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Abstract

The possibility of using unmalted millet with the help of the enzymes for the production of gluten-free beer was investi-
gated. The enzymes under different conditions were examined to completely saccharify the wort. The optimal conditions
for enzymes activity were 85 °C 60 min for amylosubtilin and 60 °C 60 min for glucavamarin and p-glucanase. Since the
gluten-free beverage has no colour, roasted buckwheat and boiled coffee as colourants were used. Sample with 30% roasted
buckwheat showed good results in colouring the drink and had the best overall impression. Gluten-negative results were
obtained for beer samples and all ingredients separately. Nevertheless, further improvements in brewing methods of gluten-
free beer are needed. Almost all samples tasted more like cider than beer, without foam and with low pH values (3.5-3.8).
The production of gluten-free beer provides an opportunity to attract new customers with gluten intolerance. Imperfect

competition is a great advantage for manufacturers.
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Introduction

Nowadays, celiac disease is one of the most common
immune-mediated diseases, diagnosed in 1% of the Euro-
pean and American population [1, 2]. Symptoms of this dis-
ease can include abdominal pain, diarrhoea, nausea, fatigue,
weight loss, mouth ulcers, bloating, and anaemia [3]. These
symptoms can be caused by products that contain gluten,
such as wheat, barley, rye and oats [4]. The gluten proteins
of wheat belong to two of the Osborne fractions, the gliadins
and the alcohol-insoluble glutenins [5]. Gliadins contain
large amounts of proline and glutamine residues in the form
of repeated sequence motifs, which makes them resistant
to human intestinal proteases and preserves their antigenic
nature [6]. The immunogenicity of non-degradable gliadin
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peptides is also enhanced by human tissue transglutaminase
(TG2)-mediated deamidation [7].

Such popular gluten-containing grains as barley and
wheat are used to produce beer, making it impossible for
people with coeliac disease to consume this drink. One gram
of malt contains 1.6 mg of barley hordein (gluten), and one
pint of beer contains 1.5 mg of hordein [8]. There is some
research on gluten-free beer with rice and none with millet
or unmalted grains. Mayer et al. [9] and Ceccaroni et al.
[10] made a gluten-free beer with 100% malted rice. There
is a possibility to produce gluten-free beer with barley by
enzymatic degradation of gluten using prolyl endopeptidase
from Aspergillus niger [4]. Prolyl endopeptidase was not
available on our market. To brew gluten-free beer, unmalted
proso millet (Panicum miliaiceum) from Ukraine was used
with added enzymes (amylosubtilin, glucavamarin, and
B-glucanase). Roasted buckwheat and boiled coffee were
used as the colourant for gluten-free beer. Unmalted grains
do not contain enzymes, so exogenous enzymes have to be
added. The beer produced with enzymes reduces the use of
water, raw materials and natural gas by 7%, 14% and 78%,
respectively. The largest exergy losses result from the use
of natural gas for kilning and from starch loss during barley
germination. This makes enzyme-assisted brewing more
exergy-efficient than brewing with malted barley [11].
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Millet is an environmentally friendly crop as it con-
sumes more carbon dioxide, thereby releasing more oxy-
gen, and has a low water requirement [12]. Thanks to a
low glycaemic index, proso millet reduces the risk of type
2 diabetes [13]. Millet is rich in calcium, fibre, polyphe-
nols, and protein [14]. Millet contains 65-75% complex
carbohydrates, with amylose ranging from 1.50 to 25.93%
(w/w db) and amylopectin ranging from 17.06 to 46.26%
(w/w db), 5.6-12% protein, 2-5% fat, 15-20% crude fibre
and 2.5-3.5% minerals [13, 15]. Lipoxygenases account
for 40.1-47.4% of the total fatty acids in various millet
species [16]. The main polyphenols are phenolic acids and
tannins, while flavonoids are present in small amounts;
they act as antioxidants and play a major role in immune
system defence [14, 17]. The absence of gluten makes mil-
let suitable for the production of gluten-free beer.

The aim of this work was to achieve complete sacchari-
fication in the mashing step. An additional goal was to use
colourants to colour the beer. The production of gluten-
free beer provides an opportunity to attract new customers
with gluten intolerance. Imperfect competition is a great
advantage for manufacturers.

