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Abstract: Gliadins proteins make up around 30% of total wheat flour proteins. They are involved in
many immune disorders affecting an increasing number of people who eat foods made with wheat
flour. The triggering factor is the accumulation in the gut of immunogenic peptides derived from
incomplete degradation of gliadins by gastric proteases. Previous research has revealed the effective-
ness of sourdough-fermentation technology or related lactic acid bacteria in reducing wheat flour
allergenic proteins. However, there are no single yeast cultures for producing reduced allergenicity
wheat products. This study evaluated sourdough-related yeast Wickerhamomyces anomalus strains for
their ability to hydrolyze gliadin proteins. All yeast strains were able to degrade gliadins and use
them as carbon and nitrogen sources. The proliferation of the yeast strains depended on the gliadin
addition; complete hydrolysis was observed after 24 h. The strain showing higher proteolytic activity
fermented, acceptably wheat flour dough. The gliadin content of the leavened dough was reduced by
50%. Bread made from the W. anomalus-fermented dough showed a 78% reduction in immunogenic
a-gliadins. 50% of the decrease was attributed to the proteolytic activity of the yeast cells, and the
other 35% to the baking process. These results show the potential of the yeast W. anomalus as a starter
for reducing immunogenicity wheat products.

Keywords: yeast Wickerhamomyces anomalus; wheat gliadins; proteases hydrolyzing gliadins;

immunogenic gliadins; gliadin immune disorders

1. Introduction

Wheat plays a special role in human nutrition. Through foods such as pasta, bread,
and other bakery products, wheat is a source of carbohydrates, proteins, lipids, minerals,
and vitamins in the daily diet [1]. Focusing on wheat proteins represent more than 20%
of the total protein intake in the human diet [2]. According to the extraction process, they
are classified into four groups known as the Osborne fractions: (i) albumins, soluble in
water; (ii) globulins, soluble in saline; (iii) gliadins, soluble in an aqueous alcohol solution
(60-70%); and (iv) glutenins, only soluble in alcohol if reducing agents are included [3,4].

Gliadins and glutenins are gluten proteins. Owing to the high content of proline (P)
and glutamine (Q) amino acids, gliadins, glutenins, and the closely-related proteins in other
cereals (secalins of rye, hordeins of barley, avenin of oats) are known by the generic name
of prolamins [5]. Despite the close functional relationship of gluten proteins, gliadins and
glutenins differ in their organization and structure.

Gliadins are monomeric proteins divided into four types based on their size and
N-terminal sequence, w5- (60-68 kDa), w1-2- (32-35 kDa), - and y-gliadins (32-45 kDa).
Conversely, glutenins are polymeric proteins linked through intra- and intermolecular
disulfide bonds, ranking them among the largest proteins found in nature [5]. Glutenin
polymers consist of high molecular weight glutenin subunits (HMW-GS) (60-68 kDa) and
low molecular weight glutenin subunits (LMW-GS) (32—45 kDa) [3-5].
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According to the structure, under hydration, glutenin polymers (HMW-GS as back-
bone and LMW-GS as branches) interact with gliadin monomers to build gluten polymers,
determining the technological properties of flour dough, viscosity and the extensibility
from gliadins and strength and elasticity from glutenins. Gluten proteins are also responsi-
ble for gas retention in fermentation processes, positively impacting the final product traits,
volume, and quality [5,6].

However, foods made from wheat flour can negatively impact human health, trigger-
ing adverse reactions in genetically susceptible individuals. Major disorders associated
with wheat flour-related food intake are celiac disease (CD), wheat allergy (WA), and
non-celiac wheat/gluten sensitivity (NCWGS) [7-9]. The common factor that triggers these
pathologies is the accumulation of peptides in the small intestine from partial digestion
of wheat grain/fluor by gastric-intestinal proteases. The binding of peptides from gluten
proteins (gliadins and glutenins) to T cells in individuals expressing the human leukocyte
antigen DQ2 or DQ8 triggers DC [10]. Peptides from any wheat grain proteins (gliadins,
glutenins, albumins, globulins) are incorporated by the dendritic cells of the intestine trig-
gering the WA [8]. NCWGS is caused by peptides from gluten proteins, peptides from grain
defense proteins (x-amylase/trypsin inhibitors), and other components (oligosaccharides
and fructans) that activate innate immunity cells [11]. One of the first peptides recognized
as the most resistant to proteolysis in the gastrointestinal tract is the well-known 33-mer
peptide from the x-gliadins, considered the most immunogenic [12].

Different strategies have been explored to eliminate or reduce the content of immuno-
genic proteins in wheat flour-related foods, ranging from treatment with specific proteases,
supplemental intake of probiotics (i.e., live bacteria or yeasts with proteolytic activity)
to the development of wheat varieties or interspecific hybrids by specific breeding of
lines carrying desired traits that produce grains with a lower content of immunogenic
peptides [13-16].

In particular, sourdough-fermentation technology has given good results in reducing
the content of immunogenic proteins in bread, other baked goods, and pasta [17-20]. The
technology uses lactic acid bacteria (LAB) endowed with extracellular protease activity,
isolated from natural sourdough [18]. Frequently, LAB used belongs to the genus Lactobacil-
lus [21-24]. Several Lactobacillus spp. strains are inoculated into the dough at concentrations
of ~1-5 x 10% colonies forming unit (CFU) per g of dough [17,19,20]. Fermentation is
performed for a long time, hours or even days, and after a short fermentation with baker’s
yeast, the dough is baked [17,20,24]. To increase the hydrolyzing capacity of sourdough,
LAB fungal proteases are also added [19,20,24]. To manufacture bread and pasta without
gluten or reduced gluten content, ground LAB-fermented dough has been used [19,20]. The
LAB proteolytic system consists of cell-wall-associated serine proteinases (endopeptidases),
dipeptidases, and aminopeptidases [21,22]. The conversion of peptides to free amino acids
and the subsequent amino acids catabolism is a central metabolic activity in LAB [25].

In addition to LAB, natural sourdough harbors both Saccharomyces and non-Saccharomyces
yeasts, among which is the yeast Wickerhamomyces anomalus [26]. Although numerous stud-
ies have been performed on microbiological and biochemical characteristics of sourdough
in the last three decades, few studies have been directed to know the proteolytic activity of
sourdough yeasts [27].

Recent reports provide data on the contribution of some yeasts to the degradation of
immunogenic wheat proteins when co-inoculated with LAB [28,29]. However, no yeasts
performed proteolysis alone have been reported to date. In this work, we explore the ability
of the yeast W. anomalus itself to degrade gliadin proteins. In addition, we determine the
yeast’s effectiveness in reducing immunogenic gliadin content in end-made products from
wheat flour fermented with W. anomalus cells. The full workflow is shown as a flowchart
(Figure 1).
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Figure 1. Workflow for exploring the ability of the yeast W. anomalus to hydrolyze immunogenic
wheat gliadin proteins.

2. Materials and Methods
2.1. Yeast Strains and Growth Conditions

W. anomalus yeast strains T9 and HRITil were isolated from tritordeum flour, ME1FP9
was isolated from wheat mother dough (hereinafter “ME1”), and YMAT1 was isolated
from bakery dough, all of them from the PANLEV collection [30], were used in this work.
Hércules baker’s yeast (Saccharomyces cerevisiae) by Lesaffre Ibérica (Valladolid, Spain) was
used as the control.

The yeast strains were routinely grown in YPD (Yeast extract Peptone Dextrose)
medium, 1% yeast extract, 2% Bacto Peptone, and 2% glucose. 2% agar was added to the
solid medium. Liquid cultures were grown at 180 rpm in an orbital shaker. Inoculated
media, solid and liquid, were incubated at 28 °C.

To test the ability of the yeasts to digest gliadin, the strains were cultured in a syn-
thetic medium yeast nitrogen base without ammonium sulfate, and amino acids (SMW)
(Formedium™, Ibian Technologies, Zaragoza, Spain) supplemented with 0.5% (v/v) wheat
gliadins. In this medium, gliadins were the only source of nitrogen and carbon. Commercial
pure gliadins (PGli) and gliadins extracted from commercial wheat gluten (GGli) were used.
To prepare gliadin stock solutions, 10 g of gliadin or gluten power was added to 200 mL of
60% ethanol and incubated overnight at 22 °C on a shaker. After centrifugation for 5 min at
300x g, the supernatant containing the gliadin proteins was recovered and stored at 4 °C
until use, as other authors have described [31]. Pure gliadins and gluten were purchased
from Merck Life Science S.L.U., Sigma Co., Madrid, Spain. The standard synthetic medium,
SM (Formedium™), with ammonium sulfate (5% w/v) and glucose (2% w/v) as the nitro-
gen and carbon sources, respectively, was used as control. The cultures were performed
in microtiter plates (Nunc™, Thermo Fisher, Madrid, Spain) (200 uL of medium /well) or
Erlenmeyer flasks (100 mL of medium /500 mL Erlenmeyer flask). Respectively, 1 uL and
10 pL yeast cells from a preinoculum grown for 24 h in a YPD medium were used for inoc-
ulation. The evolution of the cultures was followed spectrophotometrically by periodically
measuring the optical density at 600 nm (ODgq) using the reader Multiskan GO microplate
(Thermo Fisher, Madrid, Spain) or the Eppendorf BioSpectrometer® (Eppendorf Ibérica
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S.L.U., Madrid, Spain). Three replicates per culture were performed. Growth is expressed
as the ODggp mean of the replicates.

