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Celiac disease is a T-cell mediated autoimmune disorder trig-
gered by ingestion of cereal gluten found in wheat (gliadins and
glutenins), barley (hordeins), and rye (secalins). Clinical symp-
toms of celiac disease are diverse and include flatulence, bloat-
ing, fatigue, indigestion, diarrhea, abdominal distension/pain,
weight loss, low bone mineral density, anemia, irritability, anxi-
ety, depression, and neurological disorders (23). Celiac disease
affects approximately 70 million people or approximately 1%
of the global population (15), and an additional 5-10% of the
population is affected by non-celiac gluten sensitivity (2,22).
Although the roles of gluten and the epitopes that trigger celiac
disease are becoming well understood (34,37), the cause of non-
celiac gluten sensitivity is not yet understood, with some studies
suggesting a role for gluten (5,12), while others point to ferment-
able short-chain carbohydrates (6,38) or a.-amylase/trypsin in-
hibitors (25).

For both conditions strict avoidance of gluten-containing
grains is the recommended treatment. In addition to these two
conditions there is a growing number of consumers who believe
gluten-free diets are healthier for them, despite the fact there is
no apparent clinical reason to avoid gluten. Greater awareness
of celiac disease and non-celiac gluten sensitivity has led to rap-
id growth in the gluten-free market segment. In 2013 the global
gluten-free market was estimated at approximately US$3.8 bil-
lion and anticipated to grow to US$6.9 billion by 2019 (28).

This rapid growth in the market has led to a greater number
and more diverse range of offerings entering the market, which
gives consumers who avoid gluten greater choice. These foods
are still expensive, however, and may be nutritionally inferior to
gluten-containing products. A recent study in the United King-
dom compared the cost and nutritional value of 679 gluten-free
products and 1,045 comparable regular (gluten-containing) prod-
ucts (16). On average the price premium for the gluten-free foods
was 159%, and more of the gluten-free foods were classified as
containing medium or high levels of salt, sugar, fat, and satu-
rated fat compared with the regular foods. Additionally the glu-
ten-free items were more likely to be lower in fiber and protein
than the regular foods.

These differences in the nutritional properties of gluten-free
foods, as well as anecdotal reports of the poor taste and texture
of gluten-free foods, have led a number of research groups to
investigate ways in which gluten could be reduced or removed
from wheat and barley to provide new higher fiber and better
tasting options for those who must or who choose to avoid glu-
ten in their diet.

Wheat
In wheat the majority of the known epitopes that are immu-
nogenic for those with celiac disease are present in the gliadins
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(34,37), and thus, much of the research effort has been focused
on strategies to identify or develop lines with lower gliadin con-
tents. Initial studies focused on identification of lines with lower
gliadin content. In early studies lines that lacked the locus on
chromosome 6A that encoded the a-gliadins were identified
(26); however, adverse reactions, similar to those expected
upon ingesting gluten, were noted in celiac patients fed bread
made from this wheat (8,9). This suggests that loss of this locus
alone is insufficient to make wheat suitable for people with ce-
liac disease.

Lines that lacked the locus that encodes a-gliadins on chro-
mosome 6D were shown to have a significantly reduced number
of T-cell stimulatory epitopes present. However, it was demon-
strated that the reduction in these epitopes resulted in a loss of
dough functionality (41). Based on this result it was hypoth-
esized that durum (tetraploid) wheat might contain lower lev-
els of celiac disease-active epitopes. Screening of tetraploid vari-
eties with antibodies to two o.-gliadin epitopes, Glia-a:9 and
Glia-0:20, identified three durum varieties with significantly
reduced levels of both epitopes (39). The same research group
also compared the relative abundance of these two epitopes in
modern cultivars and landraces. The modern cultivars tended
to have higher levels of these epitopes than did the landraces,
with a trend for the Glia-a9 epitope to be present in higher lev-
els in modern cultivars (40).

In addition to the classical approach to identifying and then
breeding for lines with reduced celiac disease immunogenic epi-
tope contents, other research groups have focused on the use of
gene technology to reduce the gliadin content in wheat. Sup-
pression of a-gliadins by more than 60%, using RNA interfer-
ence (RNAI), was compensated for by an increase in other
gliadin components, low molecular weight glutenin subunits
(LMW-GS), albumins, and globulins; the net result was a re-
duction in total gluten content of approximately 10%. When
compared with the controls there was little difference in dough
extensibility or resistance, but a slight decrease in loaf volume
was observed (3,4).