Materials and methods
Enzymes

Amylosubtilin is a bacterial enzyme preparation contain-
ing a-amylase, which is used to dilute starch.

A-Amylase hydrolyses the internal a-1,4-glycosidic
bonds of starch, resulting in a rapid decrease in the vis-
cosity of pasteurised starch solutions. The products are
soluble dextrins of low molecular weight and low content
of mono- and disaccharides (glucose and maltose). Amylo-
subtilin is active at high temperatures (up to 95 °C) and
high pH.

Glucavamarin is a bacterial enzyme preparation used to
saccharify partially cleaved polymeric starch molecules,
while glucoamylase sequentially hydrolyses —1,4- and
—1,6-glycosidic bonds and cleaves from the non-reducing
ends of starch molecules, dextrins, oligosaccharides and
glucose residues that are the end product of hydrolysis.

B-Glucanase is an enzymatic biocatalyst with a high
degree of purification and enzymatic activity obtained
from a high-quality microorganism by deep liquid fermen-
tation and purification. This enzyme catalyses 1,3- and
1,4-glycosidic linkages of p-glucans and cleaves viscous
polymer macromolecules into low-viscosity isomalt.

B-Glucanase can reduce the viscosity of the wort and
improve the quality of the final product.

@ Springer

Gluten-free beer preparation

Mashing: The wort was prepared in a 10-L laboratory brew-
ery using the infusion method. Before brewing, the millet
must be ground and gelatinized at 80-85 °C to break down
the starch into fermentable sugars and dextrins. The malt
was crushed in a two-roller mill with a 0.2 mm gap between
the rollers. Millet was mixed with water in a 1:4 ratio (1.5 kg
of millet and 5 L of water at 60 °C with the addition of
amylosubtilin). Water was heated up to 80 °C (1 °C /min)
and wort was stirred from time to time. After exposure, the
wort to amylosubtilin and 5 L of warm water were added,
the temperature was lowered to 60 °C and citric acid was
used to bring the wort to a pH of 5, after which glucavama-
rin and fB-glucanase were added. Activity of the enzymes
was checked by the iodine test to indicate the breakdown of
starch into sugar. In the first step of the experiment, various
combinations of enzymes under different temperatures and
time conditions were investigated. Results can be seen in
the Results section.

Lautering and boiling: The mash was separated through
the sieve into liquid wort and residual grain. Hop pellets
(Fuggle, 5.6% a-acids) were used at the beginning of the
boil (9 g, 60 min) and after the boil (10 g, 20 min) to achieve
17.5 International Bitter Units (IBU). Boiling was conducted
at 100 °C for 60 min. After hot trub removal, the wort was
cooled to 20 °C.

Addition of colourants before fermentation: boiled
ground coffee (10 g coffee per 150 mL water, boil for 10 s)—
added to the fermenter after yeast pitching: 2+0.01 g L7},
4+0.01 g L™!; millet was partially substituted with roasted
buckwheat during mashing: 20%, 30%.

Final samples with colourants and the optimal amount
of enzymes (85 °C 60 min for 8 g amylosubtilin and 60 °C
60 min for 20 g glucavamarin and 12 g B-glucanase) were
prepared (Table 1).

Fermentation: For the fermentation, which took place
in plastic food fermenters, the top-fermenting yeast Safale
S-04 was used (Fermentis, Marcqen-Barceul Cedex, France).
Attenuation: 72-75%. Yeast Cell Count: 69,000,000,000 (69
billion) per 11.5 g sachet. This is a yeast with a high fer-
mentation power, which has the ability to form a compact

Table 1 Final samples with colourants

Sample Roasted buckwheat (%) Boiled coffee
(eL™

1 20

2 30

3 2+0.01

4 4+0.01
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sediment at the end of the fermentation. The recommended
ideal fermentation temperature for this type of yeast is
15-20 °C. Pitching of the yeast 107 cells/mL in the wort,
that had been cooled to 20 °C. For the different samples, the
fermentation lasted on average 7 days, it was stopped when
the alcohol content reached about 6°Bx. After the fermenta-
tion, the beers were not pasteurised or filtered. Maturation
took place in bottles with added glucose (3 +0.01 g L™!) for
a fortnight.