2.2. Wheat Flour Fermentation

A representative sample of bakery wheat flour, the V-25 flour from Harinera Vi-
lafranquina (Barcelona, Spain), was selected. The flour was provided by Atrian Bakers
S.L (Barcelona, Spain), and its physicochemical characteristics are 14.4% moisture, 12.1%
protein, 368 s falling number, 27.2% wet gluten, 8.4% dry gluten, 90.5% gluten index
(GI). In addition, tritordeum hybrid cereal flour, supplied by Atrian Bakers, and soybean
flour (Merck Life Science S.L.U., Sigma Co., Madrid, Spain), were used as controls in
some experiments.

V-25 flour dough was made by mixing 80 g of flour with 80 mL of sterile tap water
(autoclaved) containing 1.6 g of NaCl. The dough was inoculated with yeast cells W.
anomalus ME1 or Hércules baker’s yeast. Yeasts were omitted for the reference dough. For
dough inoculations, the yeasts were grown in 50 mL of YPD medium for 24 h on the shaker,
pelleted (3000 g for 10 min at room temperature), washed once with sterile deionized
water, and resuspended in 10 mL of sterile tap water. Afterward, the concentration of the
yeast cells (ODggp) was determined in a spectrophotometer (Eppendorf BioSpectrometer®).
Calibration ODgq to colony forming unit (CFU) counts resulted in 1 x 107 W. anomalus
CFU/mL and 1.3 x 107 S. cerevisize CFU/mL for 1 ODggq. 5 x 107 CFU per g of flour were
used from both yeasts.

The fermentations were conducted for 24 h, or 48 h at 22 °C in sterile 250 mL graduated
polypropylene or glass beakers covered with sterile gauze (4 caps) to avoid contamination
and allow gas to escape. The rising of the dough was considered indicative of the fermen-
tation activity. Samples of 0.1 g were taken periodically and kept in Eppendorf tubes at
—20 °C until processing (Section 2.3).

2.3. Extraction of the Gliadin Proteins from Wheat Flour, Wheat Flour-fermented, and Bread

The sequential extraction procedure described by Schalk et al. [3] was applied. The
sample (0.1 g) was weighed in an Eppendorf tube, and 1 mL of the salt solution (SS) (0.4 M
NacCl, 0.067 M Na,HPO,/KH,PO,, pH 7.6) was added. The suspension was vigorously
vortexed for 2 min, incubated at room temperature (RT) for 8 min, and then centrifuged
(38750 % g) for 20 min at RT. The supernatant was removed, and the sediment underwent a
second round of extraction with 0.5 mL of SS. Both supernatants were combined, obtaining
the albumin (soluble in water) and globulin (soluble in a salt solution) fraction (AG). Then,
the fraction of gliadins was obtained from the AG-free sediment by extracting three folds
with 0.5 mL of ethanol/water (60/40, v/v) for 10 min at RT, as described for the AG fraction.
The extracted fractions were kept at —20 °C until analysis.

For analysis of the glutenin fraction, when needed, the last sediment from the step
before was extracted threefold with 0.5 mL of the glutelin solution [2-propanol/water
(50:50, v/v)/0.1 M Tris-HCl, pH 7.5, containing 2 M urea and 0.06 M dithiothreitol (DTT)],
for 30 min at 60 °C (Dry Bath, Thermo Fisher, Madrid, Spain).

All chemicals and solvents were purchased from Merck Life Science S.L.U., Sigma Co.
(Madrid, Spain).

Gliadin extraction from samples in the same experiment, i.e., flours and fermented
flours (Section 3.4 assay) or fermented dough and bread (Section 3.5 assay), was done
simultaneously to reduce the variability among samples.

Samples kept at —20 °C (Section 2.2 flour-fermented and Section 2.5 bread) were
thawed at room temperature for 5 min before initiating the extraction of the gliadin proteins.

Protein concentration was determined by the standard Bradford assay (Bio-Rad Labo-
ratories, Inc., Madrid, Spain) in 96-well plates (Nunc™, Thermo Fisher, Madrid, Spain).
The microtiter plates were read at 595 nm using the Multiskan GO microplate spectropho-
tometer (Thermo Fisher, Madrid, Spain).
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2.4. One-Dimensional Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
(SDS-PAGE) Analysis

To separate protein molecules based on size, the denaturing polyacrylamide gel system
was used. The gels were prepared from a 30% acrylamide/bis-acrylamide (29:1) solution
(Bio-Rad Laboratories, Inc., Madrid, Spain) using the devices of the Mini-Protean Tetra Cell
vertical polyacrylamide gel electrophoresis system (0.75 mm) (Bio-Rad Laboratories, Inc.,
Madrid, Spain). An acrylamide concentration of 12% to running gel and 4.5% to stacking
gel were used. The gel solutions and the tris-glycine electrophoresis buffer were prepared
by standard methods [32].

The samples to be resolved were combined with the appropriate amount of Laemmli
4X loading buffer (VWR International Eurolab S.L., Barcelona, Spain), heated for 5 min in a
95 °C heat block to ensure complete protein denaturation, and were immediately loaded
onto the gel, together with the prestained protein molecular weight marker sample (5 pL)
(Spectra™ Multicolor Broad Range Protein Ladder, 10 to 260 kDa, Thermo Fisher, Madrid,
Spain). SDS-PAGE was conducted with a constant current of 30 mA until the loading buffer
dye ran off the gel (~1 h).

After electrophoresis, the gels were immersed in a solution of 15% methanol, 7.5%
acetic acid (SMA), incubated with shaking for 5 min, stained with Coomassie® Brilliant
blue R 250 solution (SMA, 0.25% Coomassie, Merck Life Science S.L.U., Sigma Co., Madrid,
Spain) for 10 min and washed twice with SMA until the protein bands became visible.

2.5. Bread Making

Dough preparation and fermentation were performed as indicated above. After
fermentation, the dough was transferred with a spoon to individual stainless-steel flan
molds (diameter 6.6 cm, height 4.5 cm) and baked in a home oven at 250 °C for 20 min.
A moist atmosphere was provided to prevent the bread crust from excessively drying by
putting a container full of water into the oven. Three small loaves of bread were made from
each fermented dough.

Once the loafs cooled, they were sliced, and four small pieces (25 mg each) of the
crumbs were combined to obtain representative samples of 0.1 g. All samples were kept in
Eppendorf tubes at —20 °C until processing (Section 2.3).

2.6. Immunoblotting Analysis

Equal amounts (1 pL) of the gliadin fraction proteins were separated on SDS-PAGE
and transferred into the Immobilon®-P membrane (Merck Life Science S.L.U., Sigma Co.,
Madrid, Spain) using the Mini Trans-Blot® electrophoretic transfer (Bio-Rad, Madrid, Spain)
and CAPS transfer buffer (20% methanol, 10 mM NaHCO3, 3 mM NayCO3) at 100 V for 1 h.

The membranes were equilibrated for 5 min in 1X PBS (Bio-Rad, Madrid, Spain)
containing 0.1% Tween® 20 (v/v) (Merck Life Science S.L.U., Sigma Co., Madrid, Spain),
blocked with 5% milk powder (w/v), 1X PBS, 0.1% Tween® (MPBST solution) for 1 h
at 22 °C and then incubated overnight at 4 °C with primary antibodies, the polyclonal
anti-gliadin (wheat) antibody produced in rabbit (Merck Life Science S.L.U., Sigma Co.,
Madrid, Spain) diluted at 1/1500 in MPBST or the mouse monoclonal anti-gliadin antibody
[14D5] (ab36729) (Abcam, Madrid, Spain) diluted at 1/1000. Subsequently, the membranes
were washed three times with MPBST. They incubated 1 h at 22 °C with the secondary
antibody (mouse anti-rabbit IgG-HRP or ProteinFind® goat anti-mouse IgG (H+L)-HRP,
both acquired from Quimigen (Madrid, Spain) also diluted in MPBST at 1/5000.

According to the product datasheet, the anti-gliadin antibody [14D5] (ab36729) reacts
specifically with the synthetic peptide KLQPFPQPELPYPQPQ, which comprises the 33-mer
sequence part of the wheat x-gliadin (residues 56-88).

Gliadin proteins that reacted with the primary antibody were identified by the chemilu-
minescence reaction of horseradish peroxidase (HRP) conjugated to the secondary antibody.
The Clarity Western ECL Kit (Bio-Rad, Madrid, Spain) was used according to the manufac-
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turer’s specifications. Proteins bands were visualized and analyzed using the ChemiDoc
MP Imaging System and the Image Lab Software (Version 6.1) (Bio-Rad, Madrid, Spain).

The gliadin hydrolysis percentage for each sample was determined from the sum
of all band intensities detected on the blot using the Image Lab Software. The formula
[(Vi — Vt)/Vi] x 100 was applied, where “Vi” is the initial intensity value of the fermented
samples at time 0 and “Vt” is the value of the fermented samples at 24 or 48 h. To determine
the hydrolysis percentage in bread making, the same formula was applied using the Vi
value of each dough for both fermented dough and bread samples. Vi and Vt are the
average value of three independent experiments.

2.7. Statistical Analysis of Data

Yeast liquid cultures, wheat flour fermentation, and bread making, were performed
in triplicate independent experiments. Data were captured on an Excel spreadsheet
(Microsoft® Excel® for Microsoft 365 MSO, Version 2211). Mean =+ standard deviation
was calculated. Analysis of variance was applied to determine significant variations
between means.

