Studies showed that increase in celiac awareness, development of highly sensitive
celiac screening techniques in last decades definitely have a role. However, the exact reason
for this increase is not known so far. Multiple other factors such as wheat breeding methods,
use of nitrogen-based fertilizers, and use of the specific type of pesticides (glyphosate) have
also been considered responsible for this increase. It is believed that a sole factor cannot
be responsible for this increase; instead, all of these factors together possibly have a role.
Recently, the use of increased amounts of N fertilizers has increased the amount of toxic
gluten in wheat, which raises the risk of a celiac-specific immune response. Additionally,
glyphosate exposure contributed to bacterial imbalances in the gut, which has been linked
to CD. A wheat variety with a reduced amount of toxic components (low-immunogenic)
could reduce this burden on the celiac-specific immune response. Genome editing through
the CRISPR/Cas9 system can reduce the toxic effect and can produce a low-immunogenic
wheat variety safe for such individuals. Even though the CRISPR/Cas9 technology has
been used effectively to generate low-gluten wheat, its use is still limited. More efforts are
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needed to grasp, and make efficient use of, CRISPR/Cas9 for the development of a safer
wheat variety.
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