Gluten analyses

Gluten analyses were carried out for beer and all ingre-
dients separately. Gluten analyses were performed using
the Imutest Gluten-In-Food Test Kit, which is sensitive
enough to confirm that gluten levels in a variety of foods
and products are comply with International Codex Stand-
ard 118:1979 (2015) and contain less than 20 mg.kg™! of
gluten in accordance with Regulation (EU) 1169/2011 and
609/2013 for ‘gluten-free’ foods. These qualitative tests
use highly specific Mendez RS monoclonal antibodies to
detect gluten in food. They detect mainly alpha, gamma and
omega gliadins, secalins and hordeins. The Gluten-in-Food
test does not react to ingredients that do not contain gluten:
corn, oats, rice, and soy.

Performance of the test

The 0.5 cc measuring spoon was filled with the sample
and placed in the extraction tube, which was recapped and
shaken for 2 min, which helped to dissolve the gluten from
the sample. The tube was left for 10-15 min and then shaken
again for 2 min. The sample then stood for 20 min. Using a
pipette, the clear yellow extract was taken by tightly squeez-
ing the bulb and releasing it until the solution overfilled the
measuring tube and flowed into the lower bulb. Then the
pipette bulb was squeezed into the tube with the diluted
extract and mixed carefully. The diluted extract was put into
the test unit and was allowed to absorb. After absorption,
the colour reagent was shaken and poured into the test unit
where it was absorbed for about 5 min. A pink test spot on
the left side of the test area, marked T regardless of intensity,
indicates that gluten was detected. The darker the test spot,
the more gluten is detected in the sample extract tested. A
pink control spot of medium intensity should appear on the
right-hand side of the test area marked C. This indicates
that the Gluten-in-Food test is valid, and the test has been
performed correctly and all reagents are functional.

Sensory evaluation of the beer

The sensory properties of beer were evaluated accord-
ing to the CSN ISO 6658 by ten panellists (f=4, m=6,

age=21-52 years). The panellists are regular consumers
of beer. The beer panel was conducted in a tasting room
at 18 °C. Before tasting, the beer samples were cooled to
7 °C. The amount of beverage to be evaluated was 150 mL.
The beer was poured into colourless, clear glasses. The
panellists filled in the sensory evaluation form. The blank
sheet had the following items: aroma, off-flavour, taste
(fullness and saturation), bitterness and overall impres-
sion. The rating ranged from 1 to 5. A score of 1 meant
that the attribute was absent whereas a score of 5 indi-
cated that the attribute was extremely strong. The overall
impression rating ranged from 1 to 5, with 1 being excel-
lent and 5 being very bad. Blind-tasting was conducted on
all the experimental samples. The results were expressed
as the mean of the two technological replicates.

Colour measurements

Spectrophotometer GRANUM 721 (ATO, Diamond Bar,
CA 91765 USA) was used to measure the colour of the
beer. The largest allowable error of the transmittance
(T): £0.5%. The beer was poured into a 1 cm thick cuvette,
which was previously rinsed several times with the same
beer sample. The measurement length is 450 nm for the
Standard Reference Method (SRM) [18] and The European
Brewery Convention (EBC) [19]:

SRM=12.7X D X A,s,

EBC =25XD XA,sy where D is the dilution factor
(D =1 for undiluted samples, D =2 for 1:1 dilution, etc.),
and A5, =light absorbance at 450 nm.

Foam height and stability

The constant method was used. Foam height (F) is calcu-
lated according to liquid height (L) and total height (T) (in
duplicate) after elapsed times (#) in the range 0—5 min. The
rate of foam collapse calculated according to In(F)=a + bt.
In turn, foam half-life (min) was determined as In(0.5)/b.

Alcohol content

Alcohol content was analysed on the device for the auto-
matic analysis of beer FermentoFlash (Funke Gerber, Ber-
lin, Germany). During brewing was used portable digital
refractometer PAL-3 (Atago Corp., Tokyo, Japan).