3. Results
3.1. Ability of W. anomalus Strains to Use Wheat Gliadins as Carbon and Nitrogen Sources
Previous work has revealed that W. anomalus strains can hydrolyze gliadins when
they grow on a solid SM medium (Figure S1) [30]. However, it was unknown whether
W. anomalus strains could use gliadins to supply their carbon and nitrogen needs.
Cultivation in microtiter plates of the W. anomalus strains T9, HRITil, ME1, and MAT1
in the SMW medium without carbon and nitrogen sources supplemented with wheat
gliadins (Section 2.1) revealed that strains can use these kinds of proteins to obtain the
nitrogen and carbon necessary for their proliferation (Figure 2). Growth was similar with
both wheat commercial wheat gliadins, pure gliadin fraction (PGli), and the gliadin fraction
extracted from gluten (GGli). However, slight growth differences between both PGli
and GGli media were observed. In contrast, consistent with the absence of extracellular
hydrolytic activities as was seen in another study [30], the Hércules baker’s yeast S. cerevisiae
could not grow in the media containing gliadins.

18 1 ESMW mSMW+GGli = SMW+PGli mSM
16

14 4
1.2 4

1 4
0.8 -
0.6 -
04 -

Growth (ODgy o)

0.2 4

0 -
WaT9 WaHRITi1l WaME1 WaYMAT1  ScHércules

Figure 2. Growth of the Wickerhamomyces anomalus yeast in media with gliadin as the carbon and
nitrogen sources. Representative W. anomalus strains WaT9, WaHRITil, WaME1, and WaYMat1 were
cultivated in microtiter plates for 4 days in the synthetic media without carbon and nitrogen sources
(SMW, grey), SMW with wheat gliadins from gluten (SMW + GGli, orange) or pure wheat gliadins
(SMW + PGli, green), and with carbon (glucose) and nitrogen (ammonium sulfate) sources (SM, blue).
Baker’s yeast (ScHércules) was also cultivated in the same media. The bars represent the average
ODygg =+ standard deviation of three independent experiments.
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3.2. The Best W. anomalus Strain to Hydrolyze Wheat Gliadins

The T9 and ME1 strains which grew best with the two types of gliadins, were subjected
to a new growth test. In this case, the culture was performed in Erlenmeyer flasks to better
analyze the proliferative capacity of the strains in the culture media SMW + PGli and
SMW + GGli.

W. anomalus ME1 strain growth in the gliadin media was faster than the T9 strain
(Figure 3). ME1 exhibited active growth immediately after inoculation, while the T9 strain
did not actively grow until 24 h later. In addition, at 4 days, the ME1 strain cultures
reached higher cell density than the T9 strain cultures, revealing that the ME1 strain has a
greater capacity to hydrolyze gliadins. However, both strains showed differences between
the cell density reached in the SMW + PGli medium (OD of the ME1 culture 2.5 and the
T9 strain 1.6) and that obtained in the SMW + GGli medium (ME1 culture 2.2 and T9
culture 1.0).

—0— SMW+PGli, WaME1 - M - SMW+PCLi, WaTl9
-/ SMW+PGI, Sc —0— SMW+GGIi, WaME1
— W - SMW+GGli, T9 - SMW+GGQ, Sc
—o— SMW, WaME1 -~ M - SMW, WaT9

—A— SMW, Sc

Time (Days )

Figure 3. Ability to use gliadin proteins among W. anomalus strains. The growth of the W. anomalus
strains ME1 (WaME1, solid line with circles) and T9 (WaT9, dashed line with squares) and the baker “s
yeast (Sc, dotted line with triangles) in the media with gliadin proteins (SMW + PGli, green or SMW
+ GGli, orange) and without gliadins (SMW, grey) was monitored for 4 days. The points represent the
average ODggp =+ standard deviation of three independent experiments.

The difference between the ability to use the two types of gliadins, also observed in
the experiment of the previous section (Figure 2), suggested a higher protein complexity
in the fraction of gliadins extracted from gluten (GGli) than in the pure gliadins sample
(PGLi). Subsequent analyses of both gliadin types by SDS-PAGE confirmed the suggestion
(Figure 4b).

3.3. The Ability of the W. anomalus Strain ME1 to Hydrolyze Wheat Gliadins Is Stable over Time

Cultures of the MEL1 strain performed in SMW + PGli and SMW + GGli media showed
continued active growth when fed daily with PGli and GGli, respectively (Section 2.1). Cell
optical density (OD) doubled practically every day, with both cultures reaching the highest
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number of cells on day 6 (Figure 4a). From that day on, growth ceased, possibly due to
the complete depletion of phosphorus, sulfur, or other trace elements in the SMW starting
medium. Again, gluten-extracted gliadins (GGli) were found to be less efficient for growth
(OD on day 6 = 4.6 £ 0.11) than pure gliadins (PGli) (OD on day 6 = 10.9 £ 0.11).

4 SMW+PGLi, Sc WaSMW+PGli WaSMW+GGli ScSMW+PGli
A SMW+GGIi, S¢ KDa M d1 dé d7 dl d6 d7 do
A SMW, Sc 260-
1
1 140-

100-

70-

50 e -

P 40 —

-

4 5 6 7 25-
Time (Days)

(a) (b)

Figure 4. Time-course of W. anomalus MEL1 strain growth by daily addition of gliadin proteins.
(a) Growth of the W. anomalus ME1 strain (WaME1) and the baker’s yeast (Sc) in unfed (SMW) and
fed (SMW + PGli or SMW + GGli) media. Synthetic media were fed daily with gliadins (0.5% v/v)
from day 1 to day 6, both included. The points represent the average ODgq + standard deviation
daily of three independent experiments. (b) SDS-PAGE analysis of protein content in fed and unfed
cultures. Samples were obtained by adding 10% trichloroacetic acid to 5 mL of culture after removing
yeast cells by centrifugation. The protein pellet was resuspended in 25 pL of loading buffer, and half
the sample (12.5 uL) was loaded onto the gel. The analysis of the samples taken from W. anomalus
(Wa) cultures on days 1, 6, and 7 (d1, d6, d7) and from S. cerevisiae (Sc) cultures on day 6 (d6), just
before adding the daily dose of gliadin proteins, is shown. M, protein mixture (25-260 kDa) was used
as the molecular weight marker.

The SDS-PAGE analysis (Section 2.4) of protein samples, obtained by precipitation
from cell-free culture, showed the ability of the W. anomalus strain ME1 to hydrolyze
gliadins in both media, SMW + PGli and SMW + GGli (Figure 4b). Gliadin proteins were
not observed in the ME1 strain samples on days 6 and 7. However, gliadins remained
intact in samples taken immediately after adding W. anomalus (day 1). Gliadin proteins
also remained unchanged in the S. cerevisiae strain Hércules culture samples, represented
in Figure 4b by the sample taken on day 6.

Likewise, SDS-PAGE analysis revealed a different protein composition for the com-
mercial gliadins used in the study (Section 2.1). PuGlia fraction is a less complex sample
in which most proteins are distributed between the sizes of 25 and 50 kDa, as observed
in the samples WaSMW + PGli on day 1 and ScSSMW + PGli on day 6 (Figure 4b). While
the GGli fraction contains considerable amounts of proteins over 50 kDa, and the proteins
around 25 kDa are hardly represented (WaSMW + GGli sample on day 0). It is plausible
that the different protein composition is the reason W. anomalus proliferates better in the
medium with PGli since this fraction could be more easily hydrolyzed. PGli hydrolysis in
the samples taken on days 6 and 7 seems to be complete, while in the GGli samples, some
faint protein bands without degradation are observed.

The comparison between proliferation dynamics of W. anomalus in the unfed culture
(Figure 3) with that exhibited in the fed culture (Figure 4a) and the SDS-PAGE analysis
(Figure 4b) confirmed an efficient ability of the ME1 strain to use gliadins as a carbon and
nitrogen sources. Furthermore, it became evident that the strain ME1 proteolytic activity to
hydrolyze gliadin proteins is constant and stable over time.
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3.4. The W. anomalus Strain ME1 Ability to Hydrolyze Gliadins in Wheat Flour Fermentation

After validating the reproducibility of the applied protocol to extract the gliadin frac-
tion from wheat flour (Section 2.3 and Figure S2), we proceeded to analyze the effectiveness
of W. anomalus in hydrolyzing gliadins during the fermentation process. To perform this
task, dough made from bakery wheat flour (V-25) were inoculated with cells of W. anomalus
(5 x 107 CFU per g of flour) or with the same number of cells of the control yeast S. cere-
visiae strain Hércules. They were incubated together with uninoculated dough at 22 °C
(Section 2.2).

Periodic observation ensured that CO, production, inferred from dough rising and
bubbling, occurred only in yeast-inoculated dough and not in the uninoculated dough
controls, in an equivalent way, as can be seen in Figure 6 (top row) of the next Section 3.5
experiment. The rise began at 8 h in S. cerevisiae-inoculated dough and reached maximum
elevation at 10 h. However, in those inoculated with W. anomalus, the rise began later (at
12 h), reached maximum elevation later, at 14 h, and rose less (Figure 6, top row).