A similar approach was used to suppress expression of y-glia-
dins (24). Suppression of y-gliadins by approximately 65% was
accompanied by a small increase in a.-gliadins, a 20-25% in-
crease in LMW-GS, and a 40-50% increase in high molecular
weight glutenin subunits (HMW-GS). Small-scale rheological
analysis revealed that these changes had no impact on water
absorption, and the dough produced was very strong with high
stability but was not nearly as extensible as the control lines.

In a series of more comprehensive studies y-gliadins were sup-
pressed by up to 95% (19,30), which resulted in increased dough
strength and enhanced stability. The same research group also
developed lines in which total gliadin content was suppressed
by up to 90% (20,21). Dough made from these lines was weaker,
but more stable, than dough made from the controls, and loaf
volume decreased by 20-30% (17,18).

More recently, gene editing has been used to modify the o.-glia-
dins in wheat, with 35 of 45 different a-gliadin genes in one
wheat line modified, resulting in a reduction in a-gliadin con-



tent of up to 82%. In some lines y- and m-gliadin expression was
also reduced. Analysis of the total gluten content using the R5
and G12 antibodies revealed a three- to fourfold reduction in
total gluten content in these lines (31).

Rather than targeting suppression or modification of gliadins
and glutenins directly, an alternative strategy is to target genes
that control expression of glutenins and gliadins. Use of RNAi
to suppress the gene encoding Demeter, a demethylase enzyme
involved in the regulation of expression of gliadins and gluten-
ins, resulted in a reduction of these proteins of up to 75% (42).
The impact of these changes on functionality was not reported.
More recently TILLING (targeting induced local lesions in ge-
nomes), a reverse genetics technique, has been used to identify
mutations in all three homeoforms of the DNA-binding with
one zinc finger (DOF) domain transcription factor that is in-
volved in expression of gliadins and LMW-GS. When mutations
in all three homeoforms of the DOF domain were combined in
a single wheat line, the gliadin and LMW-GS contents were re-
duced by 50-60%. The impact on functionality was not deter-
mined (29).

Although all of these studies identified strategies to reduce the
gluten content of wheat, production of a celiac-safe wheat line
remains a challenge that is unlikely to be overcome in the near
future. To be safe for consumption by all people with celiac dis-
ease, all epitopes that elicit a response need to be removed, and
it has been shown that all classes of glutenins and gliadins con-
tain these epitopes (34,37). Bread wheat is hexaploid and con-
tains three related genomes that contain 20-30 glutenin genes
and on the order of 100 gliadin genes across 9 loci, which to-
gether make up the gluten component of the grain (32). Thus, it
is highly improbable that a gluten-free or celiac disease epitope-
free wheat can be produced.

Barley

Given the complexity of the gluten-reduction problem in
wheat, our research group has focused its efforts on the geneti-
cally simpler diploid species barley. The aim is to develop a
novel gluten-free cereal that has a higher fiber content than
currently available gluten-free cereals and that can be used to
produce whole grain foods and malted beverages. In barley
there are only four hordein (gluten) protein families: B-, C-,
D-, and y-hordeins. The dominant hordeins comprise two mul-
tigene families consisting of at least 13 B-hordein genes (27)
and 20-30 C-hordein genes (33). Lines that do not accumulate
B-hordeins, Risg 56 (27); C-hordeins, Rise 1508 (13,14); and
D-hordeins, Ethiopian-derived landrace R118 (7), were identi-
fied. Using a conventional breeding strategy the low-hordein
trait from each of these lines was combined into a single line,
ULG 3.0 (35), which is now known as Kebari®.

In the Kebari line the gluten content has been reduced to
approximately 5 ppm, which is below the 20 ppm level recom-
mended for classification as gluten-free by the Codex Alimenta-
rius Commission (10). Compositional analysis of Kebari flour
showed there was little or no change in starch or monosaccha-
ride content, while B-glucan content was reduced approximately
threefold. Surprisingly, the protein content remained unchanged
despite the loss of the hordeins that normally comprise approxi-
mately 50% of the grain protein content. This was partially due
to a 10- to 15-fold increase in the level of free amino acids in the
grain (35), and subsequent work has shown that the levels of
some globulins increased (M. L. Colgrave, unpublished data).
Levels of a-amylase in the grain were similar or slightly higher

than in commercial controls, whereas 3-amylase levels were re-
duced approximately 50-fold.