All the statistical analyses and the related graphics were
performed in XLSTAT (Lumivero, Denver, United States).
Variables were auto-scaled (mean-centring + scaling by
standard deviation).
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Results and discussion

The iodine test is supposed to indicate the breakdown of
starch into sugar by the absence of colouring after mix-
ing with wort. Samples without starch did not colour and
remained yellow (Table 2). Samples with starch present in
the post-mash wort had turned black (Table 2). Complete
saccharification of the wort was achieved due to the opti-
mised conditions for the enzyme activity (85 °C 60 min for
8 g amylosubtilin and 60 °C 60 min for 20 g glucavamarin
and 12 g B-glucanase). The limitation of the study is the
type of used enzymes, which could be found only in some
countries of Eastern Europe, which reduces the possibility
of reproducing this part of investigation. The optimal tem-
perature and boiling time may vary for different enzymes.
But this does not diminish the importance of research on
unmalted grains for the production of gluten-free beer.

Colour measurements

Samples (2, 3, 4) with 30% roasted buckwheat and boiled
coffee (2 g L™! and 4 g L™!) showed good results in colour-
ing the drink (Fig. 1), respectively, SRM 2, SRM 3, and
SRM 4. Sample 1 with 20% roasted buckwheat was pale
(SRM 1). Mayer et al. [9] brewed malted rice beer and
obtained pale yellow colour for all beer samples (EBC 5.4,
5.5, 6.9 converted to SRM 2.7-3.5). We achieved the same
colouring results only by roasting buckwheat, which was
used to replace 30% of unmalted millet, eliminating the
malting step, which saves time and resources. The reasons
roasted buckwheat was used are a darker colour and a special
taste. Ceccaroni et al. [10] made caramelised rice with the
help of malting and obtained a colour of 25 EBC-U (12.7

Samplel Sample2 Sample3  Sample 4

3 4

1 2

Fig. 1 Colour measurements by SRM. Sample 1 (20% roasted buck-
wheat)—SRM 1. Sample 2 (30% roasted buckwheat)}—SRM 2. Sam-
ple 3 (2 g L™! boiled coffee)—SRM 3. Sample 4 (4 g L™! boiled cof-
fee)—SRM 4

SRM), which is the typical colour of ales, while our “ale”
had typical colour of lager and bottom-fermented beers. Mil-
let does not have husks, thereby the haze was present in
every sample. It would be appropriate to use rice husks as
a filter layer during lautering as Mayer et al. [9] did in their
study.

Sensory evaluation

Almost all samples tasted like cider, they had a fruity
aroma, and were sour (Fig. 2). In addition, some of them
had the yeasty taste. High-lipid content led to increased
yeast growth, which is the cause of the yeasty taste. Lipids
do not affect beer quality if their content is less than 1.5%
[20]. In addition, the protein content in the wort influences
the fermentation process [21]. The finished beverage in the
bottle had turbidity, which means that the proteins were
not broken-down during mashing and affected the sensory
parameters of the beer, such as taste and aroma. The overall
quality of the beer is affected by the amount of protein; both
less and too much protein is unfavourable [21].

The cider-like taste was influenced by yeast metabolism,
especially in Safale-04 yeasts, which optimal fermentation

Table 2 Indication of the
splitting of starch into sugar by
the iodine probe

Enzymes

Conditions

Amylosubtilin (2 g)

80 °C 80 °C
30 min 30 min

Amylosubtilin (8 g)

80 °C 80 °C
30 min 30 min

80 °C
60 min

85°C
60 min

60 °C
30 min
60 °C
60 min
60 °C
60 min
Glucavamarin 60 °C
(20 g) + B-glucanase 30 min
(12g) 60 °C
60 min
60 °C
60 min

Glucavamarin (8 g)

Positive®
Positive®
Positive®
Positive?
Positive®

Negative®

4Samples with starch present in the post-mash wort

Samples without starch in the post-mash wort
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Fig.2 Sensory evaluation.
Sample 1 (20% roasted buck- AROMA
wheat)—OI* 3. Sample 2 (30%
roasted buckwheat)—OI 3.
Sample 3 (2 g L™! boiled cof- ;(easty
fee)—OI 2. Sample 4 (4 g L™
boiled coffee)—OI 2. *OI the
overall impression
....... Sample 1 Alcoholic / .
Solvent Fruity / Estery
Sample 2
= = Sample 3
Sample 4
Coffee Caramel
TASTE
The overall
im5pression
4
3 -
"""" Sample 1 Carbonation P Sourness
Sample 2 (
= = Sample 3 \
e Sample 4
Body Bitterness

temperature is 18-20 °C. As experiment was provided in
summer the temperature of fermentation was higher, respec-
tively 23-25 °C. Higher fermentation temperatures stimulate
the formation of acetaldehyde, which produces the green
apple flavour found in our beverage. Therefore, changing the
temperature could be an effective way to get rid of acetalde-
hyde [22]. In future investigations, it is needed to perform a
primary fermentation at a lower temperature with bottom-
fermented yeast.