After fermentation, the gliadin fraction from equal sample amounts (0.1 g each dough),
taken regularly, was extracted (Section 2.3), and the proteins obtained were resolved (10 uL)
by SDS-PAGE (Section 2.4). Consistent with that already described, band analysis protocols
of gliadins were simultaneously applied to unfermented wheat flour, tritordeum, and
soybean flours (Section 2.2). These last two flours were used as controls to confirm that
protein extraction from all types of samples (flours and dough) led to the specific recovery
of gliadins.

A similar content of gliadins was recovered from the unfermented wheat flour (WF),
from S. cerevisine-dough samples (0 h, 24 h, 48 h), and the W. anomalus-dough 0 h sample
(Figure 5, top image). However, the samples taken at 24 h and 48 h from W. anomalus
dough revealed a lower content of gliadins, consistent with partial hydrolysis of the gliadin
proteins. Consistent with that already described by other authors, tritordeum gliadins (TF)
displayed a different protein pattern than wheat flour [16]. As expected, gliadin proteins
were not obtained from soybean (SF) (Figure 5, last line) since soybean is a plant that cannot
synthesize prolamin storage proteins [33].

The results were confirmed after extracting a new fraction of gliadins from each sample,
separating the recovered proteins (SDS-PAGE), and transferring them to immobilon-P
membrane for analysis by immunoblotting using polyclonal anti-wheat gliadin antibodies
(Section 2.6). As can be seen in the Figure 5 immunoblot, the antibodies corroborated a
lower content of gliadin proteins in the W. anomalus-fermented samples at 24 and 48 h. The
hydrolysis percentage attributable to the yeast W. anomalus, quantified from the gliadins
detected in the immunoblot (Section 2.6), was estimated at 50% (Tables 1 and S1).

Table 1. Gliadin hydrolysis percentage in wheat flour fermentation with S. cerevisine and W. anomalus.

Time S. cerevisiae W. anomalus
Oh 0.0 £0.0 0.0 £0.0
24 h 1.2+1.0 50.6 £1.7

48 h 1.3+04 496 +£1.1
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Figure 5. Hydrolysis of gliadins by W. anomalus in wheat flour fermentation. Top, SDS-PAGE analysis
of the gliadin fraction extracted from unfermented flours (WE, TFE, SF) and S. cerevisiae- or W. anomalus-
fermented wheat flour (WF) dough. The fraction of gliadins extracted from samples taken at 0 h, 24 h,
and 48 h after yeast inoculation is shown for fermented dough. WF, bakery flour V-25; TF, tritordeum
hybrid cereal flour; and SF, soybean flour. Bottom analysis by immunoblotting of the gliadin fractions
extracted from the duplicates of each sample analyzed at the top (flours and yeast-fermented dough).
Gliadin proteins were detected by polyclonal anti-wheat gliadin antibodies.

3.5. Incidence of the W. anomalus Hydrolytic Activity on the a-Gliadin Content in Wheat Bread

a-gliadins are the main proteins that elicit pathogenic immune responses and hyper-
sensitivity reactions in susceptible people after gluten protein ingestion. Although several
amino acid sequences may be involved in the adverse reactions, the most immunogenic
region corresponds to the 33-mer named sequence harboring the x-gliadins [12].

In this regard, we wanted to know whether the W. anomalus ME1 strain ‘s hydrolysis
ability could contribute to decreasing «-gliadin content in bakery products made from
dough fermented with this yeast. To do this, first dough inoculated with the yeast W. anoma-
Ius or with the yeast S. cerevisine were fermented for 24 h. As in the previous experiment
(Section 3.4), bubbles and dough rising were only observed in those inoculated with any of
the yeasts (Figure 6, top images).

Second, after fermentation, the dough was transferred to appropriate molds and baked
(Section 2.5). No significant differences were detected between the bread loaves obtained
from W. anomalus-fermented dough or those from S. cerevisiae-fermented dough. However,
when the bread was sliced, the holes (gas cells) in the W. anomalus breadcrumbs were found
to be fewer and larger than those in the S. cerevisiae breadcrumbs, possibly related to a lower
content of gliadin proteins in W. anomalus-fermented dough (Figure 6, bottom images). As
expected, the control bread from the uninoculated dough was smaller, with less volume
and not gas cells (Figure 6, bottom images, left image).
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-Yeast cells + S. cerevisiae + W. anomalus

Figure 6. Wheat flour fermentation and bread making. In the top row, fermentation of the wheat
flour dough uninoculated (— yeast cells) and inoculated (+) with the yeast W. anomalus ME1 strain
or S. cerevisine Hércules strain is shown. The number above the dough indicates the height reached,
and the black line is the initial position of the dough. The left-hand image was taken at the end of
fermentation (24 h) and the other two when the dough reached the maximum rise, the W. anomalus-
inoculated dough at 14 h and the S. cerevisige-inoculated at 10 h. The bread obtained from the
fermented dough is shown in the photographs of the middle (after baking) and bottom (after slicing).

Third, the gliadins from all dough and bread samples were simultaneously extracted
(Section 2.2), then analyzed by SDS-PAGE. Finally, those gliadins that reacted with anti-«-
gliadin 33-mer antibodies were detected.

The SDS-PAGE analyses revealed a lower content of gliadin proteins in all bread
samples, bread produced from the control dough (BC) and bread obtained from the dough
fermented with any of the yeasts (WaB or ScB) (Figure 7, top image). However, the protein
pattern varied among bread samples. The control bread (CB) presented a gliadin pattern
similar to that of unfermented dough (UD-24 h). On the contrary, the gliadin pattern of
the ScB or WaB bread was different from that of the fermented dough from which they
were obtained (ScFD 24 h, WaFD 24 h). Some protein bands were missing in bread samples
(ScB and WaB), and new ones were seen, highlighting a new band smaller than the 35 kDa
marker peptide in the ScB sample (see Figure 7, line ScB).
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Figure 7. Detection of x-gliadin proteins in fermented dough and bread. The top image corresponds
to the SDS-PAGE analysis of the gliadin fraction extracted from the dough and the bread shown
previously (Figure 6). UD, unfermented dough; ScFD and WaFD, S. cerevisiae- and W. anomalus-
fermented dough, respectively; BC, ScB, and WaB, bread obtained after dough UD, ScFD and WaFD
were baked, respectively. The protein fraction of the soybean unfermented dough (SUD) was included
as a negative control. The time at which the dough samples were taken is indicated. In the lower part,
the immunodetection of the a-gliadins contained in each sample is shown. The monoclonal anti-«-
gliadin antibody [14D5], which recognizes an amino acid sequence of the x-gliadin immunogenic
peptide 33-mer, was used. Note that WaFD samples were loaded in a different order in the SDS-PAGE
than the immunoblot.

As in the previous SDS-PAGE analysis (Section 3.4), the samples from dough fermented
for 24 h with W. anomalus (WaFD) showed a lower content of gliadins than the dough
fermented with S. cerevisiae (ScFD).

The immunoblotting analyses showed that the antibody (Section 2.6) reacted with four
proteins in the samples UD, BC, ScFD (0 h and 24 h), and WaFD (0 h and 24 h) (Figure 7,
bottom image). Two of these proteins are slightly above the 40 kDa marker and migrate
practically together, where there was no differentiation in some of the analyses. The other
two proteins recognized are located below the 40 kDa marker and show a similar size,
making it difficult to differentiate them in most samples.

However, the antibody recognized only three and two proteins in the ScB and WaB
bread gliadin samples, respectively (Figure 7, bottom image). In ScB samples, the antibody
did not detect the smaller of the two proteins above the 40 kDa marker. The detected
protein was less represented in the sample than the other two proteins below the 40 kDa
marker. In WaB samples, none of the proteins above the 40 kDa marker were detected,
and the two proteins below 40 kDa were less represented than in the samples from the
fermented dough (WaFD).
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Possibly due to the high intensity of the bands, at first sight, no notable changes in the
a-gliadin immunogenic peptide between the dough fermented with W. anomalus (WaFD
24 h) and unfermented dough (WaFD 0 h) were observed. However, quantification of the
intensities (Section 2.6) revealed that the fermented sample (WaFD 24 h) contained 50% less
immunogenic x-gliadins than the unfermented sample (WaFD 0 h) (Tables 2 and S2). These
results were consistent with those obtained in the previous experiment (Section 2, Table 1).

Table 2. o-Gliadin hydrolysis percentage in bread making with baker’s yeast and W. anomalus.

Sample Control S. cerevisiae W. anomalus
Fermented dough 0.0+£0.0 40+15 50.8 4.8
Bread 352 £13.5 56.7 £ 4.1 781+£27

No antibody reaction was detected with proteins obtained from soybean flour (Figure 7,
SUD sample), consistent with the expected specificity of the antibody to recognize the
33-mer epitope of wheat x-gliadin proteins (Section 2.6).

Other proteins (~35 kDa) in the dough samples UD, ScFD, and WaFD also reacted with
the antibody, but the signal was weak compared to the intense and clear mark of the four
proteins ~40 kDa, suggesting nonspecific reactions. Consequently, those proteins ~35 kDa
would not harbor the 33-mer epitope of «-gliadins.

Considering the results of the SDS-PAGE and immunoblotting together, remarkable
certainties can be extracted. (i) The dough-baking process decreases around 2.8-fold the
content of the gliadin proteins in bread (Table 2). (ii) Dough fermentation for 24 h with
S. cerevisiae Hércules strain or with W. anomalus MF1 strain modifies the pattern of gliadins
in bread. (iii) S. cerevisiae fermentation activity has less incidence on the x-gliadin content
in bread (56.7%) than yeast W. anomalus (78.1%) (Table 2 and Table S2). (iv) Among four
a-gliadin proteins identified in the Spanish wheat flour V-25, W. anomalus MEL1 strain
fermentation activity promotes in bread the lack of 2 x-gliadins. It reduces the content of
the other two.