The initial version of Kebari was in a hulled background,
which was suitable for malting and brewing, but Kebari seeds
are smaller and thinner than current commercial cultivars,
which creates some processing challenges. We have imple-
mented a breeding program to improve seed size and have also
developed a hull-less version that can be used as whole grain
and flour in gluten-free products, for which barley has an ad-
vantage over grains like rice and corn, because it has a much
higher fiber content. Small-scale processing trials have shown
that Kebari can be rolled, flaked, and extruded (C. A. Howitt,
unpublished data).

Gluten-free and Reduced-Gluten Beers

The recent rapid growth in the demand for gluten-free
products has also resulted in rapid development of the gluten-
free beer market. The global gluten-free beer market in 2017
was valued at US$268 million and is anticipated to grow to
US$600 million by 2022 (36). There are three strategies for pro-
ducing gluten-free and reduced-gluten beers. The first strategy
is to use inherently gluten-free cereals (e.g., corn, rice, sorghum,
millet) or pseudocereals (e.g., buckwheat). However, these
products often lack the distinctive flavor and aroma imparted
by malted barley. The second strategy is to remove the gluten
during the brewing process, either through filtration or enzy-
matic digestion during fermentation of the beer. In enzymatic
digestion, which is more commonly used, enzymes called prolyl
endopeptidases (or PEPs) are used to cut proteins at the amino
acid proline, which is present at high levels in hordeins, gluten-
ins, and gliadins. The third strategy is to use gluten-free barley.
In 2016 German brewer Radeberger launched Pionier, the first
gluten-free barley-based beer brewed using Kebari.

Beers brewed using the latter two strategies are tested using
a competitive enzyme-linked immunosorbent assay (ELISA) to
determine that the gluten content is below the 20 ppm threshold
limit recommended by the World Health Organisation (WHO).
However, some questions remain as to the accuracy of these read-
ings. In fact, the U.S. Food and Drug Administration (FDA) has
recognized that current analytical methods, including competi-
tive ELISA, are not able to accurately quantify gluten in hydro-
lyzed or fermented products such as beer. They ruled that beer
cannot be labeled “gluten-free” unless it is made from materials,
like rice, that are inherently gluten-free. As a result of this rul-
ing, brewers instead label their beers as “gluten-reduced” or
“crafted to remove gluten.”

A recent study showed that some of these gluten-reduced
beers triggered an immune reaction when tested against blood
samples from some patients with celiac disease (1), suggesting
that gluten-reduced beers may not be suitable for all people with
celiac disease. To investigate this further we have used liquid
chromatography-mass spectrometry to examine the gluten con-
tent in 12 gluten-reduced beers and 4 traditional beers (11). Glu-
ten was detected in all 12 gluten-reduced beers, and in some of
these beers, levels were similar to those in the traditional beers;
however, in the majority of gluten-reduced beers the level of
gluten was reduced (Fig. 1). The lowest level of gluten was ob-
served in the beer brewed from Kebari.

Conclusions
The rapid growth of the gluten-free market over the last de-

cade has led to increased efforts by both research groups and
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Fig. 1. Liquid chromatography-mass spectrometry analysis of gluten
in four commercial gluten-containing beers (C1-C4) and a range of
gluten-reduced beers (LG1-LG12). LG12 was brewed from Kebari®
barley. The results indicate gluten reduction is variable, and several
gluten-reduced beers yielded gluten levels similar to those of tradi-
tional barley malt-based beers. MRM = multiple reaction monitoring.

commercial entities to develop palatable, health-promoting di-
etary options for those who must or who choose to avoid glu-
ten. This has led to improvements in gluten-free diets; however,
these products remain expensive and may have lower fiber con-
tents compared with gluten-containing foods. Much effort has
been directed toward understanding the epitopes in gluten that
cause celiac disease responses and toward strategies for develop-
ing epitope- or gluten-free wheat. In our opinion, development
of a wheat line that is safe for all people with celiac disease re-
mains an elusive goal that is unlikely to be realized in the near
future. Similar strategies in barley have proven more effective,
and a barley variety in which the gluten content has been re-
duced to approximately 5 ppm has been developed. The first
product from this barley, a beer, was launched in 2016, and it is
hoped that this will be the first of many new products suitable
for people with celiac disease and those who avoid gluten in
their diets.
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