The body of every sample of the beer was thin/watery
without carbonation and bitterness. Ceccaroni et al. [10]
made caramelised and dark rice beer and obtained a malty
profile and an amber beer. The body score was not particu-
larly high, despite the presence of special rice malts [10].
Mayer et al. [9] reported that the malted rice beer had the

relatively flat character. Flavour attributes were in a low
range [9]. Gluten-free grains had flat body and do not have
much carbonation. The weak hop flavour and foam stabil-
ity influenced by the fat content of the millet (2-5%) [13,
23]. The presence of lipoxygenase, which accounts for
40.1-47.4% of the total fatty acids of millet, leads to the
foam and flavour instability of beverages [16].

Foam height and stability

All samples had almost no foam, as it can be seen in Table 3.
They were small or large bubbles that quickly disappeared.
High amount of lipoxygenase in millet and the absence of
protease were affected foam stability. Proteins, which are
not cleaved by proteases, affect the formation and stability

@ Springer



1004

European Food Research and Technology (2024) 250:999-1005

Table 3 Foam height and stability

Sample 1  Sample2 Sample3  Sample 4
Foam height (mm) 2+0.03 2+0.07 4+0.10 3+0.10
Foam stability (s) 0 0 0 0

n=2 technological repetitions, 4 analytical repetitions. All data are
expressed as means + standard deviation

Table 4 pH measurements

Sample 1 Sample 2 Sample 3 Sample 4

pH 3.75+£0.07 3.8+0.06 3.5+0.03 3.3+0.08

n=2 technological repetitions, 4 analytical repetitions. All data are
expressed as means =+ standard deviation

of beer foam, as it is formed by the interaction of medium
molecular weight proteins and carbon dioxide [24]. During
malting, malt proteins are broken down by proteases into
smaller peptides that contribute to foam formation [25]. In
the case of millet beverages, the proteins were not broken
down, so that no foam formed. Mayer et al. [9] reported that
rice malt beers had coarse foam, which rapidly collapsed.
Compared results lead to the conclusion that using of gluten-
free grains for beer production requires the application of
foaming agents.

pH measurements

All beer samples (Table 4) were below the optimal pH for
most beers, but sour ales can have a pH as low as 3.0. There
are some sour beer styles such as Belgian Lambic, which are
exposed to wild yeasts and bacteria that produce the flavour
of cider. Belgian Lambic is a cloudy, non-carbonated, tangy
sour drink similar to ours. Mayer et al. [9] reported pH val-
ues of 4.21-4.24 for malted rice beer, which is the optimal
pH for most beer styles. Afterwards, Ceccaroni et al. [10]
made caramelised and dark rice beer with the pH values of
3.9+0.1, which is a little higher value than our 20% and
30% buckwheat samples had, respectively, 3.75 +0.07 and
3.8 +£0.06. Coffee lowered down pH of the beer, which is
seen in sample 1 (2 g L™") and sample 2 (4 g L"), respec-
tively, 3.5+ 0.03 and 3.3 +0.08.

All ingredients and beer samples did not contain gluten,
unlike the barley beer that was bought from a shop for com-
parison. The alcohol contents of the gluten-free beers were
in an estimated range 2.8 +0.2% ABW. All beverage samples
were sour, without foam, with cider taste and flavour. Sample
2 with 30% of roasted buckwheat showed the best taste and
coloration results. While previous research has focussed on
beer production with malted gluten-free grains, these results
demonstrate that unmalted gluten-free grains can also be
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used with addition of enzymes to fully saccharify the wort.
This new product can be presented as more comparable to
cider than beer. As this work aims to produce gluten-free
beer, fermentation conditions and filtering methods must be
optimised in further research. The production of gluten-free
beer provides an opportunity to attract new customers with
gluten intolerance. Imperfect competition is a great advan-
tage for manufacturers.
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