4. Discussion

Among the yeasts isolated from sourdough worldwide, the yeast W. anomalus is one of
the most common [34]. This yeast, previously known under the names Hansenula anomala
or Pichia anomala [35], is also frequently isolated from flours and cereal grains [26,30]. These
three natural habitats are well correlated with the ability of W. anomalus to use gliadin
proteins as food.

The growth of W. anomalus from gliadin-media (SMW + PGli, SMW + GGli) is accompa-
nied by protein hydrolysis. After one day, the hydrolysis of gliadins in the culture medium
is practically complete, exhibiting intense proteolytic activity. The production of extracel-
lular proteases by strains of the yeast W. anomalus has been repeatedly reported [36—40].
However, the ability to use these proteases to hydrolyze gliadin proteins and use the by-
products for yeast growth itself has not been described before. To date, three extracellular
proteases from W. anomalus have been identified [38—40]. Two are similar; they have a
molecular size of around 30 kDa and maximum activity at pH 7-8, although they also
have activity at lower pH [38,39]. The biochemical and structural data of the third protease
indicate that it is an aspartyl protease with maximum activity at an acidic pH [40].

Although none of the W. anomalus extracellular proteases obtained have targeted
gliadin proteins, it seems plausible that they participate in wheat gliadin hydrolysis when
the yeast is cultivated in gliadin media. However, additional proteases may also be
contributing. Indeed, neutral extracellular proteases with high hydrolytic activity targeting
gluten proteins have been identified in Bacillus subtilis [41]. Extracellular aspartic proteases
from filamentous fungi and yeasts have also been reported as effective proteolytic enzymes
during the fermentation of several plant matrices [42].
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According to the results of our study, a gliadin hydrolysis mechanism can be proposed
for the W. anomalus ME1 strain. The yeast strain secretes moderate levels of proteases
(endopeptidases and exopeptidases) in its growth environment. Protease production
increases when insulfficient levels of carbon or nitrogen are available and protein substrates
are present, as in liquid gliadin media. The exopeptidases cleavage peptide bonds at the
ends (N or C terminus) of gliadin polypeptides, liberating a single amino acid residue,
a dipeptide, or a tripeptide. On the other hand, endopeptidases as aspartyl proteases
cleavage peptide bonds in the inner regions. The coordinated action of both proteases
would lead to complete gliadin polypeptide degradation.

After gliadin hydrolysis, W. anomalus cells must assimilate amino acids and degrade
them to obtain carbon and nitrogen units from which they can synthesize macromolecules
(proteins, carbohydrates, lipids, and so on). The ability of W. anomalus to use amino acids as
carbon and nitrogen sources is shared with other members of the non-Saccharomyces yeast
genera (Candida, Debaryomyces, Pichia, Meyerozyma or Kluyveromyces, among others) but
not with yeasts from the Saccharomyces genus [43,44]. High activity of the NAD-dependent
metabolic enzyme glutamate dehydrogenase 2 and methanol expression regulator appears
to play a key role in the ability of non-Saccharomyces yeasts to assimilate C and N from
amino acids [43,44]. It has been suggested that yeasts efficiently utilizing a wide variety
of non-sugar-based substrates for growth have developed the ability to use amino acids
as carbon and nitrogen sources. Certainly, all the strains of W. anomalus used in the work
present growth rates in the media with gliadins like those they present in the standard SD
medium, although some differences have been seen among the strains used in the work.
The most efficient W. anomalus yeast is the ME1 strain, which was originally isolated from a
wheat sourdough [30].

The sequential extraction procedure applied for extraction gliadins has made it pos-
sible to evaluate the impact of the W. anomalus action on the dough- and bread-gliadin
contents. Furthermore, immunoblotting analysis has provided a more precise quantifica-
tion of the degree of hydrolysis of the sample. However, other authors have commented
that the commercial availability of antibodies limits the methodology to target other gliadin
proteins [45]. Polyclonal antigliadin antibodies (Merck Life Science S.L.U., Sigma Co.,
Madrid, Spain) do not allow the detection of w-gliadins. Nevertheless, the monoclonal
antigliadin antibody (ab36729) (Abcam, Madrid, Spain) seems specific for detecting o-
gliadins harboring the 33-mer peptide.

The modest degree of gliadin hydrolysis led by W. anomalus in fermentation contrasts
with that obtained when the yeast multiplies in gliadin media. Despite the culture media,
the yeast proteolytic activity remains constant and stable over time, even after growth
ceases (Figure 4a). In fermentation, the hydrolysis of gliadins only becomes evident after
24 h. Long fermentations are also required so that the proteolytic activity of lactic acid
bacteria is appreciable in the sourdough [17,24,46]. However, an increase in fermentation
time does not correlate directly with a higher degree of hydrolysis, as seen with W. anomalus
at 48 h. Some authors consider that in these cases, increased of proteolysis is not detectable
because peptidolysis is taking place; that is, proteases go on to hydrolyze undetectable
small peptides with few amino acid residues [47].

Consistent with our findings, other authors have also reported the ability of W. anoma-
lus to degrade gliadins during wheat flour fermentation [29]. A similar hydrolysis profile
of all gliadins was seen, but 48 h of fermentation was necessary to achieve a degradation
degree of 20%, ~2-fold lower than that obtained with the yeast strain W. anomalus ME1
at 24 h. Unlike our work, Sakandar et al. (2019) [29] detected oligopeptides and amino
acids from gliadin hydrolysis since they used RP-HPL. In the same position, the authors
achieved almost total gliadin hydrolysis when the yeast W. anomalus QAUWAOQ3 and the
Enterococcus mundtii QAUSDO1 were used to ferment wheat dough.

A synergistic effect on the hydrolysis of wheat proteins in dough fermentation with
co-cultures of the lactic bacteria Pediococcus acidilactici and the yeasts S. cerevisiae and
Torulaspora delbrueckii has also been reported. However, its effect on gliadins has not been
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determined [28]. However, unlike W. anomalus, none of these yeasts exert any hydrolytic
activity in fermentation when they are inoculated alone.

In the last decade, it has been shown that non-Saccharomyces yeasts can be used as an
alternative to the traditional baker ’s yeast S. cerevisiae in dough fermentations to produce
baked goods [48,49]. According to our results, the strain of W. anomalus ME1 could be
one of these yeasts. The bread obtained from W. anomalus-fermented dough had a similar
appearance to those obtained from baker ‘s yeast-fermented dough. However, the dough
with W. anomalus never rose as much as those with baker “s yeast, probably due to their
lower CO, production capacity [50]. However, this difference does not affect the final
appearance since the bread obtained from both yeasts had a comparable size and shape.

In contrast, the decrease in gliadins in the W. anomalus bread appears to influence the
number and size of gas cells in the crumb by the role of gliadins in the gas retention [51].
A more pleasant flavor (rustic bread flavor) was assigned to the bread produced from
the W. anomalus-fermented dough when the bread was tested by the authors of the work,
although none of them is an expert in bread tasting. The improvement could be asso-
ciated with the diversity of volatile compounds produced by yeast W. anomalus during
fermentation, some identified in sourdough bread [52-54].

Surprisingly, according to our results, the baking process reduces the gluten content in
the bread. Experiments reveal that, after baking, the gliadin quantity is lower whether the
bread is obtained from unfermented or fermented dough. However, this effect has not been
explicitly reported before, although Brzozowski s works seem to infer some contribution
from the baking process to proteolysis in the bread samples [55]. Also, Vaquero et al.
(2018) [16] found a marked decrease in gliadins in wheat and tritordeum bread after baking,
although they did not analyze gliadin content before. Therefore, it is impossible to know if
the decrease in gliadins was due only to baking or fermentation.

Our work indicates that fermentation and baking exert a synergistic effect, jointly
contributing to reducing the content of gliadins. The contribution is much more pronounced
in W. anomalus-made bread than in baker’s yeast-made bread. Before baking, gliadins
from W. anomalus-fermented dough are already reduced (~50%), while in the baker’s
yeast-fermented dough, the gliadin contents remain like that of the unfermented dough
(Tables 2 and S2). How both factors could have a synergistic action is something that we
will have to study. A plausible explanation would be the heat activation of flour-specific
proteases to which the intracellular yeast proteases released by cell lysis at the beginning
of baking would bind. Endogenous flour proteases are activated by acidification induced
by lactic acid bacteria in sourdough fermentations [22]. It has also been reported that high
protease activity is released from lysed S. cerevisiae cells [56]. Our results show that baking
contributes ~35% to gliadin degradation (Tables 2 and S2).

The W. anomalus ME1 proteolytic activity helps to eliminate from bread two of four
gliadins harboring the 33-mer peptide, which is considered the most toxic due to its
resistance to human gastric proteases [12]. Furthermore, it makes it possible to reduce
the content of the other two gliadins (Figure 7, bottom image). Among the diversity of
gliadins analyzed from different wheat varieties, only two «-gliadins seem to harbor the
33-mer peptide [57,58]. However, four proteins similar two by two in wheat flour V-25 by
the anti-33-mer antibody are recognized, consistent with two 33-mer-a-gliadin genes, each
with two allelic versions. Amplification techniques and sequencing of the coding genes
must verify this hypothesis.

As seen in this study, W. anomalus contributes to degrading the most immunogenic
proteins in firm dough through fermentation. Still, its contribution may be even greater
in liquid dough, given the hydrolysis degree observed in liquid gliadin media. On an
industrial scale, liquid sourdough enables the obtaining of end-products with distinctive
properties in taste and texture [59-61]. The incorporation of yeast W. anomalus into this
technology could also contribute to reducing or eliminating gliadin content. In addition,
the W. anomalus proteolytic activity could contribute to hydrolyzing other wheat proteins
involved in non-celiac wheat sensitivity, such as «x-amylase and trypsin inhibitory proteins,
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which specific lactic acid bacteria and yeasts can hydrolyze them [23,28]. However, this
potential is yet to be explored.

5. Conclusions

Derived from the intake of gliadin proteins, human health can suffer many immune
disorders affecting an increasing number of people. The ability of the yeast Wickerhamomyces
anomalus ME1 to degrade gliadins can make this yeast an efficient tool to reduce or mitigate
the negative gliadin effects. Through fermentation, the ME1 yeast, either alone or in
combination with lactic acid bacteria or baker “s yeast, could eliminate many immunogenic
gliadins in bakery goods. Additionally, the W. anomalus ME1 extracellular proteases may
be used to eliminate food-contaminating gliadins that are added in the form of gluten
or flour to confer viscoelastic or thickening characteristics to processed foods. However,
exploiting the ability of W. anomalus ME1 requires determining the reproducibility of the
results obtained with other flours and confirming in vivo the loss of immunogenicity of the
W. anomalus ME1-based bread.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/foods11244105/s1, Figure S1: W. anomalus ME1 strain ’s ability to hydrolyze wheat gliadin
proteins on solid medium, Figure S2: Validation of the method used to obtain gliadin proteins,
Figure S3: Gluten proteins of the wheat flour V-25 [3], Table S1: Quantification of gliadin proteins in
wheat flour fermentation, Table S2: Quantification of gliadin proteins in bread making.

Author Contributions: Conceptualization, M.A.S., PXM. and J.A.U.; methodology, M.A.S., PXM.,,
S.V.-E. and ]J.A.U.; software, M.A.S., PX.M. and S.V.-F,; validation, M.A.S., PX.M. and J.A.U.; formal
analysis, M.AS.,PXM., J.A.U. and S.V-F; investigation, M.AS., PXM., J.A.U. and S.V-F,; resources,
M.A.S., PXM. and ].A.U.; data curation, M.A.S., PX.M. and J.A.U.; writing—original draft prepara-
tion, M.A.S. and PX.M.; writing—review and editing, M.AS., PXM., S.V.-F. and J.A.U,; supervision,
M.A.S. and J.A.U.; project administration, M.AS.; funding acquisition, M.A.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This work received financial support from the national funds (Spanish Ministry of Economy
and Competitiveness, MINECO) and European Union funds (European Regional Development Fund,
FEDER), grant RTC-2015-4391-2. P.X.M. was a recipient of the Ph.D. scholarship from the Ministry of
Higher Education and Technology (MESCyT) of the Dominican Republic.

Data Availability Statement: The data sets generated during the current study are available from
the corresponding author on reasonable request.

Acknowledgments: PX.M. is grateful for MESCyT. All authors thank Atrian Bakers for supplying
the flours, the members of the Innostarpan Consortium for the feedback received, and the student
Martha Alvarado for her help with the graphic abstract.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Shewry, PR.; Hey, S.J. The contribution of wheat to human diet and health. Food Energy Secur. 2015, 4, 178-202. [CrossRef]
[PubMed]

2. Lavoignat, M.; Denis, S.; Faye, A.; Halupka, L.; Perrochon, S.; Rhazi, L.; Giraudeau, P.; Déjean, S.; Branlard, G.; Bancel, E.; et al.
Differences in bread protein digestibility traced to wheat cultivar traits. J. Cereal Sci. 2022, 107, 103533. [CrossRef]

3. Schalk, K.; Lexhaller, B.; Koehler, P.; Scherf, K.A. Isolation and characterization of gluten protein types from wheat, rye, barley
and oats for use as reference materials. PLoS ONE 2017, 12, e0172819. [CrossRef] [PubMed]

4. Shewry, P. What Is Gluten—Why Is It Special? Front. Nutr. 2019, 6. [CrossRef]

5. Wieser, H. Chemistry of gluten proteins. Food Microbiol. 2007, 24, 115-119. [CrossRef]

6.  Schopf, M.; Wehrli, M.C.; Becker, T.; Jekle, M.; Scherf, K.A. Fundamental characterization of wheat gluten. Eur. Food Res. Technol.
2021, 247, 985-997. [CrossRef]

7. Elli, L,; Branchi, F,; Tomba, C.; Villalta, D.; Norsa, L.; Ferretti, F.,; Roncoroni, L.; Bardella, M.T. Diagnosis of gluten related disorders:
Celiac disease, wheat allergy and non-celiac gluten sensitivity. World J. Gastroenterol. 2015, 21, 7110-7119. [CrossRef]

8. Sabenga, C.; Ribeiro, M.; de Sousa, T.; Poeta, P.; Bagulho, A.S.; Igrejas, G. Wheat/Gluten-Related Disorders and Gluten-Free Diet

Misconceptions: A Review. Foods 2021, 10, 1765. [CrossRef]


https://www.mdpi.com/article/10.3390/foods11244105/s1
https://www.mdpi.com/article/10.3390/foods11244105/s1
http://doi.org/10.1002/fes3.64
http://www.ncbi.nlm.nih.gov/pubmed/27610232
http://doi.org/10.1016/j.jcs.2022.103533
http://doi.org/10.1371/journal.pone.0172819
http://www.ncbi.nlm.nih.gov/pubmed/28234993
http://doi.org/10.3389/fnut.2019.00101
http://doi.org/10.1016/j.fm.2006.07.004
http://doi.org/10.1007/s00217-020-03680-z
http://doi.org/10.3748/wjg.v21.i23.7110
http://doi.org/10.3390/foods10081765

Foods 2022, 11, 4105 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Taraghikhah, N.; Ashtari, S.; Asri, N.; Shahbazkhani, B.; Al-Dulaimi, D.; Rostami-Nejad, M.; Rezaei-Tavirani, M.; Razzaghi, M.R,;
Zali, M.R. An updated overview of spectrum of gluten-related disorders: Clinical and diagnostic aspects. BMC Gastroenterol.
2020, 20, 258. [CrossRef]

Caio, G.; Volta, U.; Sapone, A; Leffler, D.A.; De Giorgio, R.; Catassi, C.; Fasano, A. Celiac disease: A comprehensive current
review. BMC Med. 2019, 17, 142. [CrossRef]

Zevallos, V.F; Raker, V.; Tenzer, S.; Jimenez-Calvente, C.; Ashfaq-Khan, M.; Riissel, N.; Pickert, G.; Schild, H.; Steinbrink, K;
Schuppan, D. Nutritional Wheat Amylase-Trypsin Inhibitors Promote Intestinal Inflammation via Activation of Myeloid Cells.
Gastroenterology 2017, 152, 1100-1113.e12. [CrossRef] [PubMed]

Shan, L.; Molberg, @.; Parrot, I.; Hausch, F; Filiz, F.; Gray, G.M.; Sollid, L.M.; Khosla, C. Structural Basis for Gluten Intolerance in
Celiac Sprue. Science 2002, 297, 2275-2279. [CrossRef] [PubMed]

Sharma, N.; Bhatia, S.; Chunduri, V.; Kaur, S.; Sharma, S.; Kapoor, P.; Kumari, A.; Garg, M. Pathogenesis of Celiac Disease and
Other Gluten Related Disorders in Wheat and Strategies for Mitigating Them. Front. Nutr. 2020, 7, 6. [CrossRef] [PubMed]
Camerlengo, F,; Sestili, F; Silvestri, M.; Colaprico, G.; Margiotta, B.; Ruggeri, R.; Lupi, R.; Masci, S.; Lafiandra, D. Production and
molecular characterization of bread wheat lines with reduced amount of a-type gliadins. BMC Plant Biol. 2017, 17, 248. [CrossRef]
Rustgi, S.; Shewry, P; Brouns, E,; Deleu, L.J.; Delcour, ].A. Wheat Seed Proteins: Factors Influencing Their Content, Composition,
and Technological Properties, and Strategies to Reduce Adverse Reactions. Compr. Rev. Food Sci. Food Saf. 2019, 18, 1751-1769.
[CrossRef] [PubMed]

Vaquero, L.; Comino, L; Vivas, S.; Rodriguez-Martin, L.; Giménez, M.].; Pastor, ].; Sousa, C.; Barro, F. Tritordeum: A novel cereal
for food processing with good acceptability and significant reduction in gluten immunogenic peptides in comparison with wheat.
J. Sci. Food Agric. 2018, 98, 2201-2209. [CrossRef]

Di Cagno, R.; Rizzello, C.G.; De Angelis, M.; Cassone, A.; Giuliani, G.; Benedusi, A.; Limitone, A.; Surico, R.E; Gobbetti, M. Use
of Selected Sourdough Strains of Lactobacillus for Removing Gluten and Enhancing the Nutritional Properties of Gluten-Free
Bread. . Food Prot. 2008, 71, 1491-1495. [CrossRef]

Nionelli, L.; Rizzello, C. Sourdough-Based Biotechnologies for the Production of Gluten-Free Foods. Foods 2016, 5, 65. [CrossRef]
Mandile, R.; Picascia, S.; Parrella, C.; Camarca, A.; Gobbetti, M.; Greco, L.; Troncone, R.; Gianfrani, C.; Auricchio, R. Lack of
immunogenicity of hydrolysed wheat flour in patients with coeliac disease after a short-term oral challenge. Aliment. Pharmacol.
Ther. 2017, 46, 440-446. [CrossRef]

Calasso, M.; Francavilla, R.; Cristofori, F.; De Angelis, M.; Gobbetti, M. New Protocol for Production of Reduced-Gluten Wheat
Bread and Pasta and Clinical Effect in Patients with Irritable Bowel Syndrome: A randomised, Double-Blind, Cross-Over Study.
Nutrients 2018, 10, 1873. [CrossRef]

Di Cagno, R.; De Angelis, M.; Lavermicocca, P.; De Vincenzi, M.; Giovannini, C.; Faccia, M.; Gobbetti, M. Proteolysis by Sourdough
Lactic Acid Bacteria: Effects on Wheat Flour Protein Fractions and Gliadin Peptides Involved in Human Cereal Intolerance. Appl.
Environ. Microbiol. 2002, 68, 623-633. [CrossRef] [PubMed]

Ganzle, M.G.; Loponen, J.; Gobbetti, M. Proteolysis in sourdough fermentations: Mechanisms and potential for improved bread
quality. Trends Food Sci. Technol. 2008, 19, 513-521. [CrossRef]

Huang, X.; Schuppan, D.; Rojas Tovar, L.E.; Zevallos, V.E; Loponen, ].; Gdnzle, M. Sourdough Fermentation Degrades Wheat
Alpha-Amylase/Trypsin Inhibitor (ATI) and Reduces Pro-Inflammatory Activity. Foods 2020, 9, 943. [CrossRef]

Stefaniska, I.; Piasecka-J6zwiak, K.; Kotyrba, D.; Kolenda, M.; Stecka, K.M. Selection of lactic acid bacteria strains for the hydrolysis
of allergenic proteins of wheat flour. J. Sci. Food Agric. 2016, 96, 3897-3905. [CrossRef]

Christensen, ].E.; Dudley, E.G.; Pederson, J.A.; Steele, J.L. Peptidases and amino acid catabolism in lactic acid bacteria. Antonie
Van Leeuwenhoek 1999, 76, 217-246. [CrossRef]

Daniel, H.-M.; Moons, M.-C.; Huret, S.; Vrancken, G.; De Vuyst, L. Wickerhamomyces anomalus in the sourdough microbial
ecosystem. Antonie Van Leeuwenhoek 2011, 99, 63-73. [CrossRef] [PubMed]

Arora, K.; Ameur, H.; Polo, A.; Di Cagno, R.; Rizzello, C.G.; Gobbetti, M. Thirty years of knowledge on sourdough fermentation:
A systematic review. Trends Food Sci. Technol. 2021, 108, 71-83. [CrossRef]

Fu, W,; Liu, C.; Meng, X,; Tao, S.; Xue, W. Co-culture fermentation of Pediococcus acidilactici XZ31 and yeast for enhanced
degradation of wheat allergens. Int. J. Food Microbiol. 2021, 347, 109190. [CrossRef]

Sakandar, H.A.; Kubow, S.; Azadi, B.; Faryal, R.; Ali, B.; Ghazanfar, S.; Quraishi, U.M.; Imran, M. Wheat Fermentation with
Enterococcus mundtii QAUSDO1 and Wickerhamomyces anomalus QAUWAO3 Consortia Induces Concurrent Gliadin and Phytic
Acid Degradation and Inhibits Gliadin Toxicity in Caco-2 Monolayers. Front. Microbiol. 2019, 9. [CrossRef]

Chiva, R,; Celador-Lera, L.; Ufia, ].A.; Jiménez-Lopez, A.; Espinosa-Alcantud, M.; Mateos-Horganero, E.; Vega, S.; Santos, M.A.;
Velazquez, E.; Tamame, M. Yeast Biodiversity in Fermented Doughs and Raw Cereal Matrices and the Study of Technological
Traits of Selected Strains Isolated in Spain. Microorganisms 2020, 9, 47. [CrossRef]

Berger, M.; Sarantopoulos, C.; Ongchangco, D.; Sry, ].; Cesario, T. Rapid isolation of gluten-digesting bacteria from human stool
and saliva by using gliadin-containing plates. Exp. Biol. Med. 2015, 240, 917-924. [CrossRef] [PubMed]

Green, M.; Sambrook, J. Molecular Cloning: A Laboratory Manual. In Molecular Cloning A Laboratory Manual; Cold Spring Harbor,
N.Y,, Ed.; Cold Spring Harbor Laboratory Press: Cold Spring Harbor, NY, USA, 2012; ISBN1 9781936113415. ISBN2 1936113414.
Matsuoka, Y.; Yamada, T.; Maruyama, N. Wheat «-gliadin and high-molecular-weight glutenin subunit accumulate in different
storage compartments of transgenic soybean seed. Transgenic. Res. 2022, 31, 43-58. [CrossRef] [PubMed]


http://doi.org/10.1186/s12876-020-01390-0
http://doi.org/10.1186/s12916-019-1380-z
http://doi.org/10.1053/j.gastro.2016.12.006
http://www.ncbi.nlm.nih.gov/pubmed/27993525
http://doi.org/10.1126/science.1074129
http://www.ncbi.nlm.nih.gov/pubmed/12351792
http://doi.org/10.3389/fnut.2020.00006
http://www.ncbi.nlm.nih.gov/pubmed/32118025
http://doi.org/10.1186/s12870-017-1211-3
http://doi.org/10.1111/1541-4337.12493
http://www.ncbi.nlm.nih.gov/pubmed/33336954
http://doi.org/10.1002/jsfa.8705
http://doi.org/10.4315/0362-028X-71.7.1491
http://doi.org/10.3390/foods5030065
http://doi.org/10.1111/apt.14175
http://doi.org/10.3390/nu10121873
http://doi.org/10.1128/AEM.68.2.623-633.2002
http://www.ncbi.nlm.nih.gov/pubmed/11823200
http://doi.org/10.1016/j.tifs.2008.04.002
http://doi.org/10.3390/foods9070943
http://doi.org/10.1002/jsfa.7588
http://doi.org/10.1023/A:1002001919720
http://doi.org/10.1007/s10482-010-9517-2
http://www.ncbi.nlm.nih.gov/pubmed/20963492
http://doi.org/10.1016/j.tifs.2020.12.008
http://doi.org/10.1016/j.ijfoodmicro.2021.109190
http://doi.org/10.3389/fmicb.2018.03312
http://doi.org/10.3390/microorganisms9010047
http://doi.org/10.1177/1535370214564748
http://www.ncbi.nlm.nih.gov/pubmed/25519429
http://doi.org/10.1007/s11248-021-00279-2
http://www.ncbi.nlm.nih.gov/pubmed/34427836

Foods 2022, 11, 4105 18 of 19

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

De Vuyst, L.; Harth, H.; Van Kerrebroeck, S.; Leroy, F. Yeast diversity of sourdoughs and associated metabolic properties and
functionalities. Int. J. Food Microbiol. 2016, 239, 26-34. [CrossRef] [PubMed]

Kurtzman, C.P.; Robnett, C.J.; Basehoar-Powers, E. Phylogenetic relationships among species of Pichia, Issatchenkia and Williop-
sis determined from multigene sequence analysis, and the proposal of Barnettozyma gen. nov., Lindnera gen. nov. and
Wickerhamomyces gen. nov. FEMS Yeast Res. 2008, 8, 939-954. [CrossRef]

Strauss, M.L.A.; Jolly, N.P.,; Lambrechts, M.G.; van Rensburg, P. Screening for the production of extracellular hydrolytic enzymes
by non-Saccharomyces wine yeasts. J. Appl. Microbiol. 2001, 91, 182-190. [CrossRef]

Carrasco, M.; Rozas, ] M.; Barahona, S.; Alcaino, J.; Cifuentes, V.; Baeza, M. Diversity and extracellular enzymatic activities of
yeasts isolated from King George Island, the sub-Antarctic region. BMC Microbiol. 2012, 12, 251. [CrossRef]

Schlander, M.; Distler, U.; Tenzer, S.; Thines, E.; Claus, H. Purification and Properties of Yeast Proteases Secreted by Wick-
erhamomyces anomalus 227 and Metschnikovia pulcherrima 446 during Growth in a White Grape Juice. Fermentation 2016, 3, 2.
[CrossRef]

Kim, J.Y. Isolation of the Protease-producing Yeast Pichia anomala CO-1 and Characterization of Its Extracellular Neutral Protease.
J. Life Sci. 2019, 29, 1126-1135.

Aina, A.; Ezeamagu, C.O.; Akindele, S.T.; Aleshinloye, A.O. Purification of Wickerhamomyces anomalus Keratinase and Its
Prospective Application in Poultry Feed Industries. Fountain. J. Nat. Appl. Sci. 2021, 10. [CrossRef]

Stressler, T.; Eisele, T.; Baur, C.; Wangler, J.; Kuhn, A_; Fischer, L. Extracellular peptidases from insect- and compost-associated
microorganisms: Screening and usage for wheat gluten hydrolysis. Eur. Food Res. Technol. 2015, 241, 263-274. [CrossRef]
Christensen, L.F; Garcia-Béjar, B.; Bang-Berthelsen, C.H.; Hansen, E.B. Extracellular microbial proteases with specificity for plant
proteins in food fermentation. Int. J. Food Microbiol. 2022, 381, 109889. [CrossRef] [PubMed]

Freese, S.; Vogts, T.; Speer, E; Schifer, B.; Passoth, V.; Klinner, U. C- and N-catabolic utilization of tricarboxylic acid cycle-related
amino acids by Scheffersomyces stipitis and other yeasts. Yeast 2011, 28, 375-390. [CrossRef] [PubMed]

Sahu, U.; Rangarajan, PN. Methanol Expression Regulator 1 (Mxrlp) Is Essential for the Utilization of Amino Acids as the Sole
Source of Carbon by the Methylotrophic Yeast, Pichia pastoris. . Biol. Chem. 2016, 291, 20588-20601. [CrossRef] [PubMed]
Panda, R.; Garber, E.A.E. Detection and Quantitation of Gluten in Fermented-Hydrolyzed Foods by Antibody-Based Methods:
Challenges, Progress, and a Potential Path Forward. Front. Nutr. 2019, 6. [CrossRef] [PubMed]

Rizzello, C.G.; De Angelis, M.; Di Cagno, R.; Camarca, A.; Silano, M.; Losito, I.; De Vincenzi, M.; De Bari, M.D.; Palmisano, F;
Maurano, F; et al. Highly Efficient Gluten Degradation by Lactobacilli and Fungal Proteases during Food Processing: New
Perspectives for Celiac Disease. Appl. Environ. Microbiol. 2007, 73, 4499—-4507. [CrossRef]

Reale, A.; Di Stasio, L.; Di Renzo, T.; De Caro, S.; Ferranti, P.; Picariello, G.; Addeo, F.; Mamone, G. Bacteria do it better! Proteomics
suggests the molecular basis for improved digestibility of sourdough products. Food Chem. 2021, 359, 129955. [CrossRef]
Aslankoohi, E.; Herrera-Malaver, B.; Rezaei, M.N.; Steensels, ].; Courtin, C.M.; Verstrepen, K.J. Non-Conventional Yeast Strains
Increase the Aroma Complexity of Bread. PLoS ONE 2016, 11, €0165126. [CrossRef]

Zhou, N.; Schifferdecker, A.].; Gamero, A.; Compagno, C.; Boekhout, T.; Piskur, J.; Knecht, W. Kazachstania gamospora and
Wickerhamomyces subpelliculosus: Two alternative baker’s yeasts in the modern bakery. Int. J. Food Microbiol. 2017, 250, 45-58.
[CrossRef]

Li, Z,; Li, H,; Song, K.; Cui, M. Performance of non-Saccharomyces yeasts isolated from Jiaozi in dough fermentation and steamed
bread making. LWT 2019, 111, 46-54. [CrossRef]

Li, W,; Dobraszczyk, B.; Wilde, P. Surface properties and locations of gluten proteins and lipids revealed using confocal scanning
laser microscopy in bread dough. J. Cereal Sci. 2004, 39, 403—411. [CrossRef]

Pu, S.; Zhang, Y.; Lu, N.; Shi, C.; Yan, S. Yeasts from Chinese strong flavour Daqu samples: Isolation and evaluation of their
potential for fortified Daqu production. AMB Express 2021, 11, 176. [CrossRef] [PubMed]

Padilla, B.; Gil, J.; Manzanares, P. Challenges of the Non-Conventional Yeast Wickerhamomyces anomalus in Winemaking. Fermenta-
tion 2018, 4, 68. [CrossRef]

Van Kerrebroeck, S.; Comasio, A.; Harth, H.; De Vuyst, L. Impact of starter culture, ingredients, and flour type on sourdough
bread volatiles as monitored by selected ion flow tube-mass spectrometry. Food Res. Int. 2018, 106, 254-262. [CrossRef] [PubMed]
Brzozowski, B. Impact of food processing and simulated gastrointestinal digestion on gliadin immunoreactivity in rolls. J. Sci.
Food Agric. 2018, 98, 3363-3375. [CrossRef]

Alexandre, H.; Heintz, D.; Chassagne, D.; Guilloux-Benatier, M.; Charpentier, C.; Feuillat, M. Protease A activity and nitrogen
fractions released during alcoholic fermentation and autolysis in enological conditions. J. Ind. Microbiol. Biotechnol. 2001, 26,
235-240. [CrossRef]

Juhasz, A.; Belova, T.; Florides, C.G.; Maulis, C.; Fischer, I; Gell, G.; Birinyi, Z.; Ong, J.; Keeble-Gagnére, G.; Maharajan, A.; et al.
Genome mapping of seed-borne allergens and immunoresponsive proteins in wheat. Sci. Adv. 2018, 4. [CrossRef]

Li, D, Jin, H.; Zhang, K.; Wang, Z.; Wang, E.; Zhao, Y.; Huo, N.; Liu, X.; Gu, Y.Q.; Wang, D.; et al. Analysis of the Gli-D2 locus
identifies a genetic target for simultaneously improving the breadmaking and health-related traits of common wheat. Plant J.
2018, 95, 414-426. [CrossRef]

Carnevali, P; Ciati, R.; Leporati, A.; Paese, M. Liquid sourdough fermentation: Industrial application perspectives. Food Microbiol.
2007, 24, 150-154. [CrossRef]


http://doi.org/10.1016/j.ijfoodmicro.2016.07.018
http://www.ncbi.nlm.nih.gov/pubmed/27470533
http://doi.org/10.1111/j.1567-1364.2008.00419.x
http://doi.org/10.1046/j.1365-2672.2001.01379.x
http://doi.org/10.1186/1471-2180-12-251
http://doi.org/10.3390/fermentation3010002
http://doi.org/10.53704/fujnas.v10i1.345
http://doi.org/10.1007/s00217-015-2452-8
http://doi.org/10.1016/j.ijfoodmicro.2022.109889
http://www.ncbi.nlm.nih.gov/pubmed/36057216
http://doi.org/10.1002/yea.1845
http://www.ncbi.nlm.nih.gov/pubmed/21360752
http://doi.org/10.1074/jbc.M116.740191
http://www.ncbi.nlm.nih.gov/pubmed/27519409
http://doi.org/10.3389/fnut.2019.00097
http://www.ncbi.nlm.nih.gov/pubmed/31316993
http://doi.org/10.1128/AEM.00260-07
http://doi.org/10.1016/j.foodchem.2021.129955
http://doi.org/10.1371/journal.pone.0165126
http://doi.org/10.1016/j.ijfoodmicro.2017.03.013
http://doi.org/10.1016/j.lwt.2019.05.019
http://doi.org/10.1016/j.jcs.2004.02.004
http://doi.org/10.1186/s13568-021-01337-y
http://www.ncbi.nlm.nih.gov/pubmed/34952959
http://doi.org/10.3390/fermentation4030068
http://doi.org/10.1016/j.foodres.2017.12.068
http://www.ncbi.nlm.nih.gov/pubmed/29579925
http://doi.org/10.1002/jsfa.8847
http://doi.org/10.1038/sj.jim.7000119
http://doi.org/10.1126/sciadv.aar8602
http://doi.org/10.1111/tpj.13956
http://doi.org/10.1016/j.fm.2006.07.009

Foods 2022, 11, 4105 19 of 19

60.

61.

Comasio, A.; Van Kerrebroeck, S.; De Vuyst, L. Lemon juice and apple juice used as source of citrate and malate, respectively,
enhance the formation of buttery aroma compounds and/or organic acids during Type 2 and Type 3 sourdough productions
performed with Companilactobacillus crustorum LMG 23699. Int. . Food Microbiol. 2021, 339, 109020. [CrossRef]

Cardinali, F; Garofalo, C.; Reale, A.; Boscaino, F; Osimani, A.; Milanovi¢, V.; Taccari, M.; Aquilanti, L. Liquid sourdough from
stone-ground soft wheat (Triticum aestivum) flour: Development and exploitation in the breadmaking process. Food Res. Int. 2022,
161, 111796. [CrossRef]


http://doi.org/10.1016/j.ijfoodmicro.2020.109020
http://doi.org/10.1016/j.foodres.2022.111796

	Introduction 
	Materials and Methods 
	Yeast Strains and Growth Conditions 
	Wheat Flour Fermentation 
	Extraction of the Gliadin Proteins from Wheat Flour, Wheat Flour-fermented, and Bread 
	One-Dimensional Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) Analysis 
	Bread Making 
	Immunoblotting Analysis 
	Statistical Analysis of Data 

	Results 
	Ability of W. anomalus Strains to Use Wheat Gliadins as Carbon and Nitrogen Sources 
	The Best W. anomalus Strain to Hydrolyze Wheat Gliadins 
	The Ability of the W. anomalus Strain ME1 to Hydrolyze Wheat Gliadins Is Stable over Time 
	The W. anomalus Strain ME1 Ability to Hydrolyze Gliadins in Wheat Flour Fermentation 
	Incidence of the W. anomalus Hydrolytic Activity on the -Gliadin Content in Wheat Bread 

	Discussion 
	Conclusions 
